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§— BAasic and Applisd Thermodynomio

properiies per unit mass, are intensive properties, e.g., specific volume, specific
energy, density, etc.
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1.4 Homeogeneous and Heterogeneons Systems

A quantity of matter homogenecus throughow in chemical composition and
physical structure is called a phase. Every substance can exist in any one of the
three phases, viz., solid, liguid and gas. A system conststing of a single phase is
called 2 hAomogeneous system, while a system consisting of more than one phase
is known as a Aeterogeneous systent,

1.5 Thermodynamic Equilibrinm

A system is said to exist in a state of thermodynamic equilibritum when no change
in any macroscopic propemy is registered, if the system is isolated from ils
surroundings.

An isolated system always reaches in course of time a state of thermodynamic
equitibrinm and can rever depart fram it sponfareousiy.

Therefore, there can he no spontunecus change in any macroscopic properily
if the systern exists in an equilibrivm state. Theomodynamics studies mainly the
properlies of physical systems that are found in equilibrium states.

A systern will be in a stale of thermodynamic equilibrium, if the conditions for
the following three types of equilibrium are satisfied:

{a) Mechanica! equilibrium

{b) Chemical equilibrium

{c) Thermal cquilibrium

In the absence of any unbalanced force within the system itself and aiso
between the system and the surroundings, the system is said to be in a statg of
mechanical equifibrium. 1 an unbalanced force exists, either the system alone or
both the system and the surmmoundings will undergo a change of state till
mechanical equilibrium is attained.
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If there is no chemical reaction or transfer of matier from one part of the system
to another, such as diffusion or solution, the system is said to exist in a state of
chemical equilibrivm.

When a system existing in mechanical and chemical equilibrium is separated
from its surcoundings by a diathermic wall (diathermic means 'which allows heat
te flow") and if there is no spontaneous change in any property of the system, the
system is said 1o exist in a siate of thermal equilibrium. When this is not satisfed,
the system will undergo a change of state till thermal equilibrium is restored.

When the conditions for any one of the three types of equilibrium are not
satisfied, a system is said Lo be in a monequilibrium state. 1f the nonequiltbrium
ofthe state is dne to an nnbalanced force in the interior of a system or betwveen the
system and the surrounding, the pressure varics from one parl of the system to
another. There is no single pressure that refess to the system as a whole. Similarly,
if the nonequilibrium is because of the temperature of the system being different
from that of its surroundings, there i a nonuniform temperature distribution set
up within the system and there is no single temperature that stands for the system
83 a whole. It can thus be inferred that when the conditions for thermodynamic
equilibrium are not satisfied, the states passed through by a system cannot be
described by thermodynamic properlies which represent the system as a whole.

Thermodynamic properiies are the macroscopic coordinates defined for, and
signilicant to, only thermodynamic equilibrium states. Both classical and
statistical thermadynamics study mainly the equilibrium states of a system.

1.6 Quasi-Static Process

Let us consider a system of gas coolained in a cylinder (Fig. 1.7). The system
initially is in equitibrium state, represented by the propericspy, v, t;. The weight
on the piston just balances the upward force exeried by the gas. Il the weight is
removed, there will be an unbalanced force between the system and the
surronndings, and under gas pressure, the piston will move up till it hits the stops.
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absolute pressure. If p is atmospheric pressure, this is a barometer. These are
called U-tube manometers,

If Z is the difTerence in the heights of the fluid columns in the two limbs of the
U-tebe [Fig. (b) and Fig.(c)], p the density of the [luid and g the acceleration due
to gravity, then | ! 1 f  rostatics, the Bf 3t
pgisgiven by
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{6} Ope U-tube indicating gaugr presoure
{c} Open L-tube indicating vacuwm
{d} Closed [i-tube indicating abroluis prevure
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If the fluid is mercury haviog p = 13,616 kg/m’®, one metre head of mercury
column is equivalent to a pressure of 1.3366 bar, as shown below
ImHg=2pg=1x13616x9.81
=1.3366 x 10° N/m*
= 1.3366 bar

The manometer is a sensitive, accurate and simple device, but it is limited to
fairly small pressure difTerentials and, becaunse of the inertia and friction of the
liquid, is not suitshle for [luctuating pressures, unless the rate of pressure change
is small. A diaphragm-type pressure mnsducer along with a cathode my
oscilloscope can be used to measure rapidly Muctuating pressures.

1.10.8  Specific Volume and Density

Volume {V) is the space occupied by a substance and is measured in ro®, The
specific volume (v} of a substance is defined as the volume per upit mass and is
measured in m>/kg. From continuum consideration the spacific volwme at a point
is defined as

_ . OF
= _lim —
BV a5¥' Om
where 83" is the smaliest volume for which the system can be considered a
continuum. '
Density {p} is the mass per unit volume of & substance, which has been
discussed earlier, and is given in kg/m’.

p = ﬂ
v
In addition to m®, another commonly used unit of volume is the litre (1).
=10 m

The specific volume ot density may be given either on the basis of mass or in
respect of mole. A mole of a substance has a mass numerically equally to the
molecular weight of the subsiance. One g mol of oxygen has a massof 32 g and |
kg mol {or kmol} of nitrogen has a mass of 28 kg. The symbol ¥ is used for molar
specific volume {in*/kinol).

1.10.4 Energy

Energy is the capacity to exert a force through a distance, and manifests itself in
various forms. Engineering processes involve the conversion of energy fiom one
form to another, the transfer of encrgy from place to place, and the storage of
energy in various forms, utilizing a working substance,

The unit of energy in the SI sysiem is Nm or ! (joule). The energy per unit mass
is the specific energy, the unit of which is Mkg.
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1.10.5 Power

The rate of energy transfer or storage is called power. The unit of power is watt
(W), kilowatl (kW) or megawatl (MW),
IW =1Ms=1 Nmfs
1 kW = 1000 W

1.11 History of Thermodynamics

The ladter half of the eighteenth century ushered man into the modern world of
machinery and manufacture, and brought about cataclysmic changes in the social,
economic and political life of the people. The histodans have cailed it the
Industrial Revolurion. It began in England due to a fontuitous combination of
many factors. There was bustling creative activity in science and technology
during this period in England, with the appearance of a galaxy of some brilliant
individuals. The invention of the steam engine gave an impetus to this activity,
and for the first time made man free from the forces of nawre. The names of
Savery, Newcomen and nctably James Watt are associated with this invention.
Wart brought about considerable improvement in the performance of the stenm
engine, which began to be widely used in coal mines, iron mewallurgy and texlile
milis. George Siephenson introduced steam engine for rail transport, and Robert
Fulton used it in stearn boais. A variety of industries grew up, and man gradually
entered intn the modern machine age. The advent of steam engine also gave
stimulus to the binh of thetmoedynamics. Thermnodynamics is said to be the
“daughter” of the steam engine.

There was once a young invenlor who thought that he could produce energy out
of nothing. “It is well known”, said he, “that an electrical motor convens
electrical energy into mechanical enecgy and that an electric generator convens
mechanical energy into electrical energy, Why not (ken, use the motor to run the
gencrator and the generator to mn the motor, and create thereby an endless supply
of energy™? But this is never to happen. A hypothetical device which creates
energy from nothing is called 8 perpetval mation machine of the first kind, a
PMMI. Like the proverbial touchstone which changes ali metals into gold, man
atempted to find guch a PMMI for long long years, but it tumed out to be a wild
goose chase, In fact, the development of the principle of conservation of energy
has been one of the most significant achievements in the evolution of physical
science. The first recognition of this principle was made by Leibniz in 1693,
when he rcferred to the sum of kinetic energy and poteniial energy in a
gravilational force field. Energy is neither created mor destroyed. Energy
manifests in various forms and geis transformed from one form to another.
Through genile metabolic processes, a day labourer gradually transforms the
chemical energy of the food he eats and the oxygen he breathes inio heat, sound
and useful work. Work was always considered a form of energy. The concept of
heai was, however a very actively debated scientific topic. Until the middle of the
nineteenth century, heat was rcgarded as an invisible colourless, weightiess,
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odourless fluid that llowed from a body of higher caloric to 3 body of lower
caloric. This was known as the caloric theory of heat, first proposed in 1789 by
Antoine Lavoisier {1743-1794), the father of modem chemistry. When an object
became fulf of caloric, it was then said to be saturated with it. This was the origin
of the terms “saturated liquid”, “saturated vapour” efc. that we use in
thermodynamics today. The caloric was zaid 1o be conserved and it was
indestructible. The caloric theory was, however, refuted and heat was confirmed
as a form of energy io tbe middle of the nineleenth century leading to the
formulation of the [irst law of thermodynamics. The names which stand out in the
establishment of the first law were Benjamin Thompson (1753-1814), James
Prescott Joule (1818-1889) end Julius Robert Mayer (1814-1978),

Benjamin Thompson, an American born in Massachusetts, did not supponi the
revolt against the British during the American war of independence, and in 1775
he lefl for Eogland where hc took up government service. On a trip to Getmany,
he met the prince of Bavaria who o[Tered him a job. He introduced many reforms
in the government for which the title of Count von Rumford was conferred on
him. While boring brass cannon hole, Count Rumford noticed that there was a
continuous heat release, How could the caleric flnid be conserved, when it was
being produced continuously by mechanical friction? From the established
principle of conservation of mass, a truc fluid can be neither created nor
destroyed, so heat could not be a Muid if it could be continucusly created in an
object by mcchanical friction. Rumford conceived that heat was *a kind of
motion™ and the hotness of an object was duee to the vibrating motion of the
particles in the object. On his return to England, be became a member of the
Royal Society, and later founded the Royal Institution for (he Advancement of
Science. Rumnford married the widow of Lavoisier and lived in Pans for the rest
of his eventful life.

In the early forties of the nineteenth century, James P. Joule and Jutius R.
Mayer almost simuliancously set forth the idea that heat transfer and mechanical
work were simply different forms of Lhe same quantity, which we now recoguize
88 energy in iransit. In some modem treaiments of engineering thennodynamics,
Joule's name alooe is attached to the establishment of the equivalence of “heat”
and “work”. The published record, however, shows that the idea of converubility
of heat into work was published independently by Mayer in May, 1342 and Joule
in August, 1843. For an imporiant aspect in the history of (he first law, is the fact
that both Mayer and Joule had difficulry in getting their papers pubiished and in
being taken seriously by their established contemporaries.

Robert Mayer was a doctor in a ship in Lhe Enst [odies and from phystological
observations, he believed in a principle of conservatien of energy. He derived
theotetically, the mechanicai heat equivaient baged on the calorimetric daia of
Joseph Black of Glasgow University. Mayer tried to publish his paper but
remained unsuccessful for a long time. His despair was so great that he atempted
suicide by jumping from a window, but hie ony brokc his two legs. He was placed
in an asylum for some time. 1n later years, however, he was given some measure
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or recognition and honoured equally with Joule in establishing the mechanical
theory of heat.

Mayer argued that an amount of gas needs to be heated more at constant
pressure then at constant volume, because at consiant pressure it is free to dilate
and do work against the atmospheze, which in today’s notations becomes:

mc, AT —me, AT=FP AV (1.2)
Using the ¢, and ¢ /¢, conslants that were known in his time, he estimated the
lef-hand side of the equation 1n calories, while the right-hand side was known in

wmechanical units. He thus established numerically the equivalence between these
units. If the relation

Pyv=RT {1.3)
is used in Eq. (1.2}, Mayer's argument reduces to
G-, =R {1.4)

This classic relationship between the specific heats of an ideal gas is called
Mayer’s equation; while the ideal gas equation of siate, Eq. (1.3), was first
derived by Clapeyron [Bejan, 1988).

Joule was the ultimate experimentalist. His experiments seem to be the direct
continuation of those of Rumford and the gap of some forty years between the two
investigations appeared puzzling to sorne authors. Joule’s first discovery from his
measwements was that the flow of current in a resistance, is accompanied by the
development of heai proportional 1o the resistance. He concluded that caloric was
indeed created by the flow of current, He was firmly convinced that there existed
some conservation law of a general nature and hence set out lo investigate
whether the conversion of the various forms of energy is gnverned by definite
conversion factors. He considered the conversion of chemical, eleciric, caloric,
- and mechanical energy forms in all enmbinations, The determination of the
mechanical eqoivalent of heat formns the ceniral part of his experiments, the resulis
of which can be summed up in the gengral relation:

W=Jg (1.5)
whiere J is the mechanicai equivalent of heat, Joule's experiments suggested that
this relation may have universal validity with the same numerical value of funder
all conditions.

Joule communicated the results of his experiments to the British Association
for the Advancement of Science in 1843, It was received with entire incredulity
and general silence, In 1844 a paper by Joule on the same subject was rejected by
the Royal Society. To convince the skeptics, he produced a series of nakedly
simple experiments whose message proved impossible to refute. From the point
of view of mechanical engineers, the most memorable among these experiments
was the heating of a pool of waler by an ammay of paddie wheels driven by faliing

* Adrian Bejan. “Research into the Origins of Engincering Thermodynamics”, [nt.
Comm, Heat Mass Tremsfer, Vol 15, No. 5, 1988, pp 571-580,
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weights. He discussed in 1847, before the Britigh Association at Oxford, his
experimental results in which he suggested that the water at the bottom of the
Niagura waterfall (160 feet high} should be warmer then at the top (by 0.2°F).
From the thermal expansion of gases Joule deduced that there should be a “zero
of temperature”, 480°F below the freezing point of ice. This was the [irst
suggestion of absolute zero. Although Lhese results failed to provoke further
discussion, it created interest in 4 young man who only tweo years ago had passed
from the University of Cambridge wilh the highest honour. The young man was
William Thomson. who later becarne Lord Kelvin, He somewhere stated thai it
was one of the most valuable recollections of his life. Michael Faraday was also
ptesent in Lhe 1844 Oxtord meeting, and he communicated Joule’s paper “On the
Mechanical Equivalent of Heat” to the Royal Society in 1849,

The paper ultimately appeared in ita Philosphical Traosactions in 1850.

Even while Joule was perfeciing the experimental basis of the energy law now
calied the Mayer-Joule principle, Hermen Ludwig von Helmohitz (1821-1894)
published in 1847, his famous ¢ssay on the conservation of force. In this work, he
ndvanced the conservation of energy as a unifying principle exiending over ail
branches of physics. Helmholiz, like Mayer, was a physician by profession and
sclf-taught in Physics and Mathematics, He also faced great difficultics in getting
his paper published in professional journals.

In the history of classical themrmodynamics, one thinks of only the closed system
formulations of the first law which were deliberated by the pioncers as stated
above. [n engincering thermodynamics, however, open system formularions arc
of prime interest. The first law for open systems was first stated by Gustave Zeu-
ner, as part of the analysis of flow systcms that operate in the sieady state.
Zeuner's formula for the heat transfer rate to a stream m in steady (ow and
without shafi work in present notations is given to be:

dQ/rt =d (u + Po+ V32 + gz) (1.6)

The refercnce of this formula is found in Stodola’s classic treatise on steam
turbines, first published in the German language in 1903,

The fiest person to invent a theory simultaneously involving the ideas of
conservation and couversion of energy was the young French military engineer
Nicolas Leonard Sadi Camot {(1796-1832). The strikingly original ideas of
Camot’s work make it among the most brilliant new depaciurcs in theorctical
physics. Sadi Carnot was the son of Napoleon's gencral, Lazare Cameot, and was
educated at the famous Ecole Poiytechnique in Paris. Berween 1794 :nd 1830,
Ecole Polytechnique had such famous teachers as Lagrange, Fourier, Laplace,
Ampere, Cauchy, Coriolis, Poisson, Gay-Lussac, and Poiseuille. Afler his forinal
education Carnot chose a career as au army officer. Britain was then a powerful
military force, primarily as a result of the industrial revolution brought abow by
the sieam cnginc. French lechnology was not developiug as fast as Britain’s.
Camot wus convinced that France's iuadequate utilization of stean: power had
made it militarily inferior. He began to study the fundamentals of steam engine
technology, and in 1824 he published the results of his study in the form of a
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brochure “Reflection on the Motive Power of Heat and on Machines Fitted to
Develop that Power”. Carnot was mained in the basic principles of hydraulics,
pumps and water wheels at the Ecole Polytechrique, During Camot’s time,
caloric theory of heat was still persisting, and the water wheel as the major source
of mechanical power was gradually getting replaced by the steam engine, Camot
conceived that the power of a steam engine was released, as the heat (luid or
raloric fell from the high temperature of the boiier o the lower temperature of the
condenser, in much the same way that water falls through a water wheel to
produce mechanical shall work output. Camnot siated, “The metive power of a
water wheel depends on its height and the quantity of liquid. The monve power of
heat also depends on the quantity of caloric used and on the height of its fall, i.e.,
the differenice of temperatures of the bodies between which the cxchange of
caloric is made”™.

Tilt Camot’s time thermodynamics was developed prirnarily on an empricial
basis provided by chemisiry. Camot approached an engineeding prohlem, the
efficiency of heat engines, in terms of entirely new concepts with the steam engine
serving as the stimulus. Carnot observed (hat the existence of {emperature
differences is a necessary condition for producing mechanical work by means of'a
heat engine. He simplified the problem 1o its bare essentialz and stipulates, that
this system, consisting essentially of a working substance, should exchange heat
with it2 surroundings only at two fixed temperatures, In order to conceptualize
such a situation, be imrnduces the idea of heat reservoirs. Two important
conclusions emerged from Camot's work:

1. No one could build a water wheel ihat would produce a continuous work
output unless water actually entered and exited ihe wheel. H water with a certain
kinetic and potential energy entered the wheel, then the same amount of water
with a lower encrgy must also exit the wheel. Wis thus impossible to make a water
wheel that convenrts all the energy of the inlet water into shafi work output. There
miust be an outflow of water from the wheel,

If this idea is extended to a steam engine by replacing the water by heat Muid
caloric, it can be concluded that when caloric at a cerain energy level
{temperature) enters a work producing heat engine, it must also exit the heat
engine al a low energy level ({temperature}. Thus a continuously operating heat
engine that converts all of its caloric (heat) input directly into work output is not
possible. This is very close 1o the Kelvin-Planck statetnent of second law as il is
known today.

2. The maximum efficiency of a water wheel was independent of the type of
the liquid and depended only on the inlet and outlet low cnergies. The maximune
efficiency ol the steam engine (or any heat engine) depends only oo the
temperatures of the high and Jow temperature thermal reservoirs of the engine and
is independent of the working [lnid. To achieve the maximum efficiency there
must not be any mechanical friction or ather losses of any kind.

Only at the age of 36, Sadi Carnot died of cholera following an attack of scarlet
fever. The significance of Camnot’s work was not recognized until 1850, when
Rudolf Clausius (1822-1888) and William Thomson ( 1824—1907) worked out a
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clear formulation of the comservation of energy principle. Carnot’s first
conclusion was then called the second law of thermodynamics by Clausius, and
Thomsan used Camot’s second conclusioo to develop the concept of absolute
temperamre scale. Thermodynamics is thus said to have oniginated from. the
“clumsy puffing of the early steam eogines” and is olten called “the danghter of
steam engine™.

Camot's ideas were so revolutionary that they were largely ignored. Sconafler
Camot’s death, Emile Clapeyron (1799-1864), a French mining engineer,
strengthened Carnot’s ideas by using more precise mathematical dervation,
Clapeyron constructed its thermodynamic cycle by dednciog that it must be
composed of two reversible isothermal processes and two reversible adiabatic
processes. it is now known as Camot's cycle. It was the first heat ¢ngine cyele to
be conceptualized. No other heat engine can equal its efTiciency.

Clapeyton was later able to derive a relation for the eothalpy change of the
liquid to vapour phase (A ) in terms of pressure, temperawre and specific volume.
This provided the first equation, now called the Clausins-Clapeyron egnation,
representing the first order phase trapsition, which could be used fo estinate a
properly that is not directiy measurable in terms of properties that are directly
measurable. Clapeyron’s equation is now most easily derived from one of
Maxwell's equations. )

William Thomson {[824-1907), who became a professor of natural
phitosophy at the University of Glasgow in 1848 at the age of 24 only, rejected
the caloric theory of heat and for the first time used the terms “thermodynamics”
and “mechanical energy”. Apart from the deduction of the absolute temperatiure
scale, Thomson worked with Joule from 1852 to 1862 in a series of experiments
to measure the temperature of gas in a conirolled expansion and propounded the
Joule-Thomson effect for real gases.

Rudnlf Julius Emanvel Clausius (1822~1888) realised that there were two
distinct laws at work, the first law due to Joule and Mayer and the second law as
expounded by Comot. He defioed the internal energy U. Although both Kelvin
and Clausius used the function Q,./T for some years, Clausius recognized the
vajue of this function and to deseribe it bie coined the word “entropy™ from the
Greek word “tropee™ meaning “transformation” and assigned it the symbol S.
Claunsius in 18635, summarised the first and second laws of thermodynamics in the
following words:

“Dre Energie der Welt ist konstant.

Die Eotropie der Weit strebt einern Maximum zu”

which is translated as

“The energy of the world is constant.

The entropy of the world tends toward a maximum®.

The world here means the universe, the system and the surroundings together.

These statements made a strong impression upon a young student, Max Karl
Emst Ludwig Planck {18358-1947}, He was educated at the pniversities of
Munich and Berlin. In his autobiography he stated, “One day 1 happened to come
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across the reatises of Rudolf Clausius, whose lucid style and enlightening clarity
of reasoning made an enormous impression on me, and I became deeply absorbed
in his articles, with an ever increasing enthusiesm, § appreciated especially his
exact formulation of the rwo laws of thermodynamics, and the sharp distinction,
which he was the first to establish berween them™, 1n 1897, Planck' demonsimted
the close conpection between the second law and the concem of reversibility. He
stated the second law as the impossibitity of a cyclic device which prodnces
peositive wark and exchanges heat with a single reservoir. Similar statement was
also rnade by Kelvin, and is now recognized as Kelvin-Planck statement of second
law. Poincare? in 1908, extended the work of Planck and prescribed a complete
structure of classical thermodynamics.

The property, eniropy, plays a steller roic in thermodynamics. It was
introduced via the concept of heat engines. In 1909, the Greek mathematician
Caratheodory proved Lhe existence of entropy function mathcmatically without
the aid of Camot engines and refrigerators, Caratbeodory’s statement of second
law may be stated as: “In the neighbourhioed of any arbitrary siate Py, of 2 physical
system, there exist neighbouriog states which are not accessible from P along
quasi-static adiabatic paths™. From the standpoint of the engineer and physicist it
is entirely mathematical in form and devoid of physical insight.

William John Macquom Rankine (i820-1872) defined the thermmodynamic
efliciency of o heat engine and showed the usefulness of p-v diagrams as related
1o work. He wrote the first text book on thermodynamics®, and was the first to
work out the thermnodynamic cycie for the adiabastic cylinder steam engine, now
known as Rankine cycle for a vapour power cycle.

In 1862, the cycle used in modems gasoline-powered 1.C, engines was proposed
in a patent jssued to Alphonse Beau de Rochas (1815-1893). The first practical
engine was, however, built by Nikolous August Otto (1832~1891) which was
demonstrated at the Pans Exposition in 1878. Oito fought many legal battles with
Beau de Rochas for production of these engines, but finally lost 1o him.

Captain John Ericsson (1803-1889) was a Swedish engineer who marketed
smail solar-powered and coal-fired hot air engines. Rev. Roben Stirling
(1790-1879), an English parish minister, patenied a practical heat engine in 1816
that used air as the working fluid. In thenry, the cycle used in the Stirling engine
approaches the ideal cycle later proposed by Carpot (1824).

George Bailcy Braylon { |830-1892}, an American engineer, marketed an 1.C.
engine with a separate combustion chamber, where combustion of fuel ocenrred

1. M. Planck, Freatise on Thermodynamics (1897), tanslated by A. Ogg, Longman and
Green; London, 1927.

2. H. Poincare, Thermodysamique, Gauthier-Villars, Paris, 1308,

3 WM. Rankine, “Menual of the Steam Engine and other Prime Movers”, 1859
going through 17 editions, as mentioned by Robert Batmer in * Thermodynamics™,
West Publishing Co., 1990, page 39%.
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at about constant pressure. This cycle later formed the basis for modemn gas
turbine plants.

Gottlieb Daimler {1834-1900) obtained a patent in 1879 for a multicylinder
dutomiolive engine, which was commercially successful. Dy, Rudol{ Christian
Kar! Diesel (1858-1913) studied at Technische Hochschule in Munich. He
designed large steam engines and boilers. He later developed in 1897 an L.C.
engine with fuel injection which resembled the modem diesel engine. Failing
heafth, continuing criticism and serious [inancial setbacks beset Diesel who in
1913 disappeared (rom a boat crossing the English channe! in a2 mooniit night.
Josiah Willard Gibbs (1839-13903) is olen regarded as the most brilliant
thermodynamicist produced in the US A, He received the first doctorate degree in
enginecring in the USA (Yale University). He contributed significantly in many
areas of thermodynamics like heterogeneous systems, phase rule, physical
chemistry and statistical therrnodynamics. Some of his very imporiant papers
were published in obscure journals like Connecticut Academy of Sciences, and
remained unknown to most scientists. Only afler his death, these were discovered.

SOLVED EXAMPLES

Example 1.1 The pressure of gas in a pipe line is measured wilh a mercury
mencmeter having one fimb open to the atmosphere (Fig. Ex. 1.1). If the
difTerence in the height of mercury in the two limbs is 562 mm, calculate the gas
pressure. The barometer reads 761 mm Hg, the acceleration due ta gravity is 9.79
m/s’, and the density of mereury is 13,640 kg/m’.

Fig. Ex. 1.1

Soluron At the piape AB, we have
P=petpg:z
Now
Po=PET
wherez, is the barometric height, p the density of mercury and p, the aumospheric
pressure,
Therefore

p=pglz+zg)
= 13,640 kg/m® x 9.79 m/s® (0.562 + 0.761) m
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=177 x 10° N/m® = 177 kPa
=1.77 bar = 1,746 atm Ans.

Exampte 1.2 A turbine is supplied with steam at a gauge pressure of |.4 MPa.
After expansion in the turbine the sieam flows into & condenser which is
maintained at a vacuum of 710 mm Hg. The barometric pressure is 772 mm Hg.
Express the inlet and exhaust sicam Jaressu.re m pascals (absolute). Take the
density of mercury as 13.6 % 10* kg/m".
Selurion The atmospheric pressure p,

= pgzp = 13.6 x 10° kg/m’® x 9.81 m/s?* x 0.772 m
=103 x 10° Pa
Inlet steam pressure
= [(1.4 x 10% + (1.03 x 10%)] Pa
=15.03 % 10° Pa
=1.503 MPa Ans.
Condenser pressure
=(0.772 - 0.710) m x 9.81 m/s? x 13.6 x 10° kg/m®
=0.827 x 10" Pa
=§.27 kPa Ans.

REVIEW QUESTIONS

What do you undersiand by macroscopic and microscopic viewpoints?

Is thermodymamics a8 misnomer for the subject?

How does the subject of thermodynamics difTer from the concept of heat

transfer?

1.4 What is the scope of classical thermodynamics?

1.5  What is & thermadynamic system?

1.6 What is the difTference berween a ¢losed system and an open sysiem?

1.7 An open system defined for a fixed region and a control volume ate synonymous.

Explain.

1.8 Dehinc an isolated system.

1.5 Distinguish berween the terms ‘changg of siete’, *path’, and *process”.

L10 What is a thermodynamic cycle?

1.11 What are intensive and exiensive properties?

1.12 Whst do you mean by hemogencous and heterogeneous syslems?

1.13 Expiain what you undersiand by thermodynamic squilibrium.

1.14 Explain mechanical, chemical and thermal equilibdum.

1.15 Whal is & quasi-static proceas’ What is ils characteristic feamre?

1.16 What is the concept of continuum? How will you deline densily and pressure
using this concept?

7 What is vacuum? How can it be measured?

8 What is a pressure wransducer?

L.
I
L

Wi b2
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PROBLEMS

L1

1.2

1.3

A pump discharges a liquid into a drum at the rate of 0.0032 m'/s. The drum,
1.50 m ip diaroeicr and 4.20 m in length, can hold 3000 kg of the liguid. Find the
density of the liquid and the mass flow rate of the liquid handied by the pump,
The accelemtion of gravity is given as a funciion of elevation above sea level by
£=980.6 - 3.086x 10°° i
where g is in cmvs?, and & is in cm. [f an aeroplane weighs 90,000 N a1 sea level,
what is the gravity force vpon it at 10,080 m elevation? What is Lhe percenlage
difTerence from the sza-level weight?
Prove that the weight of a body at an clevation H above sca-level is given by
v )
£y d+2H
where d is the diameter of the eanh,
The first antificiai esrth satellite is reporied to have encircled the eanth at a speed
of 28,840 kmvh and its maximum height above the earth's surface was stated to
be 916 km. Taking the mean diameter of the earth to be 12,680 km, and assuming
the orhit (o be circular, evaluste the value of the gravitational acceleration a1 this
height,
The mass of the salellile is reported (o have been 86 kg at sea-level. Estimate the
gravitationat force ecting on the sawcllitc at the operational altitude.
dAns. 8.9 m/s%; 765 N
Conven the following readings of pressure to kPa, assuming Lhat the barometer
reads 783 mm Hg:
{a) 90 cm Hg gauge, (b} 40 cm Hg vacuum, (¢) 1.2 m HyO gauge, (d) 3.1 bar.
A 30 m high vertical columnn of a fluid of density 1878 kg/m® cxists in a place
where g = 9,65 m/s’. What is the pressure at the base of the column?
Ans. 334 kPa
Agsume thai the pressure p and whe specific volume o of the atmosphere are
related according 1o the equation pr'* = 2.3 % 10°, where pisin N/my' abs and v
is in m¥kg. The acceleration due 10 gravity is constant at 9.81 m/s®. What is the
depth of atmosphere necessary to
produce » pressure of 10432 barat
the canh’s surface? Consider the Steam at praseurs, p
atmosphere as a fluid column.
Ans. 64.8 km
The pressure of steam flowing in
a pipe line is measured with a
mercury manometer, shown in
Fig. P. 1.8, Some steam condenses
into water. Estimate Lhe steam
pressure in kPa. Take the density
of mercury as 13.6 x i kgﬂ'ms,
density of water as 10° kg/m", the
barometer reading as 76.1 cm Hg,
and g as 9.806 m/s’.

H,0 —

N
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1.9 A vacuum gauge mounled on a condenser reads 0.66 m Hg. What is the absolute
preasure in the cobdenser in kPa when the atmospheric presaure is 101.3 kPa?
Ans. 8.8 kPa
1.10 The basic barometer can be used to measure the height of a building. [f the
baromerric readings at the top and at the botiom of a building are 730 and 760
mm Hg, respectively, determime the height of the building. Assume an average
air density of 1.18 kg/m®.
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8(X)) - 8(X;)
= =217 =/,
of a.n X - x, X (2.4) ‘

If we assign an arbitrary number of degrees to the iemperature interval
(X)) — 8(X}), then 8(X) can be calculated from the measurements of X, X;
and X

An easily reproducible state of an arbitrarily chosen standard system is callied
a fixed point. Before 1954, there were two (ixed points: (a) the ice point, the
temperatre at which pure ice coexisted in equilibrium with air-saturated water
at one atmosphere pressure, and (b) the sfeam poins, the temperature of equilib-
rinm between pure waler and pure stearn at one atmogsphere pressure. The
temperature interval, 8(X,) - 6{X;), between these two fixed points was cho-
sen to be 100 deprees.

The use of two {ixed points was found unsatisfactory and later abandoued,
because of (a) the difficulty of achieving equilibrium between pure ice and aie- -
saturated water {since when ice melis, it surrounds itself onty with pure water -
and prevents intimate contact with air-saturated water), and {b) extreme °
sensitiveness of the steamn point to the change in pressure.

2.2.2 Method in Use Afier 1954

Since 1954 only one fixed point has been in use, viz., the iriple point of water,
the state at which ice, liquid water and water vapour coexist in equilibrium. The
ternperature at which this state existy is arbitrarily assigned the value of 273,16
degrees Kelvin, or 273,16 K (the reason for using Kelvin’s name will be
explained later), Designating the triple point of water by 8, and with X, being -
the value of the thermometric property when the body, whose temperature 8 is
to be measured, is placed i coutact with water at ity Iniple point, it follows tha

8 =aX,
-8 _27316
X X
Therefore
8= ax
27116
L
XT.
or f=272.16-%- (2.5)
A,

The temperature of the triple point of water, which is an easily reproducible
state, is now the standard fixed point of thermomerry.

2.3 Comperison of Thermometers

Applying the above principle to the five thermometers listed in table 2.1, the
temperatures are given as
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(a) Constant volume gas thermometer &Py = 273. 16pi

'
(b) Constant pressure gas thetmometer &= 273.16?'/l
(c) Electric resistance thexmometer 8(R) = 273. 16—:—
(d) Thermocouple e = 273.16-5—
(¢) Liquid-in-glass thermometer 8L = 273.16{_: '

If the temperature of a given system is measured simultaneousky with each
of the five thermometers, it is, found that there is considerable difference among
the readings. The smallest variation is, however, observed among different gas
thermometers, That 1s why a gas is chosen as the standard thennometric sub-
plance.

2.4 Ideal Gas

It has been established from experimental observations that the p- v ~ T
behaviour of gases at a low pressure is closely given by the following relation
pv =RT (2.6)

where R is the universal gas constant, 8.3143 ¥mol K and § is the motar
specific volume, mjigmol. {see Sec. 10.3.). Dividing Eq. (2.6) by the molecular
weight g,
pv=RT 2.7
where v is specific volume, in m*kg, and R is the characteristic gas constant.
Substituting R = & /gt J/kg K, we get in terms of the total volume ¥ of gas,
PV=nRT
PV =mRT (2.8)
where n is the aumber of moles and m is the mass of the gas. Equation (2.8} can
be written for two states of the gas,
L 14
ol = S 2.9
T 2.9)
Equation (2.6), (2.7) or {2.8) is called the idea! gas equation of state. At very
low pressure or density, all gases and vapour approach ideal gas behaviour.
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25 Gas Thermometers

A schematic diagram of a constani volume gas thermometer is given in Fig. 2.1.
A small amount of gas is enclosed in bulb & which is in communication via the
capillary mbe C with one limb of the mercury manometer M. The other limb of
the mercury manometer is open to the atmosphere and can be moved vertically
to adjusi the mercury levels so thai the mercury just touches lip L of the
capillary. The pressure in the buib is used as a thermometnic property and is
given by

PPt Puig
where p, is the atmospheric pressure and p,, is the density of mercury.

Flaxible twhing

Hg. 2.1 Constant poh gar ther

When the bulb is brought in contact with the system whose temperature is to
be measured, the bulb, in course of time, coines in thermal equilibrivm with the
system, The gas in the buib expands, on being hested, pushing the mercury
downward, The Qexible limb of the manometer is then adjusted so that the
mercury again iouches the lip L. The difference in mercury level Z is recorded
and the pressure p of the gas in the bulb is estmated. Since the volume of the
trapped gan is conslant, from the ideal gas equation,

14
aT=—4 2.10
RAP (2.10)

i.e. the temperature increase is proportional to the pressure increase.

In 2 constant pressure gas thermometer, the mercury levels have to be
adjusted 1o keep Z consant. and the volume of gos ¥, which wouid vary with
the temperaiure of the system, becomes the thermomelric property.

aT=2av 2.11
7 (2.11)
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i.e. the temperature increase is propertional to the observed volume increase.
The constant volume gas thermometer is, however, mostly in use, since it is
simpler in construciion and easier to operate.

2.6 Ideal Gas Temperature

Let us suppose that the butb of a constant volume gas thermometet contains an
amouat of gas snch that when ihe bulb is surrounded by water at s triple poin,
the pressure p, is 1000 mm Hg. Keeping the volume ¥ constant, let the following
procedure be conducied:

{a) Swrround the bulb with stean condensing at 1 atm, determine the gas
pressure p and calculate

9=1273.16 L
1000

(b) Remove some gas from the bulb so that when it is surrounded by water
at its miple point, the pressure p, is 500 mm Hg. Determine the new values of p
and then @ for steam condensing at | atm.

g=1273.16 P
500

(¢} Continue reducing the amount of gas in the bulk so that p, and p have
smaller and smaller values, €.g., p, having, say, 250 mm Hg, 100 mm Hg, and
s0 on. At each value of p, calculate the comresponding &

{d) Plot & vs. p, and extrapolate the curve to the axis where p, = 0. Read from
the graph

lim 8
P20

The graph, as shown in Fig. 2.2, indicates that although the readings of a
constant volume gas thermometer depend npon the nature of the gas, a/f gases
indicate the same temperature as p, is lowered and mode to approach zero.

A similar secies of tesls may be conducied with a constant pressure gas
thermometer. The congtant pressure may [first be taken fo be 1000 mg Hg, theo
500 mm Hg, etc. and at cach valuc ol p, the volumes of gas ¥ and ¥, may be
recorded when the bulb is surrounded by steam condensing at 1 atm and the
triple point of water, respectively. The corresponding valne of & may be caleu-
lated from

6=273.16 —
¥ .
and 6 vs, p may be plonied, similer to Fig. 2.2, Tt is found from the experiments
that all gases indicate the same value of 6 as p approach zero.
Since a real gas, as used in the bulb, behaves as an ideal gas as pressure
approaches zero (which would be explained later in Chapter 10), the ideal gas
temperature T is defined by either of the two equations
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373.15

"

20| S—_ 8 {sisam)

N2
=37316K
T i Ha
i ;
0 250 500 1000

—— P, M Hg

Fig. 2.2 fdeal gur temperature for steam point

T=273.16lim £
Fht

70
= 273.16 lim -
v

1

p—0

where & has been replaced by T to denole this particular temperature scale, the
ideal gas temperatire scole.

2.7 Celsius Temperature Scale

The Celsius temperature scale employs a degree of the same magaitude as that
of the ideal gas scale, but its zero point is shifled, so that the Celsius temperature
of the triple point of water iz 0.0] degree Celsius or 0.01°C. If ¢ denotes the
Celsius temperature, then
t=T-273.15°
Thus the Celsius temperature ¢, 2t which steam condenses at 1 atm. pressure
i, =T, -273.15°
=373.15-273.15
= 100.00°C
Similar measurements for ice points show this temperature on the Celsius
scale to be 0.00°C. The only Celsius temperature which is fixed by definition is
that of the iriple point.

2.8 Electrical Resistance Thermometer

In the resistance thermometer (Fig. 2.3) the change in resistance of a metal wire
due to its change in temperature is the thermometric property, The wire, fre-
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¢ty platinum, may be incorporated in a Wheatstone bridge circuit. The plati-
r  resistance Lhermometer measures temperature to a high degree of accu-
1 and sensitivity, which makes it suitable as a: for the calibration of
¢ ' thermometers.
In a restricted range, the following quadratic equat:  is ofien used
R=Ryl + At+ B

v ® Ryis the resistance of the platinam wire when it is surrounded by melting
ice and 4 and B are constants.

Wh ne

L

Fig. 2.3  Resisiance thermometer

29 Thermocouple

A thermocouple circuit made up from joining two wires 4 and B made of
iimilar metals is shown in Fig. 2.4. Due to the Seeback effect, a net c.m.f, is
erated in the circuit which depends on the difference in temperature between

the hot and cold junctions and is, therefore, a thermometric properly of the

circuit. This e.m.f. can be measured by a mierovollmeter to a high degree of

l(  — To petentiometer
R
o mme

Teat juncion Y =2 )
’1 : ™ COppEr wires

= |ce-water mixture

+— Referance junction

Fig. 2.4  Thermocouple
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accuracy. The choice of metls depends largely on the temperaiwre moge to be
investigated, and copper-constantan, chromel-alumel and platinum-platinum-
rhodiwmn are typical combinations in use.

A thermocouple is calibrated by measuring the thenmal e.m.f. at various
known temaperstures, the reference junction being kept at 0°C. The resalts of
such measurements on most thermocouples can usnally be represented by a
cubic equation of the form

e=a+bi+ct+dP

where £ 18 the thermal e.m.f. and the constants a, b, ¢ and o are different for
each thenmmocouple.

The advantlage of a ihermocouple is that it comes 1o thermal equilibrium with
the system, whose temperature is to be measured, quite rapidly, because its
mass is small.

2.10 International Practical Temperature Scale

An interpational emperare scale was adopted at the Scventh Geneml
Conference on Weights and Measures held in 1927, It was not 10 replace the
Celsius or ideal gas scales, but to provide a scale that could be easily and rapidly
used to calibrate scientific and industrial instrumems. Slight refinements were
incorparated into the scale in revisions adopted in 1948, 1954, 1960 and 1968.
The intemnational practical scale agrees with the Celsjus scale at the defining
fixed poinis listed in Table 2.2, The tcmperanye interval from the oxygen point
te the gold point is divided into three main parts, as given below.

Table 22  Temperatures of Fixed Points

Narmal boiling point of oxygen - 18297
Triple point of waler {standard) +0.0%
Normal boiling point of water 100.00
Mormmal boiling point of sulphur 444.50
{Narmal meliog poini of zinc-suggested

2 an alternative to the sulphur point) 419.50
Nomal melting point of antimony 630.50
Normal melting point of silver 260.80
Normal melting point ﬁ&ald 1063.00

{a} From 0 to 660°C A platinum resistance thermometer with a platinum wire
whose diameter must lic between 0.05 and 0.20 mim is used, and the tempera-
ture is given by the equation

R=Ry{1 + At + B
where the constanls Ry, A, and B are computed by measurements at the ice
point, stenm point, and sulpbnr point.
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(b) From — 190 to 0®C The same platinum resistance thermometer is used,
and the ternperature is given by

R=Ryl+ 41+ BF + Cir - 100) £]
where R, A and B are the same as before, and C is determined from a
measurement at the oxygen point.

(¢) From 660 to 1063°C A thermocouple, one wire of which is made of

platinum aod the other of an alloy of 90% platioum and 0% rhodium, is used

wilh one junction ar 0°C. The temperature is given by the formula
E=a+bi+od

where a, b, and ¢ are computed from messurements at the antimony point,
silver point, and gold point. The diameter of each wire of the thermocouple
musi lie berween .35 1o 0.65 mm.

An optical method is adopted for measuring temperatures higher than the
gold point. The intensity of radiation of any convenient wavelength is comnpared
with the intensity of radiation of the same wavelengih emitted by a black body at
the gold point The temperature is then determined with the help of Planck’s law
of thermal radiation.

SOLVED EXAMPLES

Example 2.1 Two mercury-in-glass thermomeicrs are made of identical
materials and are accurately ealibraied at 0°C and 100°C, One has a tube of
constant diameter, white the other has a ube of conical bore, ten per cent
greater in diameter at 100°C than at 0°C. Both thermometers have the length
between 0 and 100 subdivided wniformly. What will be the siraight bore
thermometer read in a place where the cooical bore thermometer reads 50°C?

Solution The volume of mercury in the tube at °C, ¥, is given by
Vo= Vol + B (- ]

where ¥, is the volume of mercury ai 0°C, § is the coellicient of volume
expansion of mercury, and ¢ is the ice point temperature which is 0°C. The
volume change of glass is neglected.

Therefore Vi— ¥Vo=B ¥yt

The temperature ¢ is thus a linear function of volume change of mercury
(V- Vo)

Therefore AVy 100 =B Vo 100

AV =B ¥,-50
A _ 1

AVpio 2

i.e., the 56°C, the volume of mercury will be haif of that at 100°C, for the
straight bore thermomecter (Fig. Ex. 2.1a).
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But if the bore is conical (Fig. Ex. 2,1h), mercury will il up the voiume
ACDR, which is Jess than half of the mercury volume at 100°C, i.e., volume
AEFE. Let t be the tue temperature when mercury rises half the lengsh of the
conical tube {Lhe apparent temperature being 50°C). Let £4 and 8 be extended
to meet a1 G. Let / represent the leugh of the thermometers and [ the vertical
height of the cone A8, as shown in Lhe figure. Now,

* Fo_ a4 _ 1
i+ Lid 1l
r=10
and B N
F+li2 €D
cD-= 1—:’65-:: - 1.054
Agpia AVy 1p0=Vy-0-100
AV, =¥, Bt
. ﬁV{.i—l I
4, Ay 100
or ' Volume ACDR ot
. Yolume AEFR 100
l-"-(l.t)ia’)2 x 1051 <L E 42 10
or 2.4 34 -t
17 2 Ik 2 100
— (114 x 11— == 10¢
34 34
o 105%1.05x10.5-10 _ ¢
1Ix1tx11-10 100
' (= % x 100 = 47.7°C  Ans.

rc

{a}

{b)

Fig. Ex 2.1
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Example 2.2 The e.m.f. in a thermocouple with the test junction at ©°C on gas
thermometer scale and reference junction at ice point iy given by

e=020¢-5x10"F mv
The millivoltmeter is calibrated at ice and steam points. What will this
thermometer read in a place where the gas thermometer reads 50°C?
Solution At ice poiot, when 1 =0°C, e=0mV
At steam point, when ¢ = 100°C, £=0.20 x 100 — 5 x 107~ x (100)

=15m¥
At = 50°C, £=0.20 x50 -5 x 10~ (50)° = 8.75 mV
When the gas thermometer reads 50°C, the thermocouple will read
% x 8.75, or 58.33°C Ans.

REVIEW QUESTIONS

2} What is the zeroth law of thermopdynamics?

22 Deline thermomeiric property.

23 What ix 2 thermometer?

29  What is a fixed poim?

25 How many fixed points were used prior 1o 19547 What are these?

26 What is he standard [ixed point in thermometery? Define il

27  Why is a gas chosen as the standard thermometric subsiance?

2% What is an ideal gas?

29 What is (he difference between the universal gas constant and a charactenistic
gas constant?

2.10 What i3 a constant volume gas thermometer? Why is it prefermed to a constam
pressure gai thermometier?

211 What do you understand by the idcal gas temperature scale?

212 How can the ideal gas temperature for the steam point be measured?

213 What is the Celsius tempetatute scale?

2.14 What is the advantage of a thermocouple iz temperature measurement?

215 How does the rezistance thermometer measure iemperature?

2.16 What is the need of the international practical temperature scale?

PROBLEMS

2.1 The limiting value of the ratio of the pressure of gas at the stcam point and at
the wriple point of water when the gas is kept at constant volume is found to be
1.36605, What is the ideal gas temperature of the steam point?

22 In a consiant volume gas thermometer the following pairs of pressures rcad-
ings were taken at the boiling point of water and the boifing point of suiphur,
respectively:

Water b.p. 500 100 20 00
Sulphur b.p. 96.4 193 387 581
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The numbers are Lhe gas pressures, mm Hg, cach pair being taken with the
same amount of gas in the thermomeser, b the successive pairs being wken
with different amount& of gos in the thermometer. Plot the rtio of 8,,,: H;0,
ageinst the reading at Lbe water bailing point, and exuapolate the plot 1o zeto
pressure at the water bailing point. This gives the ratio of §,,: H,0,  on &
gas thermomeler operating At Zero gas pressure, i.e., an ideal gas thermometer.
What is the boiling point of sulphur on the gas scale, from your plot?

. Arts, 445°C
The resistance of a platinum wire is found to be 1,000 chms at the ice point,
15.247 ohms at the steam point, and 28.887 ohms at the sulphur point. Find the
constents A end # in the equation

R =Ryl + At +Br)

and plot R sgainat ¢ in the range 0 to 660°C,

When the reference junction of a thermocouple is kept at Lhe ice point and the
test junction is the Celsius temperature ¢, and e.m.f. £ of the thermocouple is
given by the equation

g=ar+ bf

where ¢ = 0.20 mV¥/deg, and 5= - 50 x 107 mV/deg?
{a) Compwe the e.m.f. when ¢t = — 100°C, 200°C, 40°C, and 500°C, and draw
graph of £ against 1 in this range,
{b} Suppose the eonf £ is (aken as a thermomeitic property and thai a
temperature scale 1* is defined by the linear equation,
t*=dg+¥

and that * = 0 at the icc point and * = 1{H} at the sicam point. Find the
numerical values of a’ and 5° and draw a graph of £ against 1*.

{c) Find the values of t* whent = — 1{°C, 200°C, 400°C, and 500°C, end draw
a praph of r* against +.

{d} Compare the Celsius scale with the * scale.

The wmperatwe ¢ on a thermometric scale is defined in ters of a propeny K

by the relsion

t=glnK+5

where 4 and b are constams,

The values of X are found to be 1.83 and 6.78 at the ice point and the steam
poinl, the temperatures of which are assigned the numbers 0 and 100
respectively. Determine the temperature corresponding 1o a reading of X equal
to 2.42 on the thenmometer.

. Ans. 21.346°C
The resisiance of the windings in a certain motor is found to be 80 ohms at
room temperabure (25°C). When operating at full load under steady state
conditions, the motor is switched off and the resistance of the windings,
immediately measured again, is found w be 93 chms. The windings are made
of copper whose resistance at temperature (°C is given by

R, =Ry[1+0.003931]
where R, is the resistance at 0°C. Find the tempetsiure atained by the coil

during full load.
Ans. 7041°C
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Work is one of the forms in which a systern and ils surroundings can interact
with each other. There are various types of work mansfer which can get involved
between them.

32 pdFP-Work or Displacement Work

Let the gas in the cylinder (Fig. 3.4) be 2 sysiem having initially the pressure g,
and volume V. The systemn is in thermodynamic equilibrium, the state of which
is described by the coordinates py, ¥|. The piston is the only boundary which
moves due to gas pressure. Let the pis-

ton move out to a new final position 2, S Gan sn:?m:
which is also a thermodynamic equi- f‘;:‘ [ PR
librium state specified by pressure p, RN R

and volume V. At any intermediate s IR
point in the wravel ol the piston, let the ’

pressure be p and the volume V. This Rt —
must alse be an equilibnum siate, Fig. 3.4 pdV work

since macroscopic properties p and ¥

are significant only for equilibrium states. When the piston moves an
infinitestimal distance df, and if *a’ be the area of the piston, the force F acting
on the piston & = p.4. and the inlinitesimal amount of work done by the gas on
the piston

AW = F-di = padl = pd¥ (3.1

where d¥ = ad! = in[initesimal disptacement volume. The dilTerential sign in
di¥ with the line drawn at the top of it will be explained later.

When the piston moves out from position 1 to position 2 with the velume
changing from F) to ¥,, the amount of work # done by the system will be

f mMog —-— Quasi-siatic
W, ,= |pd¥ v proceas
H a

The magnitude ol the work done is T o _ Work
given by the area under the path 1-2, Lo~ wensfer
as shown in Fig. 3.5. Since p is at all o,
times a thermodynamic cocrdinate, all / “d 2
the states passed through by the sys- A
tem as the volume changes from V| to " _"I |_,‘_ vz
¥ must be equilibrium states, and the v

peth 1-2 must be guasi-static. The pis-

ton moves inflinitely slowly so that Fig. 35 Quasi-static pdV work

every state passed through is an equilibrium state. The imtegration j pdV can
be performed only on a guasi-static path.
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3.2.1 Path Function and Poini Function

With reference to Fig. 3.6, it is possible to take a system from staie 1 to stale 2
along many gnasi-siatic paths, such as 4, B or C. Since the area under each -
curve represents the work for each process, the amount of work involved in
each case is not a function of the end states of the process, and it depends on the
path the systemn follows in going from state 1 to state 2. For this reason, work is
called a path function, and & W is an inexact or imperfect differential.

Py

Y vz
—

Fig. 3.6 Work—g paih function

Thermodynamic properiies are point functions, sioce for a given state, there
is a definite value for gach property. The change in 2 thermodynamic property
of a gystem in a change of state is independent of the path the system follows
during the change of state, and depends only on the initial and firal states of the
system. The differentials of point functions are exact or perfect differentials,
and the integration is simply

¥
de=ﬂ—H
4]
The change in volume thus depends only on the end states of the system
irrespective of the path the sysiem follows.
On the other hand, work done in a quasi-siatic process between two given
slates depends on the path followed,

2
[aw = w,—w,
1

Rather,

2
[aw =W, 0or W,
1

To distinguish an inexact differcntial 4 W from an exact differential d¥ or dp
the di[ferential sign is being eut by a line at its top.
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From Eq. (3.1},
av=Law (3.2)
P

Here, 1/p is called the imtegrating factor, Therefore, an inexact differentia)
& W when multiplied by an integraling factor 1/p becomes an exact difTerential
d¥.

For a cyclic process, the initial and final states of the system are the same,
and hence, the change in any property is zero, i.e.

§dv=0,{dp=0,§dr=0 (3.3)
where the symbol f denotes the cyclic integral for the closed path. Therefore,
the cyclic integral of a property is always zero.

322 pdV-Work in Various Quasi-Static Processes

_ (a) Constant pressure process (Fig. 3.7) (isobaric or isopiestic process}

¥,
W= f pdV=p(l>-F) (34
H
(b) Constant volume process (Fig. 3.8) (isochoric process)
Wy o= [ pav=0 35
1 2
o,
e,
N,
v, v,
(N v 2 ey
Fig. 3.7 Conttani precoure pirocess Fig. 3.8 Consiant volums process

(c) Process in which p¥ = C (Fig. 3.9)

%
W= deVs pY=p ¥, =C
]
_ (mh)
Pmy

"

dv Fa
Wi .=p ¥ j]_zp Vi ln -2
1-2 IIV,V 17 ¥,

. =p V;in &L (3.6)
P2
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Penci

L H__Ef/_ point
5

Fig. 3.11  Engine indicator

wected through a reducing motion R to the piston £ of the engine. The

we of drum D moves horizontally under the pencil while the pencil moves

cally over the surface and a plot of pressure upon the piston vs. piston travel

tained.
before tracing the final indicator diagram, a pressure reference line is
recorded by subjecting the indicator 1o the atmosphere and iracing a line at a
constant pressure of one atmosphere.

The area of the indicator diagram represents the ' itude of the net w
2 by the system in one engine cycle. The area unde: wie path 12 represents

work done by the system and the area under the path 2-1 represenis work done
i othe system (Fig. 3.12). The area of the diagram, s measured by means
~= a planimeter, and the length of the diagram, [, is:  measured. The mean
ifive pressure (m.e.p.) p,, is defined in the following way

L 7

re K is the indicator spring constant (N/em® x cm travel). Work done in one
ne cycle

g 1 Represents work dong
2 j ~"" in one engine cyde
62. Aroa, ay
1a
Longth fy 2

Figtor  sol
— Yolume

Fig. 3.12 Indicaior diagram
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=(pn A} L
where A = cross-sectional area of the cylinder

= % D?, where D is the cylinder diameter

and L = stroke of piston, or iength of cylinder.

Let A be the revolutions per minute (r.p.m.} of the crankshaft. In a two stroke
cycle, the engine cycle is completed in two strokes of the piston or in one
revolution of the crankshaft, In a four-suwoke cycle, the engine cycle is
completed in four strokes of the piston or two revolutions of the crankshaft.

For a two-stroke engine, work done in one mninute = p; ALN, and for a four-
stroke engine, work done in one minute = g, ALN/2.

The power developed inside the cylinder of the engine is called indicated
power (IP),

p,,,AL( N or ﬁ)n
Ps—— 27
60

where p,, is in kPa and n is the pumber of cylinders in the engine.

The power available at the crankshaft is always less than this valuz (IP) due
fo friction, ete, and is called the brake power (BP) or shaft power (SP). If @ is
the angular velocity of the crankshaft in radian/sec, then

kW (3.8)

BP=Ta {3.9)
where T is the torque ransmited to the crankshaft in mN.
2RTN
BF = 10
%0 (3.10)

where ¥ is the number of revolutions per minute (rpm).
The mechanical efficiency of the engine, q . is delined as
_ BP

Mineen = F (3.10)

An engine is said to be double-acting, if the working fluid is made to work on
both sides of the piston. Such an engine theeretically develops 1wice the amount
of work developed in a single-actiog engine. Most reciprocating steam engines
are double-acting, and so are many marine diesel engines. Imternul combustion
engines for road transpon are always single-acting,

3.4 Other Types of Work Transfer

There are forms of work other than pdV or displacement work. The following
are the additional types of work transfer which may get involved in system-
surroundings interactions.

{a) Electrical Work When a cwrent flows through a resistor (Fig. 3.13),
taken as a system, there is work transfer into the system. This is because the
current can drive a motor, the motor ¢an drive a pulley and the pulley can raise
a weight.
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where dF is the voiume of fluid element about to enter the system.

O Wie =pvdm (3.17)
where dV=v dm
Therefore, flow work at inlet (Fig. 3.16),
(dW¥how)in = Pit1dm, (3.18)

Equation (3.18) can also be derived in a slighly difTerent manner. If the
normoal pressime p; is exeried againgl the area 4,, giving & tolal force (p) A))
against the piston, in time d+, this farce moves a dislance V,d7, where V', is the
velocity of flow (piston). The work in time dt is py 4| ¥ d¢, or the work per unit
tine is p| 4, V|. Since the flow rate

W= A,Vl = dml
™ dt
the work done in time df becomes
(8 Frow)in =P U5 dmy
Similarly, flow work of the (luid element leaving the system is

(& Wooudon = P2 0y dmy 3.19)
The flow work per unit mass s thus

It is the displacement work done at the moving system boundary.

{e) Work Done In Stretching a Wire Letus consider a wire as the sysiem,
If the length of the wire in which there is a tension ¥ is changed from L to
L + di., the infinibesimal amount of work that is done is cqual to

¢t =-7dL

The minus sign is used because a positive value of dL meens an expansion of
the wire, for which work must be done on the wire, i.¢., negative work, For a

finite change of length,
2
W=-[ Fd (321
1

il we limit the problem to within the elastic limit, where E is the modnlus of
elasticity, 5 is the stress, ¢ is the strain, and 4 is the cross-sectional area, then

_'r=.sA=E£A,si.nce-i-=E

de = —
L

dW=-Fdl.=-Fec4l de
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2
We-deL [ ede= -2 (e] - ) (3.22)

1
{§) Wark Done In Changing the Area of a Surface Film A (Glm on the
surface of a liquid has a surface tension, which is a property of the liquid and the
surroundings. The surface tension acts to make the surface area of the liquid a
minimum, It has the unit of force per unit length., The work done on a

homogeneous liquid [itm in changing its surface area by an infinitesimal amount
dd is

gH =-ods

where o is the surface tension (N/m).
2
=- [ odd (3.23)
1

(g) Magnetization of a Paramagnetic Solid The work done per unit volume
on a magnetic material through which the magneiic and magnetization fields are
uniform is

divr=-Hdl

1
aud W, ,=- j Haf {3.24)
0

where I is the field strength, and £ is the compoueut of the magnetization fieid
in the direction of the field. The minus sign provides tha! an increase in mag-
nelization (positive df) involves negative work.

The following equations summarize the different forms of work transfer:
Displacement work

2
{compressible Nuid) W= I pdV

i 2
Electrical work W=I EdC= [ Erd:
1 1
Fi
Shafi work W= j 7de
1
2
Surface flm W= j odd 3.25)
1
Stretched wire W= I FdL
1




Work and Heat Transfer —_

Magnetised salid W= j Hdl

it may be noted in the above expressions that the work is equal to the integral
of the product of an intensive propeny and the change in its related extensive
property. These expressions are valid only for infinitesimally slow quasi-static
processes.

There are some other forms of work which can be identified in processes that
are not quasi-static, for example, the work done by shearing forces in a process
involving friction in a viscous fluid.

3.5 Free Expansion with Zero Work Transfer

Work transfer is identified only at the bounderies of a system. It is a boundary
phenomenon, and a form of energy in transit ctussiug the boundary. Let us
consider a gas separated from the vacuum hy a panidon (Fig. 3.17). Let the
pattition be removed. The gas rushes to fili the entire volutne. The expansion of
a gas against vacuum is called free expansion. If we neglect the work associated
with the removal of partition, and conzider the gas and vacuum together as our
system (Fig. 3.17a), there is no work transfer involved here, since no work
crosses the sysiem boundary, snd heuce

2 2
| aw=0,although [ pd¥=0
| 1

If only the gas is taken as the system (Fig. 3.17), when the padition is
removed there is a change in the volume of the gas. and ong is tempted to

2
calculate the work from the expression _[ pd¥. However, this is not a quasistatic

1
process, although the initial and final end states are in equiltbrivm. Therefore,

the work cannot be calculated from this relation. The two end swates can be
located on the p-)° diagram and these are joined by a dofted line
(Fig. 3.17c) to indicate that the process had occurred. However, if the vacuum
space is divided into a furge number of small volumes by parlitions and the
partitions are removed one by one slowly (Fig. 3.17d), then every state passed
through by the system is an cquilibrium state and the work done can then be

1
estimated from 1he relation I pd¥ (Fig. 3.17¢), Yet, in free expansion of a gas,

1

there is no resistance to the fluid at the system boundary as the volume of the
gas increases to fill vp the vacuum space. Work is donc by a system to
overcome some resistance. Since vacuum does not offer any resistance, there
is no work transfer involved in free expansion.
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Partithon

Boundwry LY 1
AR 9 fi4ess I b
: : 7 S
: : Pt v N
4 Gas Vacuum ;E 5as Vacuum ~. 2
H H E b =
FFaFr Cd _-—--_'}'_-/ Fd v
(@ L— Ingulation — {b) (<)
Parttions
1
A 7 a '\\
T ~
\\
4 Gas ~. 2
4 ]
iRy o
ra Cd o
Vacuum v
' (d) )]

Fig. 3.17  Free expanrion

3.6 Net Work Done by a System

Often different forms of 2 work transfer occur simultaneously during a process
executed by a system. When all these work interactions have been evaluated,
the total or net work done by the system would be equal to the algebraic sum of
these as given below

W ot = Waigiacemens + Fivear + Worceriest T Witning + 1
3.7 Heat Transfer

Heat is defined as the form of eoergy that is transferred across a boundary fy
virtue of a temperature difference. The temperature difference is the ‘potential”
or *force’ and heat transfer is the *"flux’.

The transfer of heat between two bodies in direct contact is called conduc-
rion. Heat may be transferred between rwo bodies separated by empty space or
gases by the mechanism of radiasion through electromagnetic waves. A third
method of heat transfer is convection which refers to the wansfer of heat be-
tween a wall and a fluid system in motioo,

The dircction of heat transfer 18 taken from the high temperature system to
the low wmperature system. Hea? flaw into a system is taken to be positive, and
keat flow out of a syster is taken as negative (Fig. 3.13). The symbol £ is vsed
for heat transfer, i.e., the quantity of heat transferred within a certain time.

Heat is & form of energy in transit {like work transfer). It is a boundary
phenomenon, since it occurs only at the boundary of a system. Energy transfer
by virtue of wemperatwe difference only is called heat transfer. All other energy
interactions may be tetmed as work transfer.
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Quask-Static

{__ Area = Work transter £ Arsa = Heat transfer
2 2
W1~2=IPW Q= ITM
1 1
{a) {&)

Fig. 3.19  Representation of work tranfer and heat transfer in gquast-siatic
Jrocecses on p-v and T-x coordinates

Just like digplacement work, the heat transfer can also be writlen as the integral
of the product of the intensive property T and the differential change of an
extensive property, say X (Fig.3.19b).

2
0,={ ¢o= j Tax (3.26)
1 i

It must also be valid for a quasi-siatic process only, and the heat wansfer
involved is represented by the arer under the path 1-2 in T=X plot (Fig. 3.19b).
Heat transfer is, therefore, a path function, i.e., the amount of heat transferred
wheno a system changes from a slate 1 to a state 2 depends on the path the system
follows (Fig. 3.19b). Therefore, & Q is an inexact differential. Now,

a0 =Tdx
where Xis an extensive property and dX is an exact di(Terential.
1
=—4 3.27
=L (3.27)

To make d Q integrabie, i.e., an exact dilTerential, it must be multiplied by an
integrating factor which is, in this case, }/T. The exiensive property X'is yet to
be delined. It has been introduced in Chapter 7 and it is called ‘entropy’.

3.9 Specific Heat and Latent Heat

The specific heat of a substance is defined as the amount of heat required to
raise a unit mass of the substance thraugh a unit rise in temperature. The symbot
¢ will be used for specific heat.

-2 gk
m-At
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where () is the amount of heat transfer (I), m, the mass of Lhe substance (kg),
and Az, the rise in temperature (K).

Since beat is not a property, as expiained [ater, so the specific heat is qualified
with Lhe process through which exchange of heat is made. For gases, if the
process is at constant pressure, it is c,, and if the process is at constant volume.
itis c,. For solids and liquids, however, the specilic heat does not depend on the
process. An elegant manner of delining specific heats, ¢, and ¢, in tenns of
properties is given in Sees 4.5 and 4.6.

The product of mass and specific heat {mc) is called the hear capacity of the
substance. The capital letter C, €, or C,, is used for heat capacity.

The latent heat is the amourt of heat iransfer required to cause a phase change
in unit mass of a subslance af ¢ constant pressure and temperature, There are
three phases in which matter can exisi: solid, liquid, and vapour or gas. The
latent hear of fusivn (I} is the amount of heat transferred to inelt unit mass of
solid inlo liquid, or 1o freeze unit mass of liquid to solid. The latens heuat of
vaporization{l,,.) is Ihe quantity of heat required to vaporize unit mass of liquid
into vapour, or condense unit mass of vapour into liquid. The fatent heat of
suklimation (1 4) is the amount of heat transferred to convert unit mass of solid
lo vapour or vice versa. Jp, is not much affected by pressure, whereas [, is
highly sensitive to pressure.

3.10 Points to Remember Regarding Heat
Transfer and Work Transfer

{a) Heat transfer and work transfer are the emergy interactions. A closed
system and its surtoundings can interact in two ways: by heat transfer
and by work wansfer. Thermodynamics studies how these interactions
bring about property changes in a system.

{b) The same effect in a closed svslem can be brought about either by heat
transfer or by work transfer. Whether heat transfer or work transfer has
taken place depends on whal constitutes the system,

{c) Both heat transfer and work transfer are boundary phenomena. Both are
observed at the boundaries of the system, and both represent energy
crossing the boundaries of the system.

(d) It is wrang to say ‘toral heut” or ‘heat content’ of a closed system,
because heat or work is not a property of the system. Heat, like work,
cannot be stored by the system. Both heat and work are the energy in
transit.

(e) Heat transfer is the energy interaction due to temperature difference only.
All other energy interactions may he termed as work transfer.

() Bolk heat and work are path functions and inexact differentials. The
magnitude of heat transfer or work transfer depends upon the path the
system follows during the change of state.



54 —— Bevic and Applied Thermodyadrics

SOLVED EXAMPLES

Example 3.1 Gas from a bottle of compressed helium is used to inflate an
melastic flexible balloon, originally folded completely flat to a volume of 0.5
m’. If the barameter reads 760 mm Hg, what is the amount of work doae upon
the atmosphicre by the balloon? Sketch the system before and afier the process.
Solurion 'The firm line P, (Fig. Ex. 3.1) shows the boundary of the system
before the process, and the dovled line P, shows Lhe boundary aller the process.
The displacement work

Fq

]

| pav+ [ pdv=par+o

Balloon Botke

"

101325 X 5 0.5 m?
m

= 50.66 KJ

This is positive because work is done by the system. Work done by the
atmosphere is —50.66 kJ. Since the wall of the botile is rigid, there is no p dJ~
work involved in it.

It is assumed that the pressure in the balloon is aimospheric at all times, since
the balloon fabric is light, inelastic and unstreased. If the balloon were elastic
and stressed during the filling process, the work done by the gas would be
greater than 50.66 kJ by an amount equal to the work done in siretching the
balioon, although the displacemeni work done by the amosphere iz still
- 50.66 kJ. However, il the system includes both the gas and the balloon, the
displacement work would be 50.66 kJ, as estimated above.

P

, / Final volume
; " of balloon = 0.5 m?

Valve ——_ Balloon
inhlalty fiat

P=760mmHg | : :
A P, |~ Heliven bette

oo A
TSI TR TS

Rg. Ex. 3.1
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E npled2 Whenthe vaive of the evaguated bottie 3. Ex, 3.2} 1s opened,
atmosgheric air rushes into it. If the atmospheric pressure is 101.325 kPa, and
0.6 m” of air {measured at atnospheric conditions.  iters into the botle,
calculate the work done by air.

0.6 m* of atm air

Valve

Initial boundary

L‘/— Final bourdary

FPoym = 101325 xPa

k“"” ‘-‘--’_JZ
TRIRTTITT i

Fig. Bx. 3.2

Solution The displacement work done by air

Wo= [ pav+ [ pdv
ok Freg-air
boundary

=0+p AV
=101.325 kN/m® x 0.6 m’
=608 kJ

Since the free-air boundary is contracting, the work done by the system is
ilive (A} being oegative), and ihe surmundings do positive work upon the ~
em.

unple 3.3 A piston and cylinder machine contmining a fluid system has a

ing device in the cylinder {Fig. Ex. 3.3). The piston is frictiontess, and it is
neid down against the fluid due to the atmosphericpre & of 101.325 kPe, The
stirring device is tumed 10,000 revolutions with an 2 age torque against the

d of §.275 mN. Meanwhile the piston of 0.6 m diameter moves out
v.# m. Find the net work transfer for the system.
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Solution 'Work done by the stirring device upon the system (Fig. Ex. 3.3).
W, =2xTN
=2xx 1.275 x 10,000 Nm
=80 kJ
This is negative work for the system.
Work done by the system upon the surrcundings
W, =(pd)-L
= 101325 % x 2 067 m'x 080 m

=229kl

This is positive work for the system. Hence, the net work ansfer for the
system
We=W +W,=-80+229=-571K

Example 3.4 The following data refer to a 12-cylinder, single-acting, two-
stroke maripe diese] engine:
Speed—I150 1pm

Cylinder diameter—0.8 m

Stroke of piston—1.2 m

Arca of indicator diagram—5.5 3 1074 m?

Length of disgram—0.06 m

Spring value— 147 MPa per m

Find (he net rate of work transfer from the gas to the pistons in kW.

Solution Mean effective pressure, p_, is given by

ay -
Pm ™ T x aprng constant

d
L 55x10 m?
0.06
= 1.35 MPa

One engine cycle is completed in two strokes of the piston or one revolution
of the crank-ghaft
- Work done in one minute

=P LAN
=1.35x %(0.3)2 x 1.2 x 150 =122 MJ

x 147 MPa

Since the engine is single-acting, and it has 12 cylinders, each contributing
an equal power, the rate of work transfer from the gas fo the piston is given by
W =122 x 12 Ml/min
=24.4 MI/s
=24.4 MW = 24,400 kW Ans.
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Example 3.5 [t is required to melt 5 tonnes/h of iron from a charge a1 15°C to
molten metal at 1650°C. The melting point is 1535°C, and the latent heat is 270
kJ/kg. The specific heat in solid state is 0.502 and in liquid state (29.93/atomic
weight) kJ/kg K. If an electric furnace has 70% efficiency, find the kW rating
necded. If the density in molten state is 6900 kg/m® and the bath volume is three
times the hourly melung rate, lird the dimenstons of the cylindrical fumace if
the length to diameter ratic is 2. The atomic weight of iron is 56.

Solurion  Heat required to melt | kg of iron at 15°C 10 molten metal at 1650°C

= Heat required to raise the temperature from 15°C to 1535°C
+ Latent heat + Heat required 1o raise the temperature from
1535°C 10 1650°C

={.502 (1535 - 15) + 270 + 29.93 (1650 — 1535)/56
=763 + 270+ 61.5
=1094.5 kV/kg
Melting rate = 5 x 10° kg/h
S0, the rae of beat supply required
=(5 x 10° X 1094.5) kFh
Since the furaace has 70% efficiency, the rating of the furnzce would be
_ Rate of heat supply per second
B Furmnace effciency

_ 5x10° x10%4.5

= W .
0.7 % 3600 217 % 10 K Ans
3
Yolume needed = 3x5x107 m*=218m?
6900

If o is the diameter and / the length of the furmace

E £1=218m’
4

ot -::—d2x2d=218m3
. d=115m
and {=230m Ans,

Example 3.6 If it is desired 1o melt aluminivm with solid state specific heat
0.9 klkpK, latent heat 390 kJ/kg, atomic weight 27, density in molten state
2400 kg/m® and final tenperature 700°C, find out haw much metal can be
melted per hour with the above kW mating. Other data are as in the above
example. Also, find the mass of aluminium thar the above fumace will bold. The
melting point of aluminium is 660°C.

Solurion  Heat required per kg of aluminium
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= 0.9 (660 — 15) + 390 + 2%_?1(700 - 660)

= 5805+ 390 + 443
=10]4.8 kJ
Heat to be supplied = “::)1‘_:‘8

= 1449.7 Wig

With the given power, the rate at which aluminium ¢an be melted

217 x 10° x 3600

- 1449.7 ke

= 5.39 tonnes'h Ans.
Mass of aluminium that can be held in the above fumace

=2.18x 2400 kg

= 5.23 tonnes Ans,

REVIEW QUFSHONS

3.1

32
13
34

33

36

3.2

38

3.9

310
311
312
313
114
315
316
317
ENE:]
319

How can a ctosed system and is swmoundings interact? What ig the effect of such
interactions on the system?

‘When is work said to be done by a system?

What are positive and negative work interactions?

What is displaceraent work?

2
Under what condilions is the work done equal o I pdi?
1

What do you understand by path funclion and point fimetion? Wha are exact
and inexact differentials?

Show that work is a path funclion, and not a propeny.

What is an indicator diagram?

What js mean effective pressure? How is it neasured?

Wiat are the indicated power and the brake power of an engine?

How does the cumrent flowing through a resistor represent work transfer?

What do you undersiand by flow work? L5 it different from displacement work?
Why does free expansion have zero work transfer?

What is beat ransfer? What are ils positive end negative directions?

What are adiabatic and diathermic walls?

What i5 an integrating factor?

Show that heat is a path function and not a property.

What is the difference between wotk iransfer and heat transfer?

Does beat ransfer inevitably cause a temperaturs tise?
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FPROBLEMS

31

3.2

33

3.4

35

16

37

(a) A pump forces | rr/min of waser horizontally from sn open well 1o a closed
tank where the pressure is 0.9 MPa. Compute the work the pump must do
upon the warer in an hour just lo force the water o the tank against the
preasure, Sketch the system upon which the work is done before and after
the process.

Ans. 1331

{b) If1ihe work doneg as above upon the water had been used salely to mise the
same amount of water vertically against gravity without change of pressure,
tiow many metees would the water have been elevated?

(c) If the work done in (&) upon the water had been used solely to accelerate the
water from zero velocity without change of pressure or ¢levation, what
velocity would the water have reached? U the work had been used to
accelerate the water from an initial velocity of 10 m/s, what would the final
velocity have been?

The piston of an oil engine, of arca (L0045 m®, moves downwards 75 mm.

drawing in 0.00028 m® of fresh air from the almogphere. The pressure in the

cylinder is uniform during the process at 80 kPa, while the amnospherie pressure
is 101,325 kPa, the difTerence being duc to the Mow resistance in the induction
pipe and the inlet vatve. Estimate the displacement work done by the air finally
in the cylinder.

Ans. 271

Anp engine cylinder bas a piston of area 0.12 m" and comains gas at a pressure of

1.5 MPa. The gas expands according to a process which is represented by a

streight ling on a pressure-volume diagram. The (inal pressure is 0.15 MPa,

Calculate the work done by Whic gas on the piston if the stroke is 0.30 m.

Arx, 297 K.

A mass of 1.5 kg of air is compressed in a quasi-static process from 0.1 MPa to

0.7 MPa for which pv = constant. The initia) density of airis 1,16 kg/m”. Find the

work done by the piston to compress the air,

Ans, 250,62 KJ

A mass ol gas is compressed in a quasi-static process from 80 kPa, 0.1 m” 10 0.4

MPa, 0.03 m’. Assuming that the pressure and volume are related by

pv" = constant, find the work done by the gas gystem.

Ans. - 1183 KJ

A single-cylinder, double-acting, reciprocating water pump has an indicator

diagram which is a rectangle 0.075 m long and 0.05 m high. The indicator spring

constant is 147 MPa per m, The punp tuns at 5¢ rpm. The pump cylinder
diameier iz 0.15 m and the piston stroke is 0.20 m. Find the rate in KW at which
the piston dots work on the water.

Ans. 433 kW

A single-eylinder, siugle-acting, 4 stroke engine of 0.15 m bore develops an

ndicated power of 4 kKW when running at 216 rpm. Caleulate the area of the

indicator diagram that would be obuined with an indicator having a spring
constant of 25 x L0 N/m>. The length of the indicator diagram is 0.1 times the
lenpth of the suoke of the engine.

Ans. 505 mm?



60 —— Basic and Applied Thermodynamicr

18

39

ENLY

3.t

312

313

A six-eylinder, 4-stroke gasoline enging is run at a speed of 2520 RPM. The area
of the indicator card of one cylinder is 2.45 x 10° mm’ and its Yength is
58.5 mm. The spring constant is 20 x 10° N/m®, The bore of the cylinders is
140 mm and the piston stroke is 150 inm, Determine the indicated power,
assuming that each cylinder contributes an equal power.
Ans. 243,57 kW
A closed cylinder of 0.25 m diameter is fined with a lighs frictionless pistom. The
piswen is rerained in pasition by a catck in the cylinder wall and the volume on
one side of the pision comains aie at a preasure of 750 KN/m?, The volume on she
other side of the piston is cvacuated. A helical spring is mounted conxially with
the cylinder in this evacuated space te give a force of 120 N on the piston in this
pasition. The catch is released and the piston travels along the cylinder until it
comes fo rest aller 2 siroke of 1.2 m. The piston is then held in fs position of
miaximum travel by a ratchet mechanizm, The spring force increases linearky with
the piston displacement w a final valee of 5 kN. Calculate the work done by the
eompressed air on the piston.
Ans. .07 kf
A sieam turbine drives a ship's propeller through an 8 : | reduction gear. The
pverage resisting lorque bposed by the water oo the propelleris 750 = 10* N and
the shafl power delivered by the turbine to the reduction gear is 15 MW. The
turhine speed is 1450 rpm. Determine {a) the torgue develaped by the turbine, (b)
the power delivered to the propeller shaft, and (c) the ne1 rate of working of the
reduction gear.
Ars (a) T=98.84 km N, (b) 14.235 MW, {¢} 0.765 MW
A fyid, contained in a horizontal cylinder fitted with a frictioniess leakproof
piston, is contimiousty agilated by means of a stirrer passing through the cylinder
cover. The cylinder diameter is 0.40 m. During the stirming process lasting 10
minutes, the piston slowly moves out & Jistsoce of 0.485m against the
atmosphere. The net work done by the Muid during the process is 2 kJ. The speed
of the etectric motor driving the stirrer is 840 rpm. Delermine the torque in the
shafi and the power output of the motor.
Anrs, 0.08 mM, 6,92 W
At the beginning of the compression stroke of a two-cyiinder iniamal combus-
tion engine the air is at & pressure of 100,325 kPa. Compression reduces the
volume w 175 of its original volume, amd the law of compression is given by
pu'? = constant. iIf the bore and stroke of each cylindet is 0.15 m and 0.25 m,
respectively, determine the power absorbed in kW by compression sirokes when
the engine speed is such (hat each cylinder undergoes 500 compression suokes
per minute,
Ans. 17.95 kW
Determime the wial work done by a gas system following an expansion process
as showao in Fig. P. 3.13.
Ans. 2952 MJ
A B

—»= p, bar g

0.2 04

-V m
Fig. P. 3.13
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Work and Heat Transfer -——= 6l

A system of volume ¥ contains a mass m of gas at pressure p and temperoture T
The macroscapic propentjes of the system obey the following relationship:

[p+-:—2)(l-’—b)=mRT

wherg 4, &, and R are constants.
Obtain an expression for the displacement work done by the aystem during a
constant-temperature expansion from volume ¥, 10 volume ¥;. Calculate the
work done by a sysiem which cantains 10 kg of this gas expandiag frotn | m® 1o
10 m® at a tempetature of 293 K. Use the values a = 15.7 x 10 Nm®, 4 =
1.07 x 107 m’, and R = 0,278 k/kg-K.
Ans. 174254 KJ
If a gos of volume 6000 ¢m’ and at a pressure of 100 kPa is compressed
quasistatically according pi’2 = consiant until 1the velume becomes
2000 ¢m’, determine the final pressure and the work transfer.
Ans. 900 kPa, 1.2 ]
The flow energy of €.124 m*min of a Nuid crossing a boundary to a system is 13
kW. Find the pressure at this point.
Ans, 764 kPa
A milk chilling unit can remave heat from the milk at the rate of 41.87 Ml/h.
Heat leaks inio the milk frem the swroundings at an avetage rate of
4.187 MJ/. Find the time required for cooling a balch of 500 kg of milk from
45°C ta 5°C. Take the <y of milk to be 4,187 kikgK.
680 kg of lish at 5°C are 10 be frazen and stored at-12°C. The specific heat of
lish above freezing point is 3.182, and below freezing pointis 1.7t7 kikgK. The
freczing point is — 2°C. and lhe latent heat of fusion is 234.5 kikg. How much
heat must be senoved to coo! the fish, and what pey cens of this is latent heat?
Anr, 186,28 MJ. 85.6%
A herizentai cylinder fitted with a sliding piston contsins 0.1 m* of a gas at a
pressure of | atm. The piston is restrained by a linear spring. In the initial state,
the gas pregsure inside the cylinder just balances the atmospheric pressure of 1
aim on the culside of the piston and the spring exerts no force on the piston, The
gas is then heated reversibly until its volune and pressure become (116 m*and 2
alm, respeciively. (a) Write the equation for the relation between the pressure
and volume of the gas. (k) Calculote the work done by the gas. (¢) OlMthe tokal
wogk done by the gas, how rauch is done against the atmosphere? How much is
done against the spring?
Ans. (2) p (WM} = 2.026 x 10° ¥ - LN 3 = 10°
(b) 7,598 I, {c) 5,065 J, 2.533 ]
An elastic sphere injvaily has a diameter of | m and contying a gns a1 1 pressurs
of 1 ammn. Due to heat transfor the dizmeter of the sphere wncreases to 1.1 m.
During the heating process the gas pressure inside the sphere is proparional 10
the sphere diameter. Calculate the work done by the gas.
Ans, 1841
A piston-cylinder device conlains 0,05 wofa gas initially at 200 kPa, At this
state, a lingar spring having u spring constant of { 50 kN/m is wuching the piston
bui exerling no force on it. Now heat is transferred 1o the pas, causing the pision
1 rise and to compress tiie spring until the volume inside the cylinder doubles, if
the cross-secitonal area of the piston is 0.25 m’, determine (a3 the final presaure
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inside the cylinder, (b} the toml work done by the gas, and {c) the frection of this
work done against the spring to compress it.
Ars. (a) 320 kPa, (b) 13 k1, (c) 3 1S
A piston-cylinder device, whase piston is resting on a sei of stops. initially
contains 3 kp of air at 20 kP2 and 27°C. The mass of the piston is such that a
pressure of 400 kPa is equired to move it Hea is now mansferred to the air umil
its volume doubles. Determine the work done by the air and the total heat
transferred Lo the air,
Ans. 516 KJ, 2674 WJ
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Fig. 4.1 Adisbatic work

or the mechanical equivalent of heat. In the simple example given here, there are
only two energy transfer quantities as the system performs a thermodynamic
cycle. If the cycle involves many more heat and work quantities, the same result
will be found. Expressed algebraically.

(X W]cy:lc =J (I’Q)qclc t4.1)
where J is the Joule's equivalent. This is 2lso expressed in the form

$aw = sfag

where Lthe symbol § denotes the cyclic integral for the closed path. This is the first

law for a closed system undergoing o cyele. It is accepted as a gemeral law of
nature, since no violation of it has ever been demaonstrated.

In the S.1. system of units, both heat and work are measured in the derived
unit of energy, the Joule. The constant of proportionality, J, is therefore unity
(/=1 Nm/J).

The lirst law of thermodynamics owes much to LP. Joule who, during the
period 1840-1849, cammied ont a series of experimenls fo investigate the
equivalence ol work and heat. In one of these experiments, Joule used an
apparatus similar to the one shown in Fig. 4.1. Work was transierred to the

Wiz - (=i

—_— x

Flg. 43 Cysie compleied by a rystem with twe eergy intergelions:
adiabatic work transfer W, ; followed by heat trencfer Q;
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Energy is thus comserved in the operation. The first law iz a particular
forrmulation of the principle of the conservation of energy. Equation (4.2) may
also be considered as the definition of energy. This definition does not give an
absolutle value of energy E, but only the change of energy AE for the process. [t
can, however, be shown that the encrgy has a definite value at every state of a
system and is, therefore, a property of the system.

43 Energy-A Property of the System
Consider 2 system which changes its state from sute | o siate 2 by following the

path A, and returns from state 2 to stale | by Tollowing the path B {Fig, 4.5). So
the systemn undergoes a cycle. Writing the {irst law for path 4

Qu=AE, + W, {4.3)
and for path 8
Qp=AEg+ Wy {4.4)
The processes 4 and 8 together constitute a cycle, for which
(}:W)q:le = (EQ)r.y:Ie
or at Wn QA + Qs
ar Q.-\ - {4.5)
From equations (4.3), {4.4), a.nd (4.5_], it yields
AE, = -AEp (4.6}

Similarly, bad the system returned from state 2 1o state 1 by following the path
Cinstead of path B

AE, =-AE. “.n
From equations {4.6) and {(4.7)
AEB = AEC (‘1.8}

Therefore, it is seen that the change in energy between two states of a system is
the same, whatever path the systern may follow in undergoing that change of
state. If some arbitrary valuc of energy is assigned (o state 2, the value of energy
al sute 1 is fixed independent of the path the systemn follows. Therefore, evergy
has a definite value for every state of the system. Hence, it is a point function and
a property of the system.

— Y

Fig. 45 Ernagy-a property of a xystem
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The energy £ is an extensive property. The specific energy, e = Efm (J/kg), is
an intensive property.

The cyclic integral of any property is zero, because the final state is identical
with the initial state. §dE =0, §d¥ =0, etc. So for a cycle, the equation (4.2)
reduces to equation {4.1).

4.4 Different Forms of Stored Energy

The symbol E refers to Lhe total energy stozed in a system, Pasically there are two
modes in which energy may be stored in a systcm:
{a) Macroscopic energy mode
(b) Microscopic energy mode
The macroscopic energy mode includes the macroscopic kinetic energy and
potential energy of a system. Let us consider a fluid element of mass a7 having
the centre of mass velotity ¥ (Fig. 4.6). The macroscopic kinetic energy Ey of
the fluid element by vinwe of its motion is given by
mv?
2
If the elevation of the fluid element from an arbitrary datum is z, then Lhe
macToscopic potential energy £, by virtue of its position is given by
E, = mgz

EK=

The microscopic energy mode refers to Lhe energy stored in the molecular and
atomic structure of Lthe system, which is cnlled the molecular internal energy or
simply internal energy, customarily denoted hy the symbol U. Matter is
composed of molecules. Molecules are in rndom thermal motion (for a gas) with
an average velocity ¥, constantly colliding with one another and with the wells
(Fig. 4.6). Due to a collision, the molecules may be subjected to roanon as well

Fig. £6 Macroscopic and mirroxcopic enmgy
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Heat transferred al conglant volume increases the internal energy of the system.
If the specific heat of a substance is defined in terms of heat tranafer, then

-[de
«~(3),

Since { is not a property, this definition does not imply that ¢, is a property of
a substance. Therefore, this is not the appropriate method of @efining the specific
heat, aithough (d0}, = du.

Since u, T, and v are properties, ¢, is a property of the system The product
mc, = C, is called the keat capacity ar constant volume (J/K).

4.6 Enthalpy

The enthalpy of u substance, &, is defined as
h=u+pp {4.24)
it is an intensive property of a sysiem (J/kg).

Intemal enstgy change is equal to the heat ransferred i a constant volume
process involving po work other than pd¥ work. From equation (4.22), it is
possible to derive an expression for the heal transfer in a conslani pressure
process involving no work other then pd# work. [n such a process in a clogsed
stationary system of unit mass of a pure substance

¢ =du+pdo
At constant pressure
pdz = d(pv)
o (40}, = du + d(pm)
or (¢, = d(u + pr)
or (dQ), =dk (4.25)

where f =1 + pv is the specific enthalpy, a property of the systein.
Heat transferred at constant pressure iocreases the enthalpy of a system.
For an ideal gos, the enthalpy becomes
A=u+RT (4.26)

Since the internal energy of an ideal gas depends only on the temperature
(Eq. 4.11), the enthalpy of an ideal gas nlso depends on the lemperature only, i.e.

h=f(Tyonly {4.27)
Toul enthalpy H = mh
Also H=U+pV
and A =Him (kg

4.7 Specific Heat at Constant Pressure

The specific heat at constant pressure ¢, is defmed as the rate of change of
enthalpy with respect to temperature when the pressure is held constant
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ok
[ (—a-;—r-]p {4.28)

Since 4, T and p are propenies, so ¢, is a property of the system. Like ¢,, ¢
should not be defined in ferms of heat transfer of consiant pressure, althou
(dQ), = dh.

For a constant pressure process

L
(Aah), = f ¢p-dT (4.29)
7

The (irst law for a closed stationary system of unit miass

§Q =du+pdo
Again h=u+po
o dh = du + pdV + vdp
=dg+ vdp
dQ=dh—vdp (4.30)
(dQ),=dh
or (@), = (AR,
~ From equations (4.19) and (4.20)
T
@,= [ear
]

€, is a propenty of the system, just like ¢,.. The fieat capacity at constant pressure
C.‘FI is equal to mc, (J/K).

48 Energy of an Isolated System

An isolated system is one in which there is no interaction of the system with the
swroundings. For an isolated system, dQ =0, §W=10.
The first law gives
dE=0
oF E = constant
The energy of an isolated system is always constant.

4.9 Perpetual Motion Machine of the First Kind-FMM1

The first law states the general principle of the conservation of energy. Energy is
neither created nar destroyed, but only gets transfarmed from one form to
another. There can be no machine which would continuously supply mechanical
work without some other form of energy disappearing simultaneously (Fig. 4.8).
Such a fictitious machine is called a perpetual motion machine of the first kind,
or in brief, PMM 1. 4 PMM! is thur impossible.
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The internal energy of the gas decreases by 21,85 kJ in the process.

Example 4.2 When a system is taken from state a 1o stale b, in Fig. Ex. 4.2,
alang path ach, 84 k! of ieat flow into the system, and the system does 32 kJ of
work. {a) How much will the heat that {lows into the system zlong pathad# be, if
the work done is 10.5 kI? (b) When the system is retumed from & to a along the
curved path, the work done on the system is 21 kJ. Does the system absorb or
liberate heat, and how much of the heat is absorbed or liberated? (¢) I I/, = 0 and
Uy =42 k], find the heat absorbed in the processes ad and db.

¢ - b
o
T )
a d
—- v *
Fig, Ex, 4.2
Solution
Qlcb =84k
Wep=32K
We have
Qi = Up - U+ Fy
o U,— U, =84-32=52KJ Ans.
(2) O = Uy~ Uy + W,
=52+105
=62.5k] Ans.
(b} O =U,-U+ W,
=-52-121
=-73 k] Ans,
The system liberntes 73 kj of heat,
() W = Wyt Wy =W, =105k]
: Qua=Uy- U, + Wy
=42-0+10.5=525Kk]
Now O =025k =0, + 0O

@y =625-525=10KJ Ans.

Example 43 A piston and cylinder machine contains a fluid system which
passes through a complete cycle of four processes. Duting 2 cycle, the sum of all
heat transferg is —1 70 kJ. The system completes §00 cycles per min. Complete the



L ——= Barir and Applied Thermoadymomia

following table showing the method for each item, and compute the net mate of
work output in kW,

Process Q (kl/min) W (L//min) AE (kl/min)
a~b 0 2,170 —
b-c 21,000 1] —
c~d -2,100 — -36,600
d-a — — —_
Solution Process a—b;
P=AE+F
0=AE~+2170
AE=-2170 kI/fmin
Process b—c:
P=AE+W
21,000=AE+0Q
AE = 21,000 kJ/min
Process o—d"
Q=AE+W
— 2100 = — 36,500 + W
A ¥ = 34,500 kJ/min
Process d—a:
¥ Q=-170k]
cycle

The system completes 100 cycles/min.
O + Ope + Qua+ Oy, = — 17,000 Kl/min
0 + 21,000 - 2,100 + 0, = - 17,000
Qp =- 35,900 kI/min

Now f dE =, since cyclic integral of any property is zero.
QEH'F ﬁEb_c + AEH + &Ed—n =0
-2,170 + 21,000 - 36,600 + AL, =0
AE, ,=17,770 kJ/min
Wy.=Qp.—AEs,
=-35500-17,770

= _ 53 670 k¥/min
The table becomes
Process @ (k]/min} W (kJ/min) A E (kJ/min)
a-b 0 2,170 -2,170

b-c 21,000 0 21,000



First Law of Thermodynaemics -_ 75

c—d -2,100 34,500 - 36,600
d-a - 35900 - 53,670 17,770
Since .
Rate of work output Yo=Yw
orelo cycle
= - 17,000 kJ/min
=-283.3 kW Ans.

Exsmple 4.4 The internal energy of a ceriain substence is given by the
following equation

#=356po+ 84
where i is iven in k)Vkg, p is in kPa, and v is in m*/kg.

A system composed of 3 kg of this substance expands from an initial pressure
of 500 kPa and a volume of 0.22 m? to a fina! pressure 100 kPa in a process in
which pressure and volume are related by pr'? = constant,

(a) If the expansion is quasi-gatic, find @, AU, and W for the process,

(b} In another process the same system expands according to the same

pressure-yvojume relationship as in part (a), and from the same initial state
to the same [inal state as io part (a), but the heat wansfer in this case is 30
kI, Find the work mansfer for this procesa,

(c) Explain the difference in work transfer in parts (a) and (b).

Solution
{a) u=356pv+384

Au=uy - =356 (p 0, —-py )
AU=13.356(p; V:—-pF))

Now ' =t

112 ¥#1.2
v,= V,[ﬂ] = 0.22(1]
153 I

=0.22x3.83 = 0.845 m*
AU=356(1 % 0.845-5x0.22} kJ

=-356 x0.255=-91 kJ Ans, {3}
For a quasi-stalic process

_ (1 x0845-5x%0.22)100
1-12

=121.5k]

g=AU+W
=-91+1275=365K Ans. {a)
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(MHere =301
Since the end siates are the same, AL/ would remain the same as in (a).
W=0-AU
=30-(-91)
=121kl Ans. (b)

{c)} The work in (b} is not equal to J pdV since the process is not quasi-static.

Example 45 A [uid is confined in a cylinder by a spring-loaded, frictionless

piston se that the pressure in the fluid is a linear function of the volume

{p =a + bF). The internai energy of the fluid is given by the following equation
U=34+3.15p¥F

where U is in kJ, p in kPa, and V in cubic metre, if the fluid changes from an

initiat state of 1 70kPa, 0.03 m’ to a final state of 400 kPa, 0.06 m’, with no work

other than that done on the piston, And the direction and magnitude of the work
and heat trnsfer.

Solution  The change in the internal energy of Lhe fluid during the process.
U= U =315 (pF2-p VD)
=315(4x0.06-1.7x0.03)
=315%0.189=59.5kJ
Now
p=a+bV
170 =a+ b x 0.03
- 400 =g+ b x0.06
From these two equations
a =~ 60 kN/m’
b =7667 kN/m’
Work transfer involved duning the process

L2 F;
W,_,= fpdv= f(a +bV)dV
K i
2 _ 2
I 1
- b
= - K)as 2 1)

7667 KN L .09 mj]
m

=0.03 m’[-ﬁo kN/m? +

=8.55kJ
Work is done by the system, the magnitude being 8.55 kJ.
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. Heal transfer involved is given by

Q= -U+W_,
=595+ 8.55
=68.05 kI

68.05 k! of heat flow into the system during the process.

REVIEW QUESTIONS

4.1 Siale the first Jaw for a ciosed system undergoing a cycle.
4.2  What was the conmibution of 1.P. Jaule in establishing the first law?
4.3 What is the caloric theory of heat? Why was it rejected?
4.4 Which is the property introduced by the firse law?
4.5 Slale the firel law for a closed system vndergoing a change of state.
4.6  Show that energy is a property of a system.
4.7  What are the modes in which energy is slorcd in a sysizin?
4.8 Define imemal energy. How is encrgy stored in molecules and atoms?
4.9 What is the difference between the slandard symbols of £ and U7
4.10 What s the difTercnce between heat and internal energy?
4,11 Deiine enthalpy. Why does the enthalpy of an ideal gas depend only oa
temperature?
4.12 Define the specilic heais at constant volume and constant pressure.
4.13  Why shauld specific heat not be defined in terms of heat transfer?
4,14 Which properly of a system increases when heat is transferred: {.) at constant
wvolume, () a1 eonstant pressore?
4.15 What is a PMM17? Why is it impossibie?
PROELEMS
4.1 An engine iz tested by means of a water broke at 1000 rpn. The measured tosque
- ofthe engine is 10000 mN and the water consumption of the brake is 0.5 m'fs, its
inlet ternperature bejng 20°C. Caleulate the water \emperature at exit, assuming
that the whole of the engine power is ultimately transformed into heat which is
absorbed by the cooling water,
Anx. 20L5°C
4.2 1n a cyclic process, heat wransfers are + 14,7 kJ, - 25.2 kJ, — 3.56 &J and
+31.5 1. What is the net work for this cycle process?
Ans. 1734 k]
4.3 A slow chemical neaction takes place in a Auid a1 the constant pressure of 0,1

MPa. The NMuid is surrounded by a perfect heat insulater during the reaction which
begins ai state 1 and cnds a¢ siate 2. The insulation i8 then removed and 105 kJ of
heat flow to the serroundings as the Auid pees to stote 3. The following dac are
observed for the Auid af states 1, 2 and 3,

Siate Km®) A°C)
i 0.003 20
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4.4

4.5

4.6

47

4.B

4.9

4.10

411

4.42

2 0.3 3N
3 0.06 20
For the fluid system, calculate E; and E,, if E; =0
Ans, Ey= =297k, E;=-110.7 kJ
During one cycle the working fluid in an cngine engages in two work
interacvions: 15 kJ to the [uid and 44 kJ from the Muid, and three heat
mterections, two of which are known: 75 W to the flmd and 40 kJ form the fuid.
Evaluste the magnitude ead direction of Lhe third heat transfer.
Ans. -6 kJ
A domestic refrigerator is loaded with feod and the doar ciosed. During a certain
period the machine consumes 1 kW h of energy and the intermal cnergy of the
gystzm drops by 5000 kJ. Find the net heat wansfer for the system.
Ans. - B W]
1.5 kg of liquid having a constan specific heat of 2.5 kl/kg K is stirred in a well-
insulated chamber causing the emperature w rise by 15°C, Find AE and ¥ for
the process.
Ans. AE=5625K]), W=- 56.25KJ
The same liquid as in Problem 4.6 is stirred in a conducting chamber, During the
process 1.7 k& of beat are transferred from the liquid 1o the surmoundings, while
the temperature of the liquid is rising by 15°C. Find AE and ¥ for the process.
Ans, AE=536251, W=5795W
The properties of & certain Nuid are related a3 follows
u =196+0.718¢
po =0287 (¢ +273)
where u is the specific internat energy (kJ/kg), ¢ is in °C, p is pressure (KN/m?),
and v is specific volume {m*/kg).
For this fluid, find ¢, and ¢,
Ans. 0.718, 1.005 Wig K
A sygiem composed of 2 kg of the above {luid expands in a frictionless piston and
cylinder machine fTom an initial state of § MPa, 100°C 1o 2 final temperature of
30°C. If1here is no heat mansfer, find the net work for the process.
Ans. 100.52 kI
[f all the work in the 2xpansian of Problem 4.9 is done on the moving piston,
show that the equation representing the path of the expansion in the pwplang is
given by pv“ = constant.
A matipnary system consisting of 2 kg of the {luid of Problem 4.8 expands in an
adiabatic process sceording to py ' = constant. The initial conditions are | MPa
and 200°C, and the final pressure is 0.1 MPa, Find P and A U for the process,

Why is Lhe work transfer not equal to _[ pdF?

Ans, B =21683, al/=-216.83 kJ, Ide’ =434.4 &J

A mixture of gases cxpands at constant pressure from 1 MPa, 0.03 m® to 0.06 m
with 84 kJ positive heat transfer. There is no work other than that done on a
piston. Find A £ for the gaseous mixtuse.
Ans. 54 k&)
The same mixture expands through the same state path while a stiming device
does 21 W of work on the system. Find AE, #, and O for the process.
Ans. 54K, - 21 k), 33 k)
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A mass of 8 kg gas expands within a flexible conwiner so that the p-v
relationship is of the form po*2 = consi. The initial pressure is 1000 kf*a and the
initiat volume is 1 m’. The final pressure is 5 kPa. If specific internal energy of
the gos decreases by 40 k)/kg, find the beat transfer in magnitude and direction.
Ans + 26151
A gas of mass 1.5 kg undergoes a guasi-static expansion which follows a
relationship p = a + &V, where a and b arc constanis, The initial and final
pressures ane 1000 kPa and 200 kPa respectively and the coresponding velumes
are 020 m* and 1.20 m’. The specific internal energy of the gas is given by the
relation
u=15pv-85 kg

where p is in kPa and v is in mafkg, Calculate 1he nel heat lransfer and 1the
maximum internal energy of the ges atwined during expansion.

Ans. 660 k). 503.3 ki
The heat capacity i constant pressure of a certain system is a function of
temperature only and may be expressed as

41.87 1K
1+ 100 -

C,= 2093+

where £ is the wmperature of the system in °C. The system is heatcd while it
is maintained @ a pressurc of 1 atmosphere until its volume increases from
2000 cm” to 2400 em® and its femperature increases fiom 0°C w 100°C. {(a} Find
the magnitude of the heat interaction, (b} How much does Lhe intemal energy of
the system increase? :
Ans. (a) 238.32] {b) 197.79)
An imaginary engine receives heat and does work on a slowly moving piston at
such rates that the cycle of operation of § kg of working fluid can be represented
as a circle 10 em in diameter o0 a p—v diagram on which | ¢m = 300 kPa and
1 em = 0.1 m*/kg. (a} How much work is done by each kg of working tluid for
each cycle of operation? (b) The thermal efficiency of an enging is defined as 1he
ratio of work done and heat input in a cycle. if the heat rejecied by the engine in
& cycle is 1O K per kg of working fluid, what would be its Lthermal efficiency?
Ans, fa) 2356.19 k/kg, (b) 0.702

4.17 A gas undergoes a thermodynamic cycle consisting of three processes beginning

al an initial fuate where p, = | bar, ¥, = 1.5 w’ and U, = 512 kJ. The processes
arc as follows:
(i) Process 1-2: Compression wilhp¥ = constanttop, = 2 bar, I/, =690 kJ
(ii) Process 2-3: W,; =0, 053 =- 150 k], and
(iii) Process 3~1: W, =+ 50k]. Neglecting KE and PE changes, determine
the heat inleractions (J,; and ;.
Ans. 74 ¥J, 22 KJ

418 A gas undergoes a thermooynamic cycle consisting of the following processes:

(i) Process 1-2: Conslent prexsure p = |4 bar, ¥, = 0.028 m®, ¥, = 10.5 kI,
(ii) Process 2-3: Compression with pi = consant, Uy = U, {iii} Process 3-1:
Constant volune, ) ~ Uy = - 26.4 kI. There are no significant changes in KE
and PE. {a) Sketch Lhe cycle on a p-V diagram. (b} Calculale the net work for the
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419

4.20

421

4.22

cycle in k). (c} Calculaie the hear iransfer for process 1-2 (d) Show that
IQ=LW.
oele e Ans. (b) - 828 KJ, () 36.9 1]
A cenain gas of mass 4 kg is contained within a pistan cylinder assembly. The
gas undergoey a process for which pF'* = constant. The initial qate 7s given
by 3 bar, 0.| m*. The change in internal energy of ihe gas in the process is
ity — iy = — 4.6 kl/kg. Find the net heet transfer for the process when the fina)
valume is 0.2 m®, Negleet the changes in KE and PE,
Ans. - 08 K]
An eleciric generyivr coupled to a windmill produces an average eleclrical power
output of 5 kW. The power is used to charge a storage batery. Heat transfer from
the bartery 1o the surroundings occurs at & constant rate of 0.6 kW, Determine the
tow) zmount of ¢nergy stored in the battery in 84 af operation.
Ans 127 % 10° KT
A gos in a piston-cylinder assembly undergoes two processes in series. From
state | to state 2 there is encrgy iransfer by beat to the gas of 500 kI, and the gas
does work an the piston amouniing 800 kJ. The second process, from state 2 o
state 3, is 4 conswant pressure compression at 400 kPa, during which there is a
heat transfer from the gas amounting 450 kJ. The following data are also known:
U = 2000 kJ and U, = 3500 kJ. Neglecting changes in KE and PE, calculate the
change in votume of the gas during process 2-3.
Ans. - 5,625 m’®
Air is contained in a rigid well-insulated tank with a volume of .2 m’. The tank
is fitted with a paddle wheel which transfers energy to the air at a constamt e of
4 W for 20 min. The itatial density of the 2iris 1.2 kp’ml, ifno changes is KE or
PE ocowr, determine {2} the specific volume at the final state, (b} the change in
specific internal energy of the air.
Ans. (8) 0.833 m/kg, (b) 20 kirkg
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have a fixed value at a pariicular location, and will not alter with time.
Thermodynamic properties may vary along space coordinates, but do not vary
with time. ‘Steady state’ means Lhat the muate is steady or invariant with time.

53 Mass Balance and Energy Balance in a
Simple Steady Flow Process

In Fig. 5.2, a steady flow system has been shown in which one siream of fluid
enters and one stream leaves the cootrol volume. There is no accumulation of
mass or energy within the control volume, and the properties ai any location
within the control volume are steady with time, Sections 1.1 and 2.2 indicate,
respectively, the entrance and exit of the fluid across the canwol surface. The
following quantities are defined with reference to Fig. 5.2,

Steady flow devica

I S
!

_Cortrd volume ~ —— C..

Datum
E TS T TS T TSI P

Fig. 52 Steady flow Procesr

Ay, A,—cross-section of stream, m?

w,, wy—mass How rate, kg/s

Py, Po—pressure, absolute, N/m?

7,, 1, —specific volume, m*kg

u,, uy—specific internal energy, Jikg

¥, Vo—velocity, mis

Z,, Zy—clevation above an arbitrary datum, m

40

E—net rate ol heat transfer through the control surface, J/s

a d':'; —net rate of work transfer through the control surface, J/s

exclusive of work done at sections ! and 2 in transferring the fluid through the
comrod surface,
t—htime, 5.

Subscripts 1 and 2 refer 1o the inlet and exit seclions.
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5.3.1 Mass Balance

By the conservation of mass, if there is no accumulation of mass within the control
volume, the mass flow rate entering must equal the mass [low rate leaving, or

W), =W,
or AV AV, (5.2)
L ¢!

This equation is known as the equation of continuily.

5.3.2 Ensrgy Bolance

In a {low process, the work transfer may be of two types: the exrernal work and
the flow work. The extemal wark refers to all the work transfer across the control
surface nther than that due to normal {luid forces. In engineering thermodynamics
the only kinds of external work of importance are shear (shaft or stitringpwaork
end electrical work. In Fig, 5.2 the only external work occurs in the form of shaft
work, . The flow wotk, as discussed in Sec. 3.4, is the displacement work done
by the fluid of mass dm, at the iulet seclion 1 and that of mass dm, at the exit
section 2, which are {—p,v,dm,) and (+p,v,dm,) respectively. Therefore, the total
work transfer is given by

W =W, - pvdm, + p,0,dm, (53)
In the rate form,
aW _ AW, dmy, dm,
= - —L 4 —
ar  dr  PPiTg TP Ty
aw aw, ft
or _d‘f— = d—; - W'p]vl + WZPZU1 (5.4)

Since there is no accumulation of energy, by the conservation of energy, the
tolat rate of llow of all energy streams entering the control volume must equal the
total mte of flow of all energy sireams leaving the contro! volume. This may be -
expressed in the following equation.

ag 1.4
+ —= = + —
we ar Wiey P

Substituting for %’:4 from Eq. (5.4)

aQ aw
+ —= = + —3 ~wp D, + bi
wie ar W€y at 1P\ Dy T Wl

we +w o+ -?—ig- = wye; + wypot, + {5.5)

X
dr
where e; and ¢, refer to the energy carmried into or out of the control volume with
unit mass of fuid.
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The specific energy e is given by
e=ete,tu

2
=V7+zg+u (5.6)

Substituting the expression for e in Eq. (5.5)

Vi ¢
W) [T]"' Zig+ "1) twpot L)

dar
=w v—22+Z + 1, |+ W v+d”;
2| 2& Ty 2 P23 dt
V2 a0
or . w | b+ L +2Zg|+2
1(1 2 13] dar
“uy [ty + 4 2] + A X))
2 PR T ‘
where hA=u+pv.
. dm
And, since Wy =Wy, letw=w,=w,= ’r3
dm

Dividing Eq. (5.7) by ——
ividing Eq. ( )Ydr

A+v2+z + 40

2 B im

aw,

=k, (5.8)

Equations (5.7) and (5.8) are known as sready flow energy equarions
{S.F.E.E.), forasingle stream of [luid entering and a single stream of fluid leaving
the control volume. All the terms in Eq. {5.8) represent ¢ncrgy llow per unit mass
of Muid (J/kg} whereas all the terms in Eq. (5.7} represent energy flow per unit
time (J/kg). The basis of energy flow per unit mass is usually more convenient
when only a single stream of fluid enters and [eaves a control volume. When more
than one {luid stream is involved the basis of energy flow per umt time is more
convenient.

Equatioo (5.8} can be written in the follomng form,

Q-W,=(hy-hy+ Y N |+ gz~ 20 (5.9)

where ¢} and #, refcr to energy transfer per unit mass. In the dilferential form,
the SFEE becomes
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expense of its K.E. Figure 5.4 shows a nozzle which is insulated. The steady flow
energy equation of the control surface gives

v .17} v} d W,
+ — + + =h+ 2+ + —5
A 3 Zig dm k; 5 Zz dm

77 M Insulation
L‘U nsulal @)

Fig. 5.4 Steady flow proces involying one fluid stream al
the indet and al exit of the tontrol voltme

Here 29 _ 0, LLAY =0, and the change in potential energy is zero.
dm dm
The equation reduces to
Vi \A
b+ = =h,+ 2 5.14
L A (5.14)
The continuity equation gives
we AV AV, (5.15)

! L5
When the inlet velocity or the ‘velocity of approach’ V) is small compared to
the exit velocity ¥,. Eq. (5.14) becomes

v?
A ='h‘-|-_2
L 2 2

or V= J2(h - k) m/s
where (k, - h;) is in J/kg.
Equations (5.14) and {5.15) hold good for a difTusor as well.

5.4.2 Throtiling Device

When a fluid flows through a constricted passage, like a pantially opencd valve,
an orifice, or a porous plug, there is an appreciable drop in pressure, and the flow
is said to be throttled. Figure 5.5 shows the process of throtiling by a partially
opened valve on a fluid flowing in an insulated pipe. ln the steady-flow energy
Eq. (5.8).
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hi=h+ LA

dm

o B hy—hy
m

1t is seen that work is done by the fluid at the expense of ils enthalpy. .
Similarly, for an adiabatic pump or compressor, work is done upon the [luid
end ¥ is negative. So the 8.F.E.E. becomes

wr
’l]=’|2'
or E’L:hz_hl
m

The enthalpy of the fluid increases by the amount of work input.

544 Heal Exchanger

A heat exchanger is a device in which heat is transferred from one fJuid to another.
Figure 5.7 shows a stearn condenser, where steam condensers outside the tubes
and cooling water flows through the mbes. T .F.EE. lheC.5. gives

¥,

oaee)

/ i \ Frhaiumt ainam

Fig. 5.7 Swteam cordmser

woh W = w by w by
or wy(hy —h) =w (hy—h)

Here the K.E. and P.E. terms are considered small, there is no external work
done, and energy exchange in the form of heat is confined only between the two
{Muids, i.e., there is no external heat interaction or heat loss.

Figure 5.8 shows a steam desuperheater where the tempemature of the
superheated steam is reduced by spraying water. If w, w,, and wy are Lhe mass






First Law Applied to Flow Proczsies —49

This is the Exler equation. If we integrate between two sections | and 2 of the
pipe

2 2 2
fvdp+[vdv+jedz =0
1 L 1

For an incompressible fluid, v = constant
2 2

V. ¥,
vip,~-ppt -»52—-“2‘— +glZ,-2)=0 {5.19)
Since the specific volume v is the reciprocal of the density p, we have
2 b
/PR R (5.20)
fol 2 fol 2
or —g—+ %—— + Zg = constant {(5.21)

This is known as the Bermoulli equation, which is valid for an inviscid
incompressible fluid. It can also be expressed in the following form

V2
A[ prais gZ] =0 (5.22)

where v is constant and A (...) means ‘increase in...
The 5.F.E.E. us given by Eq. (5.18) or Eq. (5.17) can be written with (u + po)
substituted for A, as follows:

2
oW, = A[u +pv+ VT +gZ} (5.23)

A comparison of Eqs (5.22) and (5.23) shows that they have several terms in
common. However, while the Bernoulli equation js restricted to frictionless
incompresgible (luids, the S.F.E.E. is not, and is valid for viscous eompressible
fluids as well, The Bernoulli equation is, therefore, a special limiting case of the
more general sieady flow energy equation.

5.6 Variable Flow Processes

Many flow processes, such as {illing up and evacualing gas cylinders, are not
steady. Such processes can be analyzed by the control volume technique.
Consider a device through which a fluid is flowing under non-steady state
conditions (Fig. 5.9). The rate at which the mass of fluid within the control volume
is accumulated as equal to the net rate of mass flow across the control surface, as
given below
dmy, “ dny,  dm,

dr W Wy ar dar . 13.24)

where 1, is the mass of fluid within the conirel volume at any instant.
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Orwver any finite period of time
MV=M|—M1 (5.25)

F\_\ __________________ 1/_ ..... @

Fig. 5.9 Variablr flow proet

The rate of accumulation of energy within the control volume is equal to the
net rate of energy flow across the control surface, If E, is the energy of Auid
within the control volume at any instant.

Rate of energy increase = Rate of energy inflow — Rate of energy cutflow

dE \A d
e (ne ez 2
—wy | & +l22-+z, LA (5.26)
2| M 2 & ar .
my?
Now Ey=|U+ +mgl
2 ¥
where m is the mass of fluid in the control volume at any instant.
2
& _d [y, m¥ +mgZ
dr  dr 2 v
4 49
+—+Z
["‘ * ’g] T dr
v; dm,  &W,
| A2+ —2 _ 2%
[hz 3 Z;g] i (5.27)

Figure 5.10 shows all these energy flux quantities. For any finite time interval,
equation (5.27) becomes
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= mi?
"‘I(PM*%L +219H—~2 F(U*T ’m% ' I

. I':{h, +E21_ + Zzg)

Cs.
Fig. 5.10  Ensrgy fluses in an unsteady sysiem

vZ
AE,=Q-W, + _[(h, +T’+ Zlg]d.ml

v
Equntion {3.26) is the general energy eguation. For steady lMow,
4 _
dar

and the equation reduces to Eq. (5.7). For a closed system w; =0, wy, =0, then
from Eq. (5.26),

4 _dg 2w,
dt  4r dr

or dE, =80 -8W, or, 8Q =dE+ 8 W,
as oblajned carlier.

5.7 Example of a Varlable Flow Problem

Variable flow processes may be analyzed either by the syatem technique or the
control volume technique, as illuuared below,

Congider a process in which a gag bottle is filled from a pipeline (Fig. 5.11). In
the beginning the bottle contains gas of massm at state p,, ¢;, v, k| and «,. The
valve is opened and gas MNows inta the bottle till the mass of gas in the bottle is r,
ak slate po, f5, ¥5, A; Bnd ;. The supply to the pipeline is very large so that the
state of gas in the pipeline is constant at py, £, v, A, 1, and ¥,

System Technigue Assume an envelope {which is extensibie) of gas in the

pipaline and the mbe which would eventually enter the bottle, as shown in
Fig. 5.11. :
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— Envelopa of Sysiam boundary

— System boundary
‘I(Envelope)

Fig. 5.11 Bottie-filling process

Energy of the gas before filling

2

where (m; —m,) is the mass of gas in the pipeline and tbe which would enter the
bottle.
Energy of the gas afer filting

v2
Ey=mu +(my—my) [—p + 'ﬁ,]

£q = myuy
v!
AE =E; - E| = myu; - [m,ul + (my —ml)(—i’.—w‘, )] (5.29)

The P.E. terms are neglected: The gas in the bottle is not in motion, and 5o the
K_.E. tetms have becn omitted.

Now, there is a change in the volume of gas because of the collapse of the
envelope to zero volume, Then the work done

W=p, (V,- V)= p[0~(m—mv]
== (MZ - H‘l]) pp vp
- Using the first law for the process

1

O=AE+ W
v?
= Mgy — My (M‘z - M])(Tp + HFJ —(M'z — m,)ppvp
v?
=myuy — muy — (my - m) [Tp+kp) {3.30)

which gives the energy balance for the process.

Control Volume Technique  Assume a control volume bounded by 2 control
surface, as shown in Fig. 5.11. Applying the energy Eq. (5.27) to this case, the
following energy balance may be writlen on a time rate basis
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v:‘.
dEV = E.Q +1 h + _o d_ﬂl
dr 4t P2 )dr
Since.fi,gne ¥, arc constant, the equstion is integrated to give for the total
process : ’

-

Vv
A.E“- = Q + [hp + Tp)(M2 - m])

Now AE, = U, — U = mautn — myu,
2

Vv
Q= masty — mysty — [hp + —;"J(”’z -m)

This equation is the same as Eq. (5.30).
If m, =0, i.e., the botile is initially evacuated,

V:
O =m,u, - mz[hp + ——zp—-]

2
Again, if ¢ = 0 and A >> T",

0 = myu; — moh,
or, g = hy =, + pop
' Thus, flow work (p,v,) is convened to increase in molecular internal energy
ity — M)
( 2If'the gas is assumed ideal,
6h=¢T,
or, h=rT,
Ipr =27 + 273 = 300 K, then for air
T, =14x300=420K
or, = 147°C '
Therefore, in adiabatically filling a bonle with air at 27°C, the gas temperature
rises to 147°C due to the flow work being converted to internal energy increase.

5.8 Discharging and Charging a Tank
Let us consider a tank discharging a fluid into a supply line (Fig. 5.12). Since

d W, =0 and dm,, = 0, applying first law to the control volume,
2
dUV=dQ+[h+V—+gz] dm,y, (5.31)
2 out

Assuming K.E. and P.E. of the fluid to be smalt and 83 =0
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1
:

Fig. 5.12 Charging and discharging a tank

dimu) = kdm
mdu + tdm = udm + pv dm

dm _ du
" pv
Again ¥ = bm = comst.
pdm + mdy =0

dm _ dv
ur —— T —
m T

From Eqs (5.32) and (5.33),
du dv

po ]
d{u +po) =0
or a=0
which shows that the process is adiabatic and quasi-static.
For charging the tank
J(ﬁdﬂf)h =AUy = mu; — mu,
Mphp = Mzﬂz — myuy

(5.32)

(5.33)

(5.34)

where the subscript p refers to the constant state of the fluid in the pipeline. If the

tank is initially empty, s, = 0.
Py = oy
Since
mp = MZ
by =u,
Enthalpy is converied o inlernal energy.
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If Lhe fuid is an ideal gas, the temperature of the gas in the tank after ii is
charged is given by

ly=cT;
or T=7rT, (5.35)
SOLVED EXAMFPLES

Ezample 5,1 Air flows steadily at the rate of 0.5 kg/s through an air com-
pressor, entering at 7m/s velocity, 100 kPa pressure, and 0.95 m*/kg volume, and
leaving at 5 m/s, 700 kPa, and 0.19 m’)’kg. The internal energy of the air leaving
is 90 kl’kg greater Lhan that of the air entering. Cooling water in the compressor
jackets abgorbs heat from Lhe air at the rate of 58 kW. (a)} Compute the ratc of
shaft work input to the air in kW. (b} Find Lhe ratio of Lhe inle pipe diameter to
outlet pipe diameter.

Solution Figure Ex. 5.1 shows the demils of the problem.

_________________________ 2 _
w// EO ¥y=5mk
@ x ; P2 =700 kPa
V,=7mis Ar Campressar  |i (3) 9, =0.19m kg
py = t0KPa —] x|
0=088mig () T : ty= (y +90 ) kl/kg
@ \—c.s. . = — 58 W
Fig. Ex. 5.1

" (a) Writing Lhe steady flow energy equation, we have

v .
w[u, +po + T‘ + Z!g] + ??-

2
=w(uz+p2v2+v—"+zzg}+ LA

2 dt
LA =—w| (&g —uy) +{pyv —pv)+M+(Zz—Z}g +E-Q-
ar 2 —H 2~ Y 3 1 1

W I osk8e0 L 7x019-1x095)100 K
- dr s kg kg

2 _ 42 -
SETIXT B o) sgyw
2 kg

=-0.5[90 + 38 - 0.012] /s 58 kW
=-122 kW Ans_ (8}
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Rate of work input is 122 kW.
{b) From mass baiance, we have

w= A% - 4,V,
51 Ty
A _m Ve 095 5 Lo
Az Uz VI 019 7

N 357 =189 Ans. (b)
d;
Example 5.2 In asteady flow apparatus, 135 kJ of work is done by each kg of
Nuid. The specific volume of the fluid, pressure, and velocity at the inlet are
0.37 mfkg, 600 kPa, and 16 m/s. The inlet is 32 m above the floor, and the
discharge pipe is at floor level. The discharge conditions are 0.62 m*/kg, 100 kPa,
and 270 m/s. The tolal heat loss between the inlet and discharge is 9 kJ /kg of
fluid. In flowing through this apparatus, does the specific internal energy increase
or decrease, and by how much?

Solution Writing the steady {low energy equation for the control volume, Bs
shown in Fig. Ex. 5.2

{ W=115kJ
= 2 !
::=2g]r$;kg ) Y i va = 0.62 m*/ky
v 5 o P @) Py = 100kPa
¥, =16 m/s ; : b
Z=%2m il ;_3*‘ V, = 270 mis
i z:=0
O=-90ky T J
Fig. Ex. 52
’ v? aw,

dm

Y, 4
u|+p|vl+-2L +2'|g+~l:l—E-=|.r2+pzz'.'2+T2 +Zg+

v _y? aw, d

U —ty =Py —p o)+ L +(Z,-Z)g+ —= - o

2 dm dm
(2702 - 16%yx 107

2
+(-32x9.81 x 107 + 135 - (- 9.0)
=160+ 36450314+ 135+9 *°

=20.136 kJ /kg

Specific intemal energy decreases by 20.136 kJ.

=([x0.62-6x037x10°+
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Example 53 In a steam power station, steam flows stedily through a 0.2 m
diameter pipeline from the boiler to the turbine, At the boiler end, the sieam
conditions are found to be:p = 4 MPa, £ = 400°C, = 3213.6 kikg, and v =0.073
m’/kg. At the turbine end, the conditions are found to be: p= 3.5 MPa,r=1392°C,
k= 3202.6 kl/kg, and 0 = 0.084 m’/kp. There is a heat loss of 8.5 kJ/ kg from the
pipeline. Calculate the steam flow rafe.

Soiution 'Writing he steady flow energy equation for the contral volume as
shown in Fig. Ex. 5.3

A+ V1 +Zg+ —= 9 _ =hy+ v2 + 2.0+ —% LA
pa dm dm
@ TGS (2‘)
Boilar | [ ———— v Turbine
aa
dm =" B.5 kl/kg
Fig. Ex. 5.2
Here, there is no change in datum, so change in potential eneegy will be zero.
Now AV = 4V,
o U
A]VI o, Uz 0.084
y,=. % Py S0 sy
oy 4 v 0073 :
aw,
d —2 =0
o dm
v: 40 V7
Rt =+ == =h 2
2 dm 72
2yl -3 d
Vg = VX107 4 42
2 dm
=3213.6 —3202.6 +(-8.5)
= 2.5 kikg

vigasi-1h=5x10
V7= 15650 m¥s’
v, =125.1 m/s
x 22
— x(0.2) m* x125i m/s
~ Masgs flow mate w= AV 4 7
T 0.073 m*/kg

=538 kg/s Ans.
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Example 54 A certain waler healer operstes under steady fow conditions
receiving 4.2 kg/s of waler at 75°C temperature, enthalpy 313.93 kikg. The
water is heated by mixing with steam which is supplied to the heater at
termmperarure 100.2°C and enthalpy 2676 kV/kg. The mixture leaves the heater as
liquid water at temperature 100°C and enthalpy 419 kJ/kg. How much sieam
must be supplied to the heater per hour?

Solution By mass halance across the control surface (Fig. Ex. 5.4)
Wl + H’z = H"!

Wy
! ’%Wm
® ®
. " e C5
Staam E Walsr heatsr .
@i |
® n ®
hbixture
Fig. Ex. 5.4
By energy balance

v 2
w,(hl +T‘+Z,gJ +%}Q— + w,(ﬁz +v72+ qu]

dr

By the nature of the process, there is no shalt work. Potential and kinetic
encrgy terms are assumed ta balance zero. The heater is agsumed ta be insulated.
S0 the steady flow energy equation reduces to

Wik + wihy = wih,
4.2 % 313.93 +wy, X 2676 = (4.2 + wy) 419
wy, = 0,196 kg/s
=705 kg/h Ans.

2
o+ )4 S

Example 55 Air at a tempemture of | 5°C passes through a heat exchanger at
a velocity of 30 m/s where its temperature is raised to 800°C. It then enters a
turbine with the same velocity of 30 m/s and expands until the temperature falls to
650°C. On leaving the turhine, the air is taken at a velocity of 60 m/s to a nozzle
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where it expands until the temperature has fallen to 500°C. If the air flow rate is
2 kg/s, calculate {a) the rate of heat transler to the air in the beat exchanger, (b)
Lhe powet output from the turbine assuming no heat loss, and (c) the velocity al
exit from tbe nozzle, assuming no beat loss. Take the enthalpy of air as h = e,
where ¢, is the specific heat equal to 1.005 ki/kg K end 7 the temperature.

Solution  As shown in Fig. Ex. 5.3, writing the 5_F.E.E. for the heat exchanger
and eliminating the lerms not relevant,

vi vi
‘{hl Tt Z:S] 0= ‘{": o 228) +H,

why + 0y, =why
Q12 =Wy -k} =we, (- 1)
=2 % 1,005 (800 - 15)
=201 x 785
= 1580 kl/s Ans. (a).
Heat axchanger

® L @
6T b "
= 30 2 S0 ® @

& = 850°C, V5 = 60 mi Mezzie
Iy = 500°C, V, = 7

® @
Fig. Ex. 55

Energy equation for the turhine gives
v2 VZ
p{—;—ﬂ,] =wh3+w-2-3- + Wy
2 _y2
Vz—z\_’é_ + (hy— hy) = Wpiw

2 _ a2y 1073
w + 1.005 (800 - 650) = Wyfw
LS

w

-1.35+ 150,73

149.4 ki/kg
Wy =149.4x2kl/s
=298.8 kW Anrs. (b)
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Writing the energry equation for the nozzle

3 2
VTs + k= VT“ +hy
2 2
v}i-v}=1.005 (650 - 500) x 2 x 10°
=301.50 x 10° m%s?
Vi=30.15x 10" +0.36 x 10°
=30,51 x 10* m%s?
.. Velocity at exit from the nozzle
¥,=554mfs Ans. (c)

Example 5.6 The air speed of a turbojet engine in flight is 270 m/s, Ambient
air temperature is — 15°C, Gas iemperature at outlet of nozzle is 600°C.
Comesponding enthalpy values for air and gas are respecuvely 260 and
212 kJ/kg. Fuel-air matio is 0.0190. Chemical energy of the fuel is 44.5 MI /kg.
Owing to incomplele combustion 5% of the chemical energy is not released in the
reaction. Heat loss from the engine is 21 kd/kg of air. Caleulate the veiacity of the
exhaust jei.

Solution  Epergy equation for the turbojet engine (Fig. Ex. 5.6) gives

Fuel

Fig. Ex. 5.6

v ve
LA h“i’"z— +WrEf+Q=Ws hs+T+E‘

2 -3
(260 + MJ +0.0190 % 44500 — 21
; 107 0.019
- 912 + & + 005225 1 44500
1.0190 [ 3 o1

vIx107
260+ 365+ 845-21=1.019| 912 + ‘# +42
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vz
T‘ = 156 x 10° m%s?
Y, = 312 % 100 m/s
Velocity of exhaust gas, ¥, = 560 m/s Ans.

mple 5.7 Inareciprocating engine, themass of ~ >ccuping the clearance
volume ism_kg atstatep, u,, ; and h1, By opening(  nlet valve, mpkg of gas
is taken into the cylinder, and at the conclusion of the ke process the state of
the gas is given by p;, uz, U5, ;. The state of the gas in the supply pipe is conslant
and is given by P b Upy hp, VP. How much heat is transferred between the gas
and the cylinder walrs during the intake process?

ition Let us consider the control volume as shov o Fig. Ex. 5.7. Writing

energy balance on a time rate basis

by g oW f, Y m
2 It

Gas infet ——- i
®; B ==
e
' o ®
Fig. Ex. 5.7

Withh, and ¥V, being constant, the above equation can be integrated to give for
total process

v2
AE,=Q-W+ {ap + -zl)m,

Naw AE, =U,-U=(m+myu- &
vz
Q= (me+ mou, — mouy — m{hp + T") +®  Ans

Example 5.8 The internal energy of air is given by

u=up,+0.718¢
where u is in kJ/kg, wy is any arbitrary value of ¥ )°C, kl/kg, and { is the
tela'r;pseratu.re in °C. Also for air,p, =0.287 (++273),” ‘repisinkPaandvisin
m/kg.
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A mass of air i5 stirred by a paddle wheel in an insulated constant volume 1ank.
The velocities due 1o stiming make a negligible contribution to the intemnal energy
of the air. Air flows out through 3 small valve in the tank 2t a mte controlled to
keep the ternperature in the tank constant, At s cenain instamt the conditions are
as follows: tank volume 0.12 m’, pressure 1 MPa, temperature 150°C, and power
to paddle wheel 0.1 X¥W. Find the rate of flow of air out of the tank at this instant,

Sofurion  'Writing the energy balance for the control volume as shown in
Fig. Ex. 5.8

d&y =ﬂ_( )d_’"
dr dr ®/ar

Fig. Ex 5.3

Since there is no change in internal energy of air in the tank,

dm _ 4%
P ar = ar
where hy=u+pv.
Lei u=0att=0K=-273°C
u=u,+0.718 ¢

0=, +0.718 (- 273}
by =0.718 x 273 Kikg
AtrC
W=071Bx273+0.718 ¢
=0.718x (1 +273) kl'kg
Ay = 0718 (1 +273) + 0.287 (1 +273)
or hy = 1.005 (¢ +273)
At 150°C
flp = [1.005 x 423
=425 klkg
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_ _01kls

425 kl/kg

=0,845 kg/h

This is the rate at which air flows out of the tank.

=0.236 x 107 kg/s

Exzample 5.9 A well-insulated vessel of volume V contains a gas atpressure g,
and emperature f;. The gas from a main at a uniform temperature ¢, is pumped
into the vesse! and the inflow rate decreases exponentially with time according to
= e, where a is a consiant, Determine the pressure and temperature of the
gas in the vessel as a function of time. Neglect the K.E. of the gas entering the
vessel and assume that the gas follows the relation

pv =RT, where T=¢+ 273

and its specific heals are constant.
(i) Ifthe vessei was initially evacualed, show that the temperature inside the
vessel is independent of time.
(ii) Determine the charging time when the pressure inside the vessel reaches
that of the main.

Solution  Since the vessel is well-insulated, ¢ = 0 and there is no external work
transfer, W = C, Therefore,
dEy dm
=} —
dt 'dr
where A, is the enthalpy of the gas in the main,
On integration,

= e
= hlmDe

hlﬂ"o _aT
S 1-e™)
whete K is the initial energy of the vessel at ihe beginning of the charging

process, i.e. E=Ejat 1=0, Neglecting K.E. and P.E, changes, by energy balance

E=EF+

Mu =My + 22 (1 - &) (uy + pyoy) (1)
a

Apain,

dm _ . _4

o
On integration,

- _ At
M=My+ M€ @)
a

where M, is the initial mass of the gas. Eliminating M from Eqs {1) and (2},

{Ma +Zoq- e‘“)} bt~ Moty
a

= &(l —€™) (4y + RT))
a
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My, (- T = 28 (1 = 4™ (cfT, - D +RT})
a

Mye, T, + i:;r='~(l - e'“)cpﬁ

T=— _
{M,) + T"(l - }}cv
MRT y -
p==,= R {Moc,'r“?(l—e “)cpfi}
my R
=ppt a0V (1-&"NT,

The above two equations show the temperature and pressure of the ges in the
vessel as functions of time.

(i) U M, =0, T= yT,, i.e,, the temperature inside the vesse]l becomes

independent of time and is equal to 7} throughout the charging process.

(it} The charging process will stop when pressure inside the vesel reaches that

of the main. The charging time can be found by setting p = p, in the

preaswre refation
L RYT, m,R
Pi=Po= Ba::—l - a—aye'“ng
By rearrangement,
- maRYH /(aV)
myR
(°—m) = (p1 = po)
aV
1 a¥
t=-~—In(l-(p — py)——
sel-o ]

_REVIEW (,;ursnons

5.1 Explain the system approach and the control volume approach in the analysis of
2 llow process.

5.2 Whai is a steady (low process? What is sieady siate?

5.3 Write the sieady flow energy equation for a single stream entering and a single
stream feaving a control volume and explain the various werms in it

54  Give the differential form of the 5.F.E.E.

5.5 Under what conditions does (he §.F E.E. reduce io Euler’s cquation?

5.6 How does Bermoulli's equation compare with S.F.E.E.?

5.7 What will be the velocity of a (luid leaving a nozzle, if the velocity of approach is
very small?

5.8  Show that the enthalpy of a fuid before throttling is equal 1o that afler (hrohling.

59 Write the genernl enetgy equation for a variable [low proceas.

5.10 What is the system lechnigué in a bottle-filling process?

5.11 Explain the control volume technigue in a variable flow process.
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PROBLEMS

5.1

5.2

5.3

54

55

™

A blower handles 1 kg/s of air at 20°C and conswmes a pawer of 15 kW, The inlet
and outlet velocitics of air are 100 m's and 150 m/fs respectively. Find the exit air
temperature, assuming adiabatic conditions. Take ¢, of air as 1.005 k/kg-K.
Ans. 28.38°C
A turbine operates under stzady flow conditions, receiving steam at the fallowing
state: pressure 1.2 MPa, temperature 188°C, enthalpy 2785 kWkg, velocity
33.3 m/s and elevation 3 m. The steam leaves the turbine at the following state:
pressure 20 kPa, enthalpy 2512 kI/kg, velocity 100 m/s, and elevation 0 m. Heat
15 lost to the surroundings at the rate of 0.29 kJ/s. If the rate of steamn flow through
the turbine is 0.42 kg/s, what is the power output of the turbine in kW?
Ans. 11251 kW
A nozzle is a device for increasing the velocity of a steadily flowing stream. At
the inlet to a cerain nozzle, the enthalpy of the flutd passing is 3000 kg and
the velocity is 60 m/s. At the discharge end, the enthalpy is 2762 kJ/kg. The
nezzle is horizontal and there is negligible heat loss from it. {a) Find the velocity
at exit from the nozzle. (b} If the inlet area is 0.1 m* and the specific volume al
inlet is 0.187 m3fltg, find the mass flow mate. (c) If the specific volume at the
noxzle exit is 0.498 rh’fkg. find the exit area of the nozzte.
Ans, (2) 692.5 nv's, (b) 32.08 kg/s (¢) 0,023 m?
In an il cooler, oil Mows steadily through a bundle of metal tubes submerged in
a steady sieam of colling water, Under steady flow conditions, the ofl enters at
20°C and teaves at 30°C, while the water enters at 25°C and leaves at 70°C. The
enthalpy of oil at t°C is given by
h=1681+10.5x% 0 *F ke
What is the cooling water flow required for cooling 2.78 kg/fs of 0il?
Ans. 1.473 kg/s
A thermoelectric generator consists of a series of semiconducior elements
(Fig. P. 5.5), heated or one side and cooled on the other. Electric cuncnt flow is
produced as a result of cnergy iransfer as heat. In a paricular experiment the

Q, o

l |
SRR sy

@ P N P N P N -@
o AN R Y [ @
‘ """""""""" tee la, O- """ .
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5.6

57

5.8

5.9

5.10

current wes measured to be 0.5 amp and the clectrosiatic potential at{1) was 0.8
volt above that at (2}, Energy transfer as heat to the kot side of the gencralor was
taking place at a rate of 5.5 wars. Determine the raie of energy transfer as heat
from the cold side and the energy conversion efficiency.
Ans, 0y = 5.1 waits, p=0073
A lrbocompressor delivers 2.33 m*/s of air »1 0.276 MPa, 43°C which is heated
at this pressure 10 430°C and finzlty expanded in a norbine which delivers
1860 kW. During the expansicn, there is a heat transfer of 0.09 MMz to the
sutroundings. Calculate the murbine exhaust wmperature if changes in kinetic
and potcatial cnergy are ncgligible. Take = 1.0035 kjfkgK
drs. 157°C
A reciprocaling air compressor takes in 2 m¥min a1 0.11 MPa, 20°C which it
delivers at 1.5 MPa, 111°C 1o 2n aRercooler where the air is cooled at constant
presgure to 25°C. The power gbsorbed by the compressor is 4.15 kW, Determine
the heat transfer in (a} the compresser, and (bY the cooler. State your assumtions.
Any. - 017 kl/s, - 3.76 klfs.
In 8 water cooling tower air enters 2t a height of 1 mi above the ground }evel 2ad
leaves at a height of 7 m. The inlet and outlet velocities are 20 m/s amd 30 m/s
respectively. Water enlers at & height of 8 m and leaves at a height of 0.8 m. The
velocity of water at eniry and exit are 3 mfs and | m/s respectively. Water
temperatures are 80°C and 50°C at the cntry and exit respectively. Air
wippergtores are 30°C apd 70°C at the entry and exit respectively. The colting
tower is well insulated and a fan of 2,25 kW drives the air through the cooler,
Find the amount of air per second required for | kg/s of water Now. The valves of
¢, of air end water are 1.005 and 4.187/kg K respectively.
Ams. 316kg
Airat 101.325 kPa, 20°C iy taken into a gas turbine power plant at 2 velocity of
140 m/s through an opening of 0.15 m® cross-scetional arca, The air is
compressed heated, expanded through a wrbine, and exbausted at 0.18 MPa,
L50°C through an opening of 0.10 m* cross-sectional area. The power output js
375 kW. Calculate the net amount of heat added to the air in kW/kg. Assume that
air obeys the law o = 0.287 {7 + 273) wheic p is the pressore in kPa » is the
specific volume in rn’)kg, and ! is the temperature in °C. Take e, = 1.005 Klkg K.
Ans. 150.23 kjfkg
A gas flows steadily (hrougk a rolary compressor. The gas entery the compressor
at a temperature of 16°C, a pressure of 100 kP2, and an cnthalpy of 391.2 klkg.
The gas Jezves the compressor at a iemperature of 245°C, a pressure of 0.6 MPa,
and an enthalpy of 534.5 W/kg. There is no heat trangfer to or from the gas as it
Nows through the compressor. (a) Evaluate the externzl work done per unif mass
of gas assuming the gas velocities at entry and exit to be negligible. (b) Evaluate
the exiernal work done per unit mass of gas when the pas velocity at enury is
80 mfs and that at exi is 160 m/s.
Ans. 143.3 Wikg, 152.9 KV/kg
The steamn supply to an epgine comprises two sreams which mix before entenng
the engine, One streams is supplied at the yate of (.01 kg/s with an enthelpy of
2052 k1/kg and a velocity of 20 mfs, The other stream is supplied at the rale of
0.1 kg/s with an enthalpy of 2569 kl/kg and a velocity of 120 mfs. At the exit
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fram the engine the {luid leaves as two streams, one of weter at the rate of 0,001
kg/s with an enthaipy of 420 k)/kg and the other of steam: the Muid velocities at
the exit are negligible. The cngine develops a shalr power of 25 kW. The heat
wansfer is negligible. Evaluate the enthalpy of the second exit stream.
Ans, 2401 Kikg
The stream of air and gasoline vapour, in the ratio of 14:] by mass, enters a
gasoline engine a3 a wmperature of 30°C and lcaves as combustion products at a
ternperature of 790°C. The engine hes a specific fue] consumption of
0.3 kg’xWh. The net heat transfer rate from the fucl-air sieam to the jacket
cooling water and to the surroundings is 35 kW The shafi power delivered by the
engine is 26 kW. Compute the increase in the specific enthalpy of the fuel-air
stream, assuming the changes in kinetic energy and in elevation to be negligible.
Ans, - 1877 KJ/kg mixture
An air turbine forms part of an airctafl refrigerating plant. Air a1 a pressure of
295 kPa and a temperature of 58°C Mlows steadily ino the wrbine with a velocity
of 45 mfs. The 2ir leaves the turbine at a pressure of 115 kPa, a temperature of
2°C, and & velocity of 150 m/s. The shafl work delivered by the nrbine is
54 kJ/kg of air. Meglecting changes in elevation, deicrmine the magnitude and
sign of the heat wansfer per unit mass of air Aowing. For air, take €y =
1.005 kJ/kg K and the enthalpy A = et
Ans. + 7.96 kg
In a turbomachine handling an incompressible fluid with a density of 1000 kg/m®
the conditions of the fluid at the rotor entry and exit are s given below

iniet Exit
Pressure 1.15 MPa 0.05 MPa
Velocity 30 m/fs 15.5 m/s
Height ebove datum 10 m 2m

If the volume flow raie of the fuid is 40 rnjfs, eslimate the net energy transfer
from the fluid as wark.
Ans. 603 MW
A room for four persons has two fans, cach consuming 0.18 kW power, and three
100 W lamps. Ventilation air at the rate of 80 kg/h coters with an enthalpy of
84 kfkg end leaves with an enthalpy of 59 k)/kg. If cach peron puts out heat at
the rate of 630 kg/h determine the rate at which heat is to be removed by a room
caoler, so that a steady state is maintained in the room.
Ans. §.92 kW
Air Nlows steadily at the rate of (1.4 kg/s through an air compressor, entering at
6 m/s with a pressure of | bar and a specific volume of ¢.85 m'/kg, and leaving at
4.5 mv/s with a pressure of 6.9 bar and a specific volume of 0.16 m*/kp, The
internal energy of the air lenving is 88 k)/kg grealer than that of the air entering.
Croling water in a jacket, surmoending the cylinder sbsorbs heat from the air at
the rate of 59 W. Caleuiate the power required to drive the compressor and the
inlet and outict cross-sectional areas.
(dns. 45,4 kW, 0.057 m’, 0.0142 m¥)
Sieam Mowing in a pipeline is at a steady state represented L
Ve A small amount of the total flow is Jed through a small tube 1 an evacuated
chamber which is allowed 1o fill slowly until the pressure is equal to 1he pipeline
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5.18

5.19

5.20
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pressure, If there is no heat wansfer, derive an expression for the finsl specific

internal energy in the chamber, in terms of the properties in the pipeline.

The internal energy of 2ir i3 given, at ordinary teynperatures, by

u=u+0718¢

where u is in kJ/kg, 4, is any arbitrary value of w at 0°C, kg, ard ¢ is -

temperature in *C.

Alsa for air, pp = 0287 (1 + 273)

where p is in kPa and © is in m'/kg.

{a) An evacuaied bottie is frited with a velve through which air from the
almosphere, a1 760 mm Hg and 25°C, is allowed w flow slowly to fill (he
bottle. Il no heat i3 mansferred o or from the air in the bottle, what will i
iemperature be when the pressure in the bottle reaches 760 mem Hg?

Ans. 144.2°C

{b) If the bottle initially contains 0.03 m® of air at 400 mm Hg and 25°C, what
will the temperature be when the pressure in the botile reaches 760 mm Hg?

Ans. 71.6°C
A pressure cylinder of volume ¥ contains air at pressure 7, and temperature T It
is 1o be filled from & compressed air line muintained at canstant pressure p, and
temperature 7. Show that the temperature of the air in the cylinder afier it has
been charged (o the pressure of the line is given by
T
)
b4 1
P b

A small reeiprocating vacuum pump having the rate of volume displacement ¥,

is used to evacnate a large vessel of volume V. The air in the vesgel is maintained

at g constant lemperature T by enerpy wansfer as beat [f the imitial and fnal
pressures are p, and g, respectively, find the time Laken for the pressare drop and

the necessary epergy mansfer as beat during evacnation, Assume that for air,
pF=mAT, where m is the mess and R is o constant, and » is a functien of T only.

T=

[Aut=~5~h£‘—;9=(pl 'Pz)V}
d P2
(Hint: dm = — p(Vd)/{(RT) = ¥V dp/{RT)].
A lank comaining 45 kg of water initially at 45°C has onc inlet and one exit with
equal mass flow rates. Liquid water enters at 45°C and a mass flow rale of 270
kg/h. A cooling coil immersed in the water removes encrgy at a rate of 7.6 k'W.
The water is well mixed by a paddle wheel with a power input of 0.6 kW. The
pressures at inlet and exit pre equal, lgnoring changes in KE and PE, find the
varnation of water tcmperature with time.
Anr. T=318-22 |1 —exp {- 6r)]
A rigid wnk of volume 0.5 i’ is initially evacuated. A iiny hole develops in the
wall, and air from the sumoundings at | bar, 21°C leaks in. Evcowually, the
pressure in the wnk reaches 1 bar. The process occurs slowly enough that heat
transfer between the tank and the surroundings keeps the temperature of the air
mside the tank constant at 21°C. Delermine the amount of heat lransfer,
Ans. = 50 k1
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When work is comverted into heat, we always have

W30
but when heat is converted into work in a complete closed cycle process

A w
The arrow indicates the direction of energy transformation. This is illustrated
in Fig. 6.1. As showa in Fig. 6.1(a), a system i3 taken from s1ate 1 to state 2 by
waork transfer B_;, and then by heat transfer {);_, the system is brought back
from state 2 to state | to complete a cycle. It is always found that W, _, =0, .
But if the system is laken from state | to state 2 by heat transfer /), as shown in
Fig. 6.1(b), then the system canot be brought back from state 2 to state [ by work
transfer #5_,. Hence, heat cannot be converted completely and continuously into
work in a cycle. Some heat has to be rejected. In Fig. 6.1{b}, #,_; is the work
done and @, ; is the beat rejecled to complete the cycle. This underlies the work
of Sadi Camel, 2 French mifitary engineer. who first studied this aspect of energy
* mansformation (1824). Work is said to be a high grade emergy and heat a low
grude energy. The complete conversion of low grade energy inte high grade

energy in a cvele is impossible,

———

- L - T
s s MR
[ 12217 T w2 Som Wooy
[ ,( - - - s
" =
Wi _a 1-2=92-1 Q-2 Q2> Wy_y
(e} {b)

Fig. 6.1 Qualitatize distinction between heat and work

6.2 Cyclic Heat Engine

For engineering purposes, the second law is best exptessed m terms of the
conditions which govern the production of work by a thermadynamic system
operating in a cycle.

A heat engine cycle is a thermodynamic cyele in which there is a net heat
ransfer fo the system and a net work tronsfer from the system. The system which
executes a heat engine cycle is called a heat engine.

A heat engine may be in the form of a mass of gas confined in a cylinder and
piston machine (Fig. 6.2a) or a mass of water moving in 3 steady llow twrough a
steawn power plant (Fig. 6.2b).

in the eyclic heat engine, 83 1vpresenled in Fig. 6.2{(a), heat (| is transfermd to
the system, work ¥, is done by (he system, work W, is done upon Lhe system, and
then heat (0, is rejecied from the syster The system is brought back to the initial
state through all these four successive processes which constimnie a heat engine
cyele. In Fig. 6.2(b) heat 2, is transferred from the fumace to the water in the
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Figure 6.4 shows a cyclic heat engine exchanging heat with a source and a sink
and delivering W, in a cycle to an MER.

TERy
{Souwrce)

™
_ Y wy

W, 7’3 [ —
el ‘T Ty

(P ——
w bl
CHE S
| 92

TER;
{Sik)

Fig. 6.4  Cyclic fical mgine (CHE) with source and sink

6.4 Kelvin-Planck Statement of Second Law

The efficiency of a heat engine is given by

n= h =]- &
2 &

Experience shows that #, < (,, since heat O, transferred to a system cannot
be compietely converted to worl in a cycle {Article 6.1}, Thecefore, s less than
unity. A heat engine can never be 100° efficient. Therefore, {5 > 0, i.e., there has
always to be a bear rejection. To produce net work in a thermodynamic cycle, a
heat engine has thus to exchange heat with two reservoirs, the source and the zink.

The Kelvin-Planck statement of the second law sates: It is impossible for a
heat engine to produce net work in a complete cycle if it exchanges heat only
with badies at a single fixed temperaiure.

If{; =0(ie., Wy, =@, or n=1.00} the heai engine will produce net work
in a complete cyele by exchanging heat with only one reservoir, thus vielatng the
Kelvin-Planck statement (Fig. 6.5). Such a heal engine is called » perperiial
motion machine of the second kind, abbrevisted to PMM2. A PMM2 is
impossible.

A heat engine has, therefore, o exchange heat with two thermal energy
reservoirs at two different temperatures to produce net work in a coroplete cycle
(Fig. 6.6). So long as there is a dilfercnce in temperature, motive power
(i.e. work) can be produced. If the bodies with which the heat engine exchanges
heat are of finite heat capacities, work will be produced by the heat engine till the
temperatures of the rwo bodies are equalized.
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| .
Souceatt; |
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l Y
Q=0 | Sink at f, ]
Pig. 65 A4 PMM?2 Fig. 6.6 Heal enging producing net work in a
eycls by exchanging heat at koo diffrrent
tempeTatures

if the second law were not true, it would be possibie to drive a ship across the
ocean by extracting heat from the ocean or to run a power plant bry extracting heat
from the surrounding air. Neither of these impossibilities violates the first law of
thermodynamics. Both the ocean and the surrounding air coatain an coormous
store of inlernel energy, which, in principle, may be extracted in the form of a
* flow of heat. There is nothing in the first law to preclude the possibility of
convertng this heat completely into wotk. The second law is, therefore, a separate
law of nature, and pot a deduction of the first law. The first law denies the
possibility of creating or destroying energy; the second denies the possibility of
utilizing energy in a particular way. The continual operation of a machioe that
creates its own encrpy and thus violates the first law is called the PMMI. The
operation of a maching that utilizes the internal ecoergy of only one TER, thus
violaung the second taw, is called the PMM2.

6.5 Clausiug’® Statement of the Second Law

Heat always flows from a body at a higher temperature to a body at a lower
temperatuzre. The reverse process never occurs sponlaneousiy.

Clausius” statement of Lhe second taw gives: f is impossible to construct a
device which, operating in a cycle, wifl produce no effect other than the rangfer
of Beat from a cooler 1o 0 hotter body.

Heat canot low of ilself from a body at a lower temperature to 2 body at a
higher lemperature. Some work must be expended to achieve this.

6.6 Refrigerator and Heat Pump

A refrigerator is a device which, operating in a cycie. maintains a body at a
temperature lower than the temperature of the surmroundings. Let the body A
{Fig. 6.7) be maintained at t,, which is lower than the ambient tempermture f,.
Even though A is insulated, there will always be heat leakage (J; into the body
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A heut pump is a device which, operating in a cycle, maintains a body, say 8
(Fig. 6.8}, at a tlemperature higher than the temperature of the sumroundings. By
vinue of the tempermature difference, there will be heat leakage 0, from the body
to the surroundings. The body will be maintained at the constant temperature ¢, if
heat is discharged into the body at the same rate at which heat leaks out of the
body. The heat is extracied from the low temperature reservoir, which is nothing
bt the atmosphere, and discharged into Lhe high temperature body 8, with the
expenditure of work ¥ in a cyclic device called a heat pump. The working fluid
operates in a cycle flowing through the evaporator E;, compressor C,, condenser
C, and expander £, similar ta a refrigerator, but the atlention is here focussed on
the high temperature body 8. Here (9, and IV are of primary interest, and the COP
is defined as

[ Atmesphera
ati,

Fig. 6.8 A4 odic hmi pump

COP = -Q-L
W
[COP)yp = ) 9@: (6.7}
From equations (6.6) and (6.7), it is found that
[COPJyp = [COP)r+ 1 6.8)

The COP of a heat pump is greaier than the COP of a refrigerator by unity.
Equation (6.8) cxpresscs a very inleresting feature of a heat pumnp.
Since 2, =[COPJy, W
=[COP,+ 11/ (6.9)
Q, is always greater than .
For an electrical resistance heater, il F'is the electrical energy consumption,
then the heat ransferred to the space at steady state is W only, i.e., @, = W.
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A | kW electric healer can give | kW of heat at steady state and nothing more.
In other words, 1 XW of work (high grade energy} dissipates w give 1 kKW of heat
{low grade encrgy), which is thermodynamically inefTicient.

However, if this electrical energy W is used Lo drive the compressor of a heat
pump, the heat supplied @, will always be more than ¥, or 3, > W. Thus, a heat
pump provides s thermodynamic advantage over direct heating.

For heat fo flow from a cooler to 3 hotier body, ¥ cannot be zero, and henee,
the COP {both for refrigeraior and heat pnmp) canotl be infinity. Therefore,
W> 0, and COP < s,

6.7 Equivalence of Kelvin-Planck and
Clansius Siatemenis

At first sight, Kelvin-Planck’s and Clausius’ statements may appcar to be
unconnected, but it can easily be shown that they are virtually two parallel
statements of the second law and are eqrivalent in all respects.

The equivelence of the two statements will be proved if it can be shown that
the viotation of one statement implies the violation of the second, end vice versa.
(a) Let us first consider a ¢yclic heat pump P which transfers heat from a low
temperature reservoir {#,) 1o a high temperature reservoir (#;) with no other efTect,
i.e., with no expenditure of work, viclating Clausius stalement (Fig. 6.9).

‘ Hot Reservolr at 1 |
I
Ay +Q|
w=0. --»(H}v (HEY| »Wou=0r-0s
-~ .IP S
!
4oy Yo
‘ Cold Reservoir af ta ‘

|
Flg. 6.9 Violation of the Clawsius statement

Let us assume a cyclic heat engine £ operaling berween the same thermal
energy reservoirs, producing #,, in one cycle, The rate of working of the heat
engine is such that it draws an amount of heat Q; fror: the het reserveir equal to
that discharged by the heat pump. Thee the hot reservoir may be eliminated and
the heat ), discharged by the heat pump is fied to the heat engine, So we see that
the heat pump P and the heat engine £ acting together constitute & heat engine
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Fig. 6.21  Reversible process

A reversible process is carried out infinitely stowly with an infinitesimal
gradient, so that every state passed through by the system is an equilibrium
state. So a reversible process coincides with a quasi-static process.

Any natural process carried ont with a finite gradient is an irmeversible process.
A reversible process, which consists of a swccession of equilibrium states, 1s an
idealized hypothetical process, approached only as a limit. It is said to be an
asymplote to reality. All spontancous processes are ireversible.

6.9 Causes of Irreversibility

Broken eggs, spilt milk, burnt boats, the wasted years of indolence that the tocusts
have eaten are merely proverbial metaphors for irreresibility.

The irreversibility of a process may be due io either one or both of the
following:

(a) Lack of equilibrium during the process.

(b) Involvement of dissipative effects.

6.9.1 [Irreversibility due to Lack of Equilibrium

The lack of equilibrium (mechanical, thermal or chemical) between the system
and its surroundings, or between two systems, or rwo parts of the same systein,
causes a spontancous change which is irreversible, The following are specific
examples in this regard:

{a} Heat Transfer through a Finite Temperature Difference A heat
transfer process approaches reversibility as the temperuture difference between
two bodies approaches zero. We define & reversible heat iransfer process as one
in which heat is transferred through an infimitesimal temperature difTerence. So 1o
transfer a finite amount of heat through an infinitesimal temperatnre dilTerence
would require an infinite amount of time, or infinite area. AN actual heat transfer
processes are through a finite temperature difference and are, therefors,
irreversible, and the greater the ternperature difference, the greater is the
irreversibility.

We can demonstrate by the sccond Jaw that the heat transfec through a (inite
temperature diflerence is irreversible. Let us assume that a source at7, and a sink
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atfy (£, > ¢y} are available, and let 2,_g be the amount of heat flowing from A4 to
B (Fig. 6.12}. Let us assume an engine operating betweend and 8, taking heat {3,
from A and discharging heat (), to B. Let the heat transfer process be reversed,
and {p_, bethe heat flowing from B 10 4, and let the rate of working of the engine
be such that

02=0p 4
{Fig. 6.13). Then the sink 8 may be climinated. The net result is hat E
. procduces net work W in a cycle by exchanging heat only with A, thus violating
the Kelvin-Planck statement. So the heat transfer process (2, _g is imeversible,
and O, is not possible.

Source A, Iy Source A, i,
19 1%
@'1—» W (_EJ - W,
¥ r ]
FQ,_, 1 Qz jk QB-.A ) Q2
Sink B, t; Sink 8, Iy

Fig. 6.12 Hext tranger through a finite Fig- 6.13 Heul trangfer through a finite
temperaturs difference lemperature difference is
irreoersible

(b} Lack of Pressure Equilibrinm within the Interior of the System or
bhetween the System and the Surroundings When there exists a difference
in pressure between the system and the surroundings, or within the system iiself,
then both the systern and its surroundings ot the system alone, will underge a
change of state which will cease only when mechanical equilibrium is
eatablished. The revese of this process is not possible sponlaneously without
producing any other effect. That the reverse process will violate the second law
becomes obvious from the following illustration.

() Free Expansion Let us consider an insulated container (Fig. 6.14} which
is divided into two compartments 4 and B by a thin diapbragm. Compartment 4
contains a mass of gas, while compartment 8 is completely evacuated. If the
diaphragm is punctured, the gas in 4 wili expand into B until the pressures in 4
and B become equal. This is known as free or unrestraioed expansion. We can
demonstrate by the seccond law, that the process of free expansion is irreversible,

To prove this, let us assume that free expansioa is reversible, and that the gas
in B returns into A with an incrcase in pressure, and B becomes evacnated as
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{a) A reversible isothermal process in which heat @ enters the system at ¢,
reversibly from a constant temperature sowrce at ¢, when the cylinder cover is in
contact with the diathermic cover 4. The intemal energy ofthe system increases.

From First law,

H=U-U,+W_, (6.14)

(for an ideal gas only, U, = U}

{B) A reversibie adiakatic process in which the diathermic cover 4 is replaced
by the adiabatic cover B, and work W7 is donc by the system adiabatically and
reversibly at the expense of its intemal energy, and the remperature of the sysiem
decreases from ¢, to f,.

Using the first law,

0=U,-U;+ Wy, (6.15)

(c) A reversible isothermal process in which B is replaced by 4 and heat (0,
leaves the system at ¢, 10 & constant temperature sink at #;, reversibly, and the
internal energy of the system further decreases.

From the first law,

0, =U,- Uy - Wy 4 (6.16)
only for an ideal gas, U, = U,

(d) A reversible adiabatic process in which B again replaces 4, and work W,
is done upon the system reversibly and adiabatically, and the internal energy of
the system increrses and the temperature rises from ¢, to £,

Applying the first law,

0=U;-U,- W, (6.17)

Two reversible isotherms and two reversible adiabatics constitute a Camot
cycle, which is represented in p—v coordinates in Fig. 6.21.

Summing up Eqgs (6.14) to (6.17),

G- =W+ Wa3) - (Mt )
ar E et = E o
cyele cycle

A cyclic heat engine operating on the Camot cycle is called a Camoi heat

engine. '

- Rav. adigbatics
~7
// 7

,— Rew. jsotherm (#y)

.- Rev. lsotherm ()

—

Fig. 6.21 Carnot cycle
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Tig. 6.27 E, and 3 together piolgic the K-F sigtrment

6.14 Corollary of Carnot’s Theorem

The efficiency of alt reversible hear engines operating between the same
temperature levels is the same.

Let both the heat engines £, and £ (Fig. 6.23) be reverstble. Let us assume
I, = fy. Similar to the procedure owtlined in the preceding article, il £y is
reversed to run, say, as a heat pump usiog some par of the work output (#,) of
engine E,, we see that the combinced system of heat pump Ey, and ¢ngine £,,
becomes a PMM2. Sc 7, cannot be greater than ng. Similarly, i we assume
flg > 1, and reverse the engine E,, we observe that 17y cannot be greater than i,

Therefore N,= Ty

Since the efficiencies of all reversible beat engines operating between the same
heat reservoirs are the same, the efficiency of a reversible engine is independent
of the nature or amount of the working substance undereoing the cyvele.

6.15 Absolute Thermodynamic Temperature Scale

The efficiency of any heat engine cycle receiving heat @, and rejecting heat ¢}, is
givenby

p=tha Q-0 _|_G (6.18)
QI Q QI '
By the second law, it is necessary to bave & tempermture difference it; - ;) to
obtain work of any cycle. We know that the efficiency of all heat engines
operating between the same temperature levels is the same, and i1 is independent
of the working subsiance. Therefore, for a reversible cycle (Camot cycie), the
elficiency will depend solely upon the temperatures r; and £, at which heat is
transferred, or

Neew =S (11, 1) (6.19)
where f significs some function of the temperatures. From Egs (6.18) and {6.19}
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141 =F(t), )= ¥
2] 1)
Since ¢(¢) is an arbitrary function, the simplest possible way to define the
absolute thermodyaamic temperature T is to let ¢(f) = T, as proposed by Kelvin.
Then, by definition

@ _h (6.22)
o T

The absolute thermodynamic temperature scale 15 also known as the Kelvin
scale. Two temneratures on the Kelvin scale bear the same relationship to each
other as do the heats absorbed and rejected respectively by a Camot engine
operating between two reservoirs at these temperatures. The Kelvin temperature
scale is, therefore, independent of the peculiar characteristics of any particular
substance,

The heat abse-” 4 () and the heat rejected Q, during the rwo reversible
isothermal processes bounded by two reversibie adiabaties in 4 Camot engine
. can be measured. In defining the Kelvin temperature scale akso, the triple point of
water is laken as the standard reference poinl. For a Camot engine operating
between reserveirs at temperarures T and 7,, T, being the tripie point of water
(Fig. 6.29), arbitrarily assigned the value 273.16 K,

e._T
g 7
e
T=1273.16 =- (623
o )

1f this equation is compared with the equations given in Artiele 2.3, it is seen
that in the Kelvin scale, O plays the role of thermomerric praperty. The amount
of heat supply ¢ changes with change in temperature, just like the thermal emf'in
a thermocouple.

1t follows from the Eq. {6.23),

T=273.16 £
0,

that the hent transferred isothermally berween the given adiabatics decrrases as
the temperature decreases. Conversely, the smaller the value of Q, the lower the
correspending T. The sinallest possible valne of ¢/ is zero, and the corresponding
T is absulute zerv. Thns, if a system undergoes a reversible isothermal process
without transter of heat, the temperature at which this process takes place is called
the absolute zerv. Thus, ar absolute zero, an isotherm and an odiabatic are
identical.

That the absolute thernodynamie temperature scale has a definite zere point
can be shown by imagining a series of reversible engines, extending from a source
at T, te lower temperatures (Fig. 6.30).
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Fig. 6.29 Carnot keat egine with Fig. 6.30 Heat emgines operating in sevies
sink at triple point of water
I-5L _@-0
L &
o T-Ty=(Ci- Q) =
1~ 42 1 o
Similarly
r .
- ={0,- Oy Ej
7
=(@.- Q”E,L
L-Ti={Q1-Qd - Q
and 50 on.

IfT, -T,=T,-Ty=T, - T, = .., assuming equal temperature intervals
O - Qz_Qz QJ Q; Q=
or W,=W,=W,=
Conversely, by making the work qu.a.ntltles performed by the engines in series
equal ()= ;= Wy =_.), we will get
I,-T,=T,~T=T;~T,=
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at 2qual temperature intervals. A scale having one hundred equal intervals
between the steam point and the ice point could be realized by a sceies of one
hundred Camot epgines operating as in Fig. 6.30. Such a scale would be
independent of the working substance,

Il eniongh engines are placed in series to make the total work output equal to
¢, then by the (irst law the heat rejected from the last engine will be zero. By the
second law, however, the operation of a cyclic heat engme with zero heat rejection
cannot be achieved, although it may be approached as a limit. When the heat
rejected approaches zem, the temperature of heat rejection also approaches zero
as a limit. Thus it appears that a definite zero point exists on the absolute
femperature scale but this point canrot be reached without a violution of the
second law.

Thus any attainable value of absolute temperature is always greater than zero.
This is also known as the Third Law of Thermodynamics which may be stated as
follows: [t is impossible by any procedure, no marter how idealized, to reduce
any system o the absolute zero of femperature in a finite number of vperations.

This is what is called the Fowler-Guggenheim statement of the third taw. The
third law itself is an independent law of nafure, and not an extension of the second
law. The concept of heat engine is not necessary to prove the non-attainability of
absolute zero of temperamre by any system in a finite aumber of eperations.

6.16 Efficlency of the Reversible Heat Engine

The elTiciency of a reversible heat engine in which beat is received solely at T, is

found to be
QJ T
Rrey = 7 =l—[—*- =i--%
= QI ey "ﬁ
or g = 212

It is observed here that as T, decreases, and T increases, the efficiency of the
reversible cycle increases,

Since 7 is always less than unity, T, is always greater than zero and positive.
The COP of a refrigerator is given by

1
(COPlp=—2 =1
"e-a 2,
&
For a reversible refrigerator, using
2 .4
g 5
[COP oy = —2 (6.24)

h-T
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Similarly, for a reversible heat pump
i
-4

_[COPH.P]mv = (625) ;

6.17 Equality of Ideal Gas Temperature and
Kelvin Temperature
Let us consider a Carnot cycle executed by an ideal gas, as shown in Fig. 6.31.

_ Rewarsibla
Adlabatics -

_,’ ,.:
f: /
‘:\ \" b ra Reveraible
\ ¥y - ’q Isotherms
Y

—p

-\\;\. -
d%‘ \\ &

. -
o;i\xx_j ! E

¥ e

N 6

. —=7
Fig. 6.31 Carnot cpels of an ideal gas

The two isothermal processes g-b and c—d are represented by equilateral
hyperbolas whose equations are respectively
pY=nk 6,
and pY=nR &
For any infinitesimal reversible process of an ideal gas, the first law may be
written as
aQ = C,dé + pd¥
Applying this equation to the isothermal process a—b, the heat absorbed is
found to be

[
_fpcw= f"Re‘ dV =nR8, lnL

! V .

Similarly, for the isothermal process c—, the heat rejected is

aRt, In %
¥
8, in -2
% = I—i} (6.26)
92 ]I:l =
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Since the process b—c is adiabatic, he first law gives

—C,d0=pdV= ”ﬁe av

1? a9 _, Y
IR L
naa, b

Similarlv, 1 the adiabatic process d—a

. In Y _ In 141
K A
or L = fd_
iR
h ok
-+ =5 6.27
or v, v {6.27)
Equation {6.26) thus reduces to
g .6 (6.28)
e o
Kelvin teioperature was delined by Eq. (6.22)
8 _1
& L

If 8 and T refer to any temperarure, and 8, and T, refer i the triple point of
water,

LA
6 T
Since 8, = T, = 273.16 K, it follows that
e=T7 (6.29)

The Kelvin temperature is, therefore, numerically equal 1o the ideal gas
temperture and may be measured by means of a gas thermometer.

6.18 Types of Irreversibility

It bas been discussed in Sec. 6.9 that a process becomes irreversible if it occurs
due to a finite potential gradiens like the gmdient in temperature or pressure, or if
there is dissipalive effect like friction, io which work is transfonned ioto internal
energy increase of the system. Two types of ireversibility can be distinguished:

{a} Internal ieversibility
(b} Exrternal Ureversibility
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The internal irreversibiliny is caused by the internal dissipative effects like
friction, turbulence, electrical resislance, magnetic hysteresis, etc. within the
sysiem. The external irreversibility refers to the irreversibility occurring at the
system boundary like heat interaction with the surroundings due 10 a finite
temperanue gradient.

Sometimes, it is useful to make other distinctions. If the irreversibility of a
process is due to the dissipation of work into the increase in intemal encrgy of a
system, of due 1o a finite pressure gradient, it is celled mechanical irreversibili-
ty. 1f the process occurs on account of a finite tempetature gradient, it is thermal
irreversibility, and if it is due to a finite concentration gradiens or a chemical
reaction, it is called chemical irreversibility.

A heat engine cycle in which therc is a temperature dilTerence (i} behween the
source and the working fluid during heat supply, and (i1} between the working
flvid and the sink during heat rejection, exhibits external thermal irreversibility.
If the real source and sink are not considered and hypothetical reversible
processes for heat supply and hecat rejection are nssumed, the cycle can be
reversible. With the inclusion of the actual source and sink, however, the cycle
becomes externally ireversible.

SOLVED EXAMPLES

Example 6.1 A eyclic heat engine operates betwecn a sonrce temnperature of
800°C and a sink temperature of 30°C. What is the least rate of beat rejection per
kW net output of the cngine?

Solution For a reversible engine, the rate of heat rejection will be minimum
(Fig. Ex. 6.1).
| 71=1073
Source 1
1aq,

| HE Y~ W=0Q,— O, = 1kW
A v~
[

Yo,

Sink
T,=300K

Fig. Ex. 6.1

-k

Moax = Thev = 7,
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_30+273
806 + 273
=1-0282=0"71R8

Foer
G
1
T
Now 0y =0 — Woe = 1.392 - 1
=039 kW -
This is the least rate of heat rejection.

Now = Mz = 0.718

= 1.392 kW

-— 139

Example 62 A domestic food freezer maintains a temperature of -15°C, The
ambient air temnperature is 30°C, If heat leaks into the freezer at the continucrus
rate of 1,75 kIfs what is the least power necessary to pump this heat out

continuously?

Solution Freezer temperature,
nL=-15+213=258K

Ambient air temperature,
Ty=30+273=303K

The refrigeralor cycle removes heat from the freezer at the same rate at which

heat leaks into it (Fig. Ex. 6.2).

! Ambiant air T,= 303 K

Freezar T, = 258 K

]

@y = 1.75 kdis

Fig. Ex. 6.2

For minimum power requirement

2 _0
L A
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0 —%xsoa 2.06 klis

F=h-&
=2.06-1.75 =031 klis

=031 kW

Example 63 A reversible heat engine operates between two reservoirs at
temperatures of 600°C and 40°C. The engine drives a reversible refrigerator
which operates between reservairs at iemperatures of 40°C and — 20°C. The heat
transfer to the heat engine is 2000 kJ and the net work output of the combined
engine refriperator plant is 360 kJ.
(a) Ewvaluate the heat transfer to the refrigerant and the net heat transfer to the
reserveir at 40°C.
{b} Recomsider {a) given that the efficiency of the heat engine and the COP of
the refrigerntor are cach 40% of their maximum possible values.

Sofutivn  (a) Maximum efficiency of the heat engine cycle (Fig. Ex. 6.3) is given

by
T= 673K Ty=25K ‘
Yo, =2000 F04
Lo~ oW Wy —~
|( HEy »——>—{ R’}
{ L=
19  w=30k YQ;3=0+ Wy
‘ Tp=313K '
Flg, Ex. 63
5 313
=l-—=%=1-=—"=1-0358=0.642
s I 873
, n
Again 0 ={0.642
1

. A =0.642 x 2000 = 1234 ki
Maximum COP of the refrigerator cycle

L 25
L -7, 313-253

(COP)pe = =422

Also COP = L 4,22
#
Since W, - W,=¥=360k
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. W, = W, — W= 1284 — 360 = 924 k]
£, =4.22x924=3899 ]
¢=0,+WF,=924+3339=4823 K
& =0,-W =2000-1284=716 KJ
Heat rejection to the 40°C reservoir
=0, + 0y =716 + 4823 = 5539 KJ Ans. {a)
{b) Efficiency of the acrual heat engine cycle
n=04 ., =04x0642
W, = 0.4 % 0.642 x 2000
=513.6k
=513.6-360=153.6 k)
COP of the actual refnberator cycle

cop= —04x422-1.69
¥,

Therefore
G, = 1536 1.69=259.6 K] Ans. (b)
,=259.6+153.6=413.21J
0, =0~ W, = 2000 - 513.6 = 1486.4 J
Heat rejected to the 40°C reservoir
=0, +(;=413.2+1486.4=1899.6 k]  Ans. (b)
Example 6.4 Which is the more elfective way to increase the efficiency of a
Camot engine: to increase T\, keeping T; constant; or 1o decrease 75, keeping T,
constant?
Solution The efficiency of a Camnot engine is given by
T

:1_—...
T

), %
9% Jr, 7
an

As T, increases, 7 increases, and the slope(ja?l] decreases (Fig. Ex. 6.4.1).
T

(aﬂ] L

0% Jr, 1

As T, decreases, 1 increases, but the slope [a—n) remains constant
{Fig. Ex. 6.4.2). L,

If I; is constant

If T is constant.

FHalz ia
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.~ Slape=- 1T
! Ty o
T | 7 ]
Fig. Ex. 6.4.1 Fig. Ex. 6.42
ﬂ) _5 (im] __
Also [6T. LT ), T
' ), (37)
Since Ty =] >|==2
‘ ’(an L \9% )

So, the more ciTective way 10 increase the efficiency is to decrease T,.
Alternatively, let T, be decreased by AT with Ty remainiog the same

m =|_£}{_Ar_
If 7| is increased by the same AT, T, remaining the same
5
m=t- T, + AT
Then
__h L, -AT
h—-M= T +AT T
_ (f-L)AT + (A1)
LG +A7)
Since N >Tp(h-1p>0

The more effective way to increase the cycle efficiency is to decrease T,

Example 6.5 Kelvin was the first to poiat out the thermodynamic wasiefuiness
of buming fuel for the direct heating of a house. It is much more economical to use
the high temperature heat produced by combustion in a heat engine and then to
use the work so developed to pump heat from outdoors up to the temperature
desired in the house. In Fig. Ex. 6.5 a boiler fumishes heat Q| at the high
temperatare 7. This heat is absorbed by a heat engine, which extracls work #
and rejects the waste hear () inte the house at T,. Work W is in mrn used o
operale a mechanical relrigerator or heat pump, which extracts @, from outdoors
at iemperature Ty and rejects ', (where 07, = 3 + W} into the house. As a result
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of this cycle of operations, a total quantity of heat equal to {2, + (" is liberated in
the house, against {J; which would be provided directly by the ordioary
combustion of the fuel. Thus the ratio {0, + F,)/(, represents the heat
multiplication factor of this method. Determine this multiplication factor if
M=4TK 7,=293K,and T; =273 K.

Solution  For the reversible heat engine (Fig. Ex. 6.5}

Qo=+ W
A0 &y

¥ kney]
-
_ A%
Outdoors '
RE 03|
Fig. Ex. 6.5
4 _0
@ 7T
T
0:=0 (?2]
Also n= LA Tl L
o T
L-T
or F=-1_"2.
7 &
For the reversible heat pump
cop-2__T
W L-T
T L1
2 2
0= 25T <

. Muliiplication factor (M.F.)
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T. i h -5
R T S, L S B 2
ey TR Yn-T 0§
) - )
or MF.=T§-1‘}T§+T&T{—T§
L(% - Th)
or M.F.=M
TL-T)
Here T, =473K, ;=293 Kand T, =273 K
F = 293 (473~273) - 2930 _ 6.3 Ans.

473(293-273) 473

which means that every kg of coal burned would deliver the heat equivalent to
over 6 kg. Of course, in an actual case, the efficiencies would be less than Carnot
elficiencies, but even with a reduction of 50%, Lhe possible savings would be
quite significanL

Example 6.6 It is proposed that solar energy be used to warm a large collector
plate. This energy would, in tum, be transferred as heat to a Auid within a heat
engine, and the engine would reject energy as heat to the armosphere. Experimems
indicale that abowt 1880 kJ/m” h of energy can be collected when Lhe plaie is
operating at 90°C. Estimate the minimum coliector area that would be required
for a plant producing | kW of useful shall power. The atmospheric temperature
may be assumed to be 20°C.

Sojution  The maximum efficiency for the heat engine operating between Lhe
coliector plate temperature and the atmespheric temperature is

L 293
=l-—7=i-"=0192
hmex I 363
The efficiency of any actual heat engine operating between these temperatures
would be less than this efficiency.

W _1kis
Cnin TMoax | 0.192
= 18,800 ki/h
. Minimum area required for the collector plate
_ 18,800
1880

=521 ki/s

=10m’ Ans.

Example 6.7 A reversible heat engine in a satellite operates between a hot
reservoir at T, and a radisting panel at 7,. Radiation from the panel is
proportional to ils area and to 75 For a given work output and vatue of T, show

that Lhe area of the panel will be minimum when —2- = 0.75.
1
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Determing the minimum area of the panel for an output of 1 kW if the constant
of proportionality is 5.67 x 10~ W/m*K* and T, is 1000 K.
Solution  For the heat engine (Fig. Ex. 6.7), the heat rejected ¢, to the panel
(at T3) is equal to the encrgy emitted from the panel to the surroundings by
radiation. If A is the area of the panel, @, e AT, or O, = KATY, where K is a
constant,

Y qQ,
HEY -
Y @, =kat}
Panal '
3
a;
Pg. Ex. 6.7
W _hL-5h
Now n=—=——"
4] T
o W__0 _ & _ KT
-, &L h [
= KAT?
id id

KL -T)  KGE -1
For a given W and T, A will be minimum when '
dA )
T 2 onn -4ty -1yt =0
Since (M -TH220,37T} =41
£ =0.75 Proved.
1

4 - W
K75 TG - 0.5T)
W 256W
k2l 27KE
_ 256
Here W=1kW,K=567x10*W/m’K* and T, = 1000 K

4 = 256 x 1kW x m?K*
PR 27 % 5.67 x 107 W x (1000)* K*




146 — Basic and Applied Thermodynamics

256 x 10° 2
= = m
27 % 5.67x 1078 x 102
=0.1672 m* Ans.

REVIEW (QUESTIONS

6.1

6.2
6.3
6.4
6.5
6.6

6.7
6.8
6.9
6.10
6.11

6.12
6.13
6.14
6.15
6.16
6.17

6.18

6.19
6.20
6.21
6.22

65.23

6.24
625
6.26
6,27
6.28

6.29
6.30
6.31

What is the qualitative dilTerence berween heat and work? Why are heat and
work not completely interchangeable forms of encrgy?

What is a cycelic heat enging? .

Explain a heat engine ¢ycle performed by a closed system.

Explain a heat engine cyele performed by a sready Mow system.

Define the thenmal elficiency of a heat engine cycle. Can this be 100%?

Draw 2 block diagram showing the four energy interactions of a cyciic heat
engine,

What is a Lhermal energy reservoir? Explain the terms “source’ and ‘sink”

What is a mechanical energy reservour?

Why can all processes in a TER or an MER be asshmed te be quasi-static?
Give the Kelvin-Planck swatement of Lhe second law,

To produce net work in 2 thermodynamic cycle, a heat engine has to exchange
Iseat with two thermai reservoirs. Explain.

What is 2 PMM27 Why is it impossible?

Give the Clausius’ statement of the second law.

Explain lhe operation of a cyclie refrigertor plant with a block diagram.

Define the COP of a refrigztator,

‘What is a heat pump? How does it difTer from a refrigerator?

Can you use the ssme plant as a heat pump in winter and as a refrigerator tn
summer? Explain.

Show that the COP of a heat pumnp is greater than the COP of a refrigerator by
unity,

Why is direct heanng thermodynamically wagteful?

How can a heat pump upgrade low grade waste hear?

Esmblish the equivalence of Kelvin-Planck and Clausius statemenis,

What is 1 reversible process? A reversible process should not leave any evidence
to show that the process had ever occurred. Explain.

How is a reversible process only a limiting process, never 1o be arained in
practice?

All spontancons processes are irmeversible, Explain.

What are the causes of imreversibility of a process?

Show thet heat transfer through a finite wmperature difference is imeversible,
Demanstrate, uging the second faw, that free expansion is irreversible.

What do you understand by dissipative effecs? Wheo is work said to be
dissipaizd?

Explain perpetal motion of the third kind.

Demonstraie using the second law how Ffriction makes a process imeversibie.
When a rowating wheel is broughi to rest by applying a brake, show that the
molecular internal energy of the syatem (ol the brake and the wheel) increases.



6.32
6.33

6,34
6.35

8,36
6.37

6.38
6.19
6.40
641
6.42
643

6.44

545
6.46

647

6.48
6.49
6.50
0.51
6.52
6.53
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Show that the dissipation of stirring work 1o internal energy is imevenaible.
Show by second Law that the disstpation of electrical work inwo internal energy or
heat is irreversibie,

What is a Carnot eycle? What are the four processes wihiich constitute the eyeie?
Explain the Camot heal engine eycle executed by: (a) 2 stationary system, and (b}
a steady {tow system.

What is a reversed heat engine?

Show that the efficiency of o reversible cogine operating between two given
consfant temperatures is the maximum.

Show that the elficiency of all reversible hent engines operating between the same
temperature (evels is the same.

Show that the ¢fficiency of a reversibie engine is independent of the nature or
amount of the working substance going through the cycie.

How does (he efficiency of a reversible cycle depend only on the two temperatures
at which heat is transferred?

What is the absolute thetmodynamic temperature scale? Why is it calted
absolute?

How is the absolute scale indepdent of the working substance?

How docs {7 play the role of thermometric properny in the Kelvin Scale?

Show that a definite zero point exists on the absolute wmperatare scale but that
this point cannot be reached without a violation of the second law.

Give the Fowler-Guggenheim staternent of the third law,

Is the third law an extension of the second law? Is it an independent Iaw of
natre? Explain,

How does the efficiency of a reversible engine vary as the source and sink
temperetures are vared? When does the ¢fficiency become [00%7

For a given T;, show that the COP of 2 refrigerator increases as Ty decrenses,
Explain how the Kelvin temperature can be measured with a gas thermometer,
Establish the equality of idcal gas temperature and Kelvin temperature,

What do you understand by internal immeversibility and extemnal irceversibility?
Explain mechanical, thermal and chemical irreversibilities.

A Camol enginc with a fucl buming device as source and & heat sink cannot be
treated as a reversible plant, Explain

PROBLEMS

6.1

6.2

An inventor claims w have developed an engine that akes in 105 MKJ a1 3
temperature of 400 K, rejects 42 MJ at a wmperature of 200 K, and delivers
15 kWh of mechanical work. Would you advise investing moncy to put this
engine in the market?
if & refrigerator is used for heating purposes in winter 30 that the atmosphere
becomes the cold bady and (he room to be beated becomes the hot body, how
much heat would be available for heating for each kW input to the driving moter?
The COP of the refrigeraror is 5, and the ¢lectromechanical efficiency of the motor
is H%. How does this compare with resistance healing?

A, 5.4 EW, 1kW
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6.3

6.4

6.5

6.6

6.7

6.8

6.9

Using an enginc of 30% thermal efficiency of drive a refrigerator having & COP
of 5, what is the heat inpuit into the engine for each MJ removed from the cold
boady by the refrigerator?
Ans. 666.67 kI
If this system is used as a heat pump, how many MJ of heat would be available
for heating for each MJ of heat input to the engine?
Ans. 1.8 MJ
An cleciric slorage battery which can exchange heat only with a consiam
temperature atmosphere goes through a complele cycle of wo processes. in
process -2, 2.8 kWh of clectrical work Nlow inta the battery while 732 kJ of heat
Mow out 1o the aunosphere. During process 2-1, 2.4 k'Wh of work llow out of the
battery. (a} Find the heat transfer in process 2-1. (b} LF the process 1-2 has
occurred 25 sbove, does the first law or the second law limit the maximum
possible work of proczas 2—17 Whai is the maximum possible work? (¢) If the
maximum possible work were obtained in process 2-1, what will be the heat
trangfer in the process?
{a} — 708 kJ (b} Second law, W,_, =908 ki{c) 0, =0
A houschold refrigemitor is maintained at a lemperature of 2°C, Every lime the
Uoor is opencd, warm material is placed inside, intreducing an average of 420 kJ,
but making only a small change in the tempemture of the refrigerator. The door is
opented 20 times 2 day, and the refrigerator operetes a1 [5% of the ideal COP. The
cost of work is 32 paise per kWh. Wha is the monthly bitl for this refrigerator?
The atmusphere is at 30°C.
Anr. Bs. 1520
A heat pump working on the Camot cycle takes in heat frem: a reservoir at 5°C
and delivers hear 10 & rescrvoir at 60°C. The heat pump is driven by a reversible
heat engine which takes in heat from & reservoir at 840°C and rejects heat to 8
reservoir at 60°C. The reversible hoat enginge aiso drives a machine that absorbs
30 kW, If the heat pump exmacts 17 k)/s from the 5°C reservoir, determine (a)
the rete of heat supply from the 840°C source, and (b) the rae of heat tejection to
{he 60°C sink.
Ans. (a) 47,61 kKW, (b) .61 k'
A refrigeration plant for a food store operatas with a COP which is 40% of the
ideal COF of a Camot of refriparator. The store is to be mainlained at a
remperture of —5°C and the heat transfer from the store to the cycle is at the rate
of 5 kW. If heal is rransferred from the cycle to the ammosphere at a tempetature of
25°(, calculate the power required to drive the plant and the heas discharged 1o
the atmesphere,
Ans. 4.4 kKW, 6.4 kW
A heat engine is used to drive a heat pump. The heat ransfers from the heat
engine and from the heat pump are used to heat the water circulating throagh the
radiators of 2 building. The cfficiency of the heat engine is 27% and the COP of
the heat pump is 4. Evalvate the ratio of the heat tansfer to the cireulsing water
to the heat tranafet to Lhe heat engine.

Ans. 1.81
if 20 kJ are added to a Camot cycle at a tempersture of 100°C and 14.6 kJ are
rejected a1 0°C, determine the location of absolute zero on the Celsius scale.

Ang, 227037°C
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Two reversible heat engines 4 and A are arranged in scries, A rejecting heat
directly 10 8. Engine A receives 200 k) st a iempernture of 421°C from a hot
spurce, while engine B is in commumication with & cold aink ai 4 temperature of
4.4°C. [f the work owtput of 4 is twice that of A, find (8) the intermediale
temperature between 4 and 8, (b} the cflicicncy of each engine, and (c) the heat
rejected 10 Lthe cold sink.
Ans. 1434°C, 40% & 33.5%, 801
A heat engine operates betweer the maximumn and misimum temperatures of
£71°C and §0°C respectively, with an efficicncy of 50% of the appropriate Carnot
efliciency. [t drives a heat pump which uses siver water at 4.4°C 10 haa a2 block
of flais in which Lhe wemperafure is to be maintaired at 21.1°C. Asswming thei a
temperature difference of 11,1°C exists between the working (uid and the river
water, on the goc hand, and the required room wemperature on the olber, and
assuming the heat pump to operate on the reversed Camet cycle, but with a COF
of 50% of the ideal COP, find the heat input to the enpine per unit hest output
from the heat pump. Why is direct hexting thermodynamically more wastefui?
Ans. 0,79 kJ/&) heat wput
An ice-making plant produces ice at atmospheric pressure and at 0°C from water
at ("C. The mean {emperature of the cooling water circulaling through the
condenser of the refrigerating machine is 18°C. Evaluate the minimum electrical
work ie kWh required o produce 1 tonne of ice. (The enthalpy of fusion of ice at
atmospheric pressure is 333.5 kJkg).
dns. 6.11 kWhk
A reversible engine works between three thermal reservoimy, A, 8 and C. The
engine ahsorbs an equal amount of heat from the thermal reservoirs 4 and B kept
al temperatures T, and T respectively, and rejects heal to the thermal reservoir
kept at temperature 7. The efficiency of the engine is o times Lhe efficiency of
the reversible enging. which works berween the two reservoirs A and C. Prove
lha1 .

I ca-nr2-ayla
Ta e

A reverzible enginc operates between temperacures T, and 7T T, > T), The enerpy
rejected from this engine is received by a second reversible engine at the same
temperature T The second engine rejects energy at temperature T, (T, <T). Show
that {a) temperature T is Lhe arithsnetic mean of temperatures T apd T, if the
enginey praduce the same amount of work output, and (b) temperature T iz the
geometric mean of temperaiures T and T if the engines have the same cycle
efficiencies.
Twe Camot engines 4 and B are connected in series between two thermal
reservoins maintained at (000 K sod 100 K respectively. Engine A meceives
1680 1J of heat from the high-temperature mservoir and rejects heat to the Carnol
cngine 8. Engine 8 tkes in heat rejected by engine 4 and rejects heat wa the low-
lemperature rescrvoir. If engines A and 8 have equal thermal efficiencics,
determine {(a} the heat rejecled by engine 8, ¢b) tl. lemperature at which heat is
rejected by engine A, and {c) the work done during the process by engines A and |
B respectively. [f engines A and 8 deliver equal werk, determine (d) the amouni
of heat taken in by engine 8, and (¢) the efficiencies of engines 4 and 5.

Ans. (a) 168 kJ, (b) 3162 K_ {c) 1148.7, 363.3 ki,

(d) 924 kJ, (e} 45%. §1.8%.
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6.16

6.17

6.18

6.19

6.20

6.21

6.22

A heai pump is to be ussd to heat  house in winter and then reversed te cool the
house in sumyner. The interior temperature is to be maintained at 20°C. Heat
transfer through the walls and roof is estimated o be G.525 k)/s per degree
temperatore diffesence between the inside and cutside. (a) If the outside
emperatore in wieter is 5°C, what is the minimom power required to drive the
heat pump? (B) If the power ouipui is the same as in par {a), what is Lhe
maximum outer temperature for which the inside can be maintained at 20°C?
Ans. {a) 403 W, (b) 35°C,
Consider an engine in ouler space which operaies on the Camot cycle. The only
wiy in which heat can be transfermed from (he enging is by radiation. The rate at
which heat is radiared is proportional to the founth power of the absolute
temperature Ty end 1w the area of (he rodiating surface, Show that for a given
power oufput and a giver T\, the arca of the radiator will be a minimuwn when

5 _3

I 4
It 1skes 10 kW to keep the interior of a cenain house at 20°C when the outside
temperature is 0°C. This heat flow is usually obtained directly by burning gas or
oil. Caleulete the power required if the 10 kKW heat flow were supplied by
operating a reversible beat put with the house as the upper reservoir and the
outside surroundings ay the jower reservoir.
Ans, 06826 kW
Prove that the COP of a reversible refrigerator operating between two given
temperatures is the maximum,
A house is to be muintained at a temperature of 20°C by means of a heat pump
pumping heat from the atmoaphere. Heat lpsses through the walls of the house
are estimated at 0.65 kW per unit of temperature difference between the inside of
the house and Lhe atmosphere. {2} [ the atmosphetic temperature is -10°C, what
is the minimwn power required to drive Lthe pump? (b) [t is proposed 16 use the
same hcat pump te coo! the house in summer. For the same room temperature,
the same heat loss rate, and the seme power inpuf to the pump, what is the
maximum permissible atmospheric temperature?
Ans. 2 kW, 50°C,
A solar-powered heat pump receives heat from a solar coflector ot Ty, rejects heat
to Lhe atmosphete at T, and pumps hear from a cold space at T The three heat
tansfer raies are Qp, Q. and {), respectively. Derive an expression for the
minimum ratio {/Q,. in terms of the three temperatuares.
I, =400K, T,=300K, T, =200 K, ¢, =12 kW, what is the ntinirmum 37 If
the collcctor caprures 0.2 kW/m?, what is the minimum coltector area required?
Ans. 24 kW, 120 m?
A heal engine operaling between two reservoirs at 1000 K and 300 K is used o
drive a heat pump which extracts heat from the reservoir at 300 K ar a mte twice
that at which the engine rejects heat to it. [f the efficiency of the engine is 40% of
the maximum pussible and the COP of Lthe heat pump is 50%% of the maximuam
possible, what is the tempemiture of the reservoir to which the heat pump rejecis
heat? What is the rate of heat rejection from the heat pump if the rate of heat
supply to she eagine is 50 kW?
Ams, 326.5K, 86 kW
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A reversible power cyele is used o drive p reversible beat pump cyele, The power
cycle takes in 3, heat units at T, and rcjects (0, at 7. The hesd pump abstracts O,
from the sink at T, and discharges (0, at T;. Devalop an expression for the mtio
/0, in terms of the four temperatures.
s, 24 L(Ti-Th)
& hEA-I)
Prove (hat the followiog propositions are logically equivalem: (a) A PMM2 is
impossible, (b} A weiphi sliding a1 constant velecity down a irictional inclined
plape execuies an imreversible process.
A heat engine receives half of its heat supply at 16} K and half at 500 K white
rejecting heat to a sink a1 300 K. What is th¢ maximum pessible thermal
efficiency of this heat engine?
Anr. 0.55
A heat pump provides 3 % 10° k3/h to mainin a dweliing at 23°C on a day when
the oulside temperabure is §°C. The power input to the heat pump is 4 kW,
Determine the COP of the heat pump and compare it with the COP of a reversible
heat pump operating between Lthe reservoirs at the same two temperetures.
Ans. 2.08, 1287
A reversible power cycle receiver encrgy ;) from a reservoir at temperature T
and rejecls {J; o 4 reservoir al femperature T;. The work developed by the power
cycle is used to drive a reversible heat pump that removes encrgy (5 from a -~
reservoir at temperature T'; and rejects energy () (o a reservoir at temperature
T'\. () Datermine an expression for the ratio F /@, in terms of the four
temperatures. (b) What must be the relationship of the temperarres 7, 7., T,
and 7 for {F /0, to exceed a value of unity?
& _KH-T) % T
o MR- R F
When the cutside temperarure is —~ 10°C, a residential heat pump must provide
1.5 x 10° kJ per day to a dwelling to maimwin i1s temperature at 20°C. §F
eleciricity costs Rs. 2.10 per kWh, find the minimum theorctical operating cost
for cach day of operation.

Anx, {2}

Ans, Rs. 208 83
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Fig. 7.1 Awumpiion of iwo reversible odiabatics invevrecting eoch other

7.3 Clausius’ Theorem

Let a system be 1aken from an equilibrium state { to another equilibrium state fby
following the reversible path i-f (Fig. 7.2). Let a reversible adjabavic i-a be
drewn through i and another reversible adiabatic 4~/ be drawu through /. Then a
reversible isotherm a—6 is drewn in such a way that the arca under i—a—b-f is

equal to the area under i—f. Applying the {irst law for
\.”
i

a

b
L
s

~ Rev. adiabatica

£ Rex.
Isothesm

—————p

Fig. 7.2 Reversibls path subitituied by two reverible adishatics gnd a v

ible Cotherm

Process i~/
Gur=U-U+#y
Process —a—-b—f
Quer=Ur— U+ Wigr
Since
W= Wt
.~ From Eqgs (7.1} and (7.2)
Q= Cuur
=0+t Cur

Since 2, =0and Q=0

(.0

(1.2)
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Q‘;r = Qah

Heat transfemred in the process i—f is equal 1o the heai transferred in the
isothermal process u—b.

Thus any reversible path may be substituted by a reversible zigzag path,
between the same end slates, consisting of a reversible adiabalic followed by a
reversible isotherm and then by a reversible adiabatic, such that the heat
ransferred during the isothermal process is the same as that transferred during
the original process.

Let a smooth closed curve representing a reversible cycle (Fig. 7.3} be
considered. Let the closed cycle be divided into a large number of strips by means
of reversible adiabatics. Each strip may be closed at the top and bottom by
reversible isethermns. The original closed cycle is thus replaced by a zigzag closed
path consisting of alternate adiabatic and isothermal processes, such that the
heat transferred during all the isothermai processes is equal to the heat
transferred in the original cycle. Thus the original cycle is replaced by a large
number of Camot cycles. If the adiabatics are close to one another and the
number of Camot cycles is large, the saw-1oothed zigzag line will coincide with
the original cycle.

For the ciemenial cycle abed, ¢ O, heat is absorbed reversibly at 7, and 4 (2,
heat is rejected reversibly at 7,

/’7— Rev. adisbatics
Q5 u)a’(

oot
P

- Rev. isotherms

dol\ \ \\ {
_dty Lo
T2 A\ n '| \ g" Y Y:— (C)q"lg:nili :;embla
SR §

—_—=r

Fig. 73 A reversible cycle split into a large number of Carnot cycles

80, _ 40
1 !
If heat supplied is takeo as positive and heat rejected as negative
T !
Simnilarly, for the elemental cycle efgh
a a
G, 80

LT
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If similar equations are written for all the elemental Camnot cycles, then for
the whole original cycle

dQ] + dQZ +.§_.Q_3._+£9‘_+...=0
i h L T,

o §22 -0 (7.3)
a T

The cyclic integral of &Q/T for a reversible cycle is equat to zero. This is

known as Clausins’ theorem. The letter R emphasizes the fact that the equation

is valid oniy for a reversible cycle.

74 The Property of Entropy

Let a systern be taken from an initial equilibrium state § to a final equilibrium
state f by following the reversible path R, (Fig. 7.4). The system is brought

Rz

Fig, 7.4  Tiwp reveriible pathe B, and Ry between two equilibrivm statss i and [

back from fio f by following another reversible path R,. Then Lhe two paths R,
and R, topgether constitute a reversible cycle. From Clausius’ theorem
§o.
Ry

The above integral may be replaced as the sum of two integrals, one for path
R, and the olher for path R,

T
By Ry
r i
or IEQz_;EQ
1 7 f T
L8] L*]
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Since R, is a reversible path
¢

a0 _
5=

R

[

40
T

oo
b

f
Since &, and R, represent any two reversibie paths, IETQ is independent of
[}

R
the reversible path connecting ¢ and f. Therefore, there exisis a property of a
systemn whose value at the final siate Sminus its value at the initial state { is equal

f
to Id—f— This property is called entropy, and is denoted by S. If S; is the enropy

R
at the initial siate i, and Sy is the entropy at the final state £, then

I =8-S, .9)

When the two equilibrium sl.ales are infinitesimally near
dﬂl =dS (7.5}

where dS is an exacr differential because S is a point function and a property.
The subscript £ in & indicates that heat & is transferved reversibly.

The word ‘entropy’ was (irst used by Clausius, taken from the Greek word
‘tropee’ mesning ‘trans(ormation’. It is an extensive property, and has the nnit
J/K. The specific entropy

s=2 kgK
m

IT the systemm is taken from an inival equilibrium siate / to & final equilibrium
state fby an irreversibie path, since entropy is a point or slate fonction, and the
entropy change is independent of the path followed, the non-reversible path is to
be replaced by a reversible path to integraie for the evatuation of cutropy change
in the imeversible process (Fig. 7.5).

T

Fig. 75 Integration can be done only on e revevsible path
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| §
a
Sc=5,= {5 = (0 pu 76)
i
Integration can be pecformed ouly on a revemible path.

7.4.1 Temperature-Entropy Plot

The infinitesimal change in entropy d¥ due to reversible heal transfer &€ at
tempersture T is

as= 30e
T
Il 4Q,,, =0, i.e., the process is reversible and adiabatic
d5=0
and § = constant

A, reversible adiabatic process is, therefore, an isenropic process,
Now

dQ,., = Tds
i
or Oue = | TdS

The system i3 laken from § to f reversibly (Fig. 7.6). The area under the
[
curve J T d5 is equal 1o the heat oansferred in the process.

i
For reverzible isothermal heat transfer (Fig. 7.7), T = constant.

T ! f
- -
3 o
NN .
o
| RN
. \\\\ N
5 .g H
Fig. 7.6  Area under o reversible poth on

Fig. 7.7 Reversible isathermal heat tranyfir
the T-s plot reprecents haat dransfer

f
O =T [ 45=TU5;- 5)

For a reversible adiabatic process, d5 =0, § = C (Fig. 7.8).

The Carmot cycle comprising two reversible isotherms and rwo reversible
adiabatics forms a rectangle in the T7-5 plane (Fig. 7.9). Process 41 represents
reversible isothermal heat addition @, to the system at T from an external
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F-
|

-
;

=

—_— T
X
& .
ot
4 x

I

—s E——
Flg. 7.8 Repersibie adigbatic v Eig. 7.9 Carnoi cpcie
Lrentropic

source, procesa 1-2 is the reversible adiabatic expansion of the system
producing #g amount of work, process 2-3 is the reversible isothermal heat
rejection from the system to an extemai sink at 75, and process 3—4 represenis
reversible adiabatic compression of the system consuming #, amount of work.
Area 1 2 3 4 represents the net work output per cycle and the area under 44
indicales the quantity of heat added to the sysiem {,.
rew = =01 _ B8 =5 - T(5 = 8,)
@ L& -3
L-% _, &

I 5

and W = Q1= 2= (T - T) (5, - S))

7.5 Principle of Caratheodory

The property “entropy™ was here introduced through the historical route as
initiated by he engineer Camot and elaborated by the physicisis Kelvin and
Clausius. Starting with the statement expressing the impossibitity of converting
heat completely into work, or the impossibility of spontaneous heat flow from a
colder to a hotter body, an ideal heat engine of maximum efficiency was
described. With the aid of this ideal engine, an absolute temperature scale was
defined and the Clausius theorem proved. On the basis of the Clausius theorem,
the existence of an eniropy function was inferred.

In 1909, the Greek mathematician Caratheodory proved the existence of an
entropy function without the aid of Camot engines and refrigerators, but only
by maihematical deduction. Let us consider a system whose states are
determined by three thermodynamic coordinates x, y and 2. Then the first law in
differential form may be wrilten as

40 = Adx + Bdy + Cdz,

where A, B, and C are functions ofx, y and z. The adiabalic, reversible transition
of this system is subject to the condition

4Q = Adx + Bdy + Cd==0
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which lzads to the matheinatical stalement of the second law as:

in the neighbourhood of any arbitrary initial state P, of a physical xystem
there exist neighbouring states which are not accessible from P, aleng quasi-
static adiabatic paths.

It follows from Caratheodory’s theorem that this is possible if and only if
there eaist fnctions T and § such that:

d0 = Adc + Bdy + Cdz = TdS
Thus, by stating the second law in termns of the inaccessibility of certain
slates by adiabalic paths, and by using a mathematical theorem (for the proof

see Hsieh), Caratheodory inferred the existence of an entropy function and an
integraling factor connected with the Kelvin temperature,

7.6 The Inequality of Clausius

Let us consider a cycle ABCD (Fig. 7.10). Let AB be a gencrul process, either
reversible or itreversible, while the other processes in the eyele ane reversible.
Let the cycle be divided into a mumber of elementary cycles, as shown. For one
of these elementary cycles

N Rev. adiabaticy

———

where &} is the heat supplied at T, and &(J, the heat rejected at T
Now, the efficiency of a general cycle will be equal 1o or less than the
efficiency of a reversible cycle.

a0 1, %G
“ES[ HQJ
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d. a0,
i | ==L
or 30 z[ ) J
49 | 40
or a0, 9| 4p,
my
Since L) _r
@, |
) &0 r
. sz "'1'_;"
or %_Q .4 d—%-, for any process AB, reversible or imeversible.
2
For a reversible process
a0 aQ
ds = o = 7.7
T .7
Heuce, for any process 45
20 <ds (7.8)
T
Then for any cycle
8. $ds
T

Since enrapy is a property and the cyclic integral of any property is zero

§E]fl <0 (1.9)

This equation i8 known as the inequality of Clausius. It provides the criterion
of the reversibility of o cyele.

If f%_g— = 0, the cycle is reversible,

§% < 0, the cycle is irreversible and possible
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% > [, the cycle is impossible, since it violates the second law,

7.7 Entropy Change in an Irreversible Process

Far any process undergone by a system, we have from Eq. (7.8)

ag
—= gds
T

or &2 32 Q (7.10)

This is further clarified 1f we consider the eycles as shawm in Fig. 7.11,

- »/7

Iy
=

—- 5

Fig. 7.11  Entrojpy change in an irreversible process

where 4 and B are reversible processes and C is an irreversible process. For the
reversible cycle consisting of 4 and B

T T T
A
2 ¢p 1 ¢Q
et ] = 7.11
ar ;[ T _! T (7.11)
A B
For the irreversible cycle consisting of 4 and C, by the inequality of Clausius,
2 1
§d_Q=J£Q_+J£Q_ <0 (7.12)
r 717 3T
A C

From Eqs (7.11} and (7.12),
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1 1
_JQ"—J‘Q (0
2 T T
B ¢
L 1
40 (40
j==>{*= (1.13)
1715
B c
Since the path B is reversible,
| 1
ITQ [ds (7.14)
z 2
8

Since entropy is a property,entropy changes for the paths 8 and C would be
the same. Therefore,

1
[ds=[as (7.15)
5

[ L

From Eqs (7.13) to (7.15),
1
I as> [ L
;s T
C
Thus, for any irn:versible process,
ds> 32
T
whereas for a reversible process
= 8
T

Therefore, for the general case, we can write

2 90
T

2
or S-Sz | “_f (1.16)

The equality sign holds good for a reversible process and the inequality sign
for an irreversible process.
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the whole system. The entropy increase of an isolated system i3 a measure of
the extent of irreversibility of the process undergone by the system.

Rudolf Clausius suunmarized the first and second laws of thermodynamies in
the following words:

{a) Die Energie der Welt ist Constant.

(b} Die Entropie der Welt strebt einem Maximum zu,

[(a) The energy of the world (universe) is constant.

(b) The entropy of the world tends towards a maximum.)

The entropy of an isolated system afways increases and becomes a maximum
at the state of equilibrium. IT the entropy of an isplated system varies with some
parameter x, then there is 3 cerlain valne of 1, which maximizes the entropy

r

(when % = 0) and represents the equilibrium state (Fig. 7.13). The system is

then said to exist at the peak of the entropy hill, and A5 = 0. FAen the system is
at equilibrium, any conceivabie change in entropy wowuld be zero.

S

— S

¥
X
—
Fig. 7.13  Equilibrium sials of an isolated sysiem

AN
7.9 Applications of Entropy Principle

The principle of increase of entropy is one of the most important laws of
physical science. It is the gmantitative statement of the second law of
thermodynamics. Every imeversible process is accompanied by entropy
increase of the universe, and this entropy increase quantifies the extent of
irreversibility of the process The higher the entropy increase of the universe,
the higher will be the irreversibility of the process. A few applications of the
entropy principle are ltustrated in the following.

7.9.1 TIrangfer of heat threugh a Finite Temperaiure Difference

Let (0 be the rate of heat transfer from reservoir 4 ai 7, fo reservoir 8 m T,
T, > T, (Fig- 7.14).

For reservoir 4, AS, = — (T, It is negative because heat {) flows ont ol the
reservoir. For reservoir 8, ASy = + (/T,. It is positive becauce heat flows inlo
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/— Syster boundary

0

P i t [

Raservolr A servoir 8

Fig. 7.14 Heat transfer through a finite tonpere diffevence

the reservoir. The rod connecting the reservoirs suffers no entropy change
because, once in the steady state, its coordinates do n  :hange.

Therefore, for the isolated system comprising the reservoirs and the vod, and
gince entropy is an additive property

S=SA+SE
AS, iv
i = AS, + ASs
.2 _,5i-1
or AS, -v--——+ Q
- L 5 :Tz

Since T, > T,, AS_;, is positive, and the pracess is  versible and possible.
If T, = T,, AS,;, is zeto, and the process is reversi  If T < Ty, AS;, 05
negative and the process is impossible.

' 2 Mixtng of Two Fluids

¢ system ) having a fluid of mass m|, specilic heat ¢|, and temperature 1, and
sungystemn 2 cousisting of a fluid of mass m,, specilic heat ¢,, and temperature
{~. COmprise a composite system in an adiabatic enclos  (Fig. 7.15). When the
ition is removed, the two fluids mix together, and

Partilion
A B e s
Toea el St e .. ﬁ ~ Adiabatic
A R VN *ty tf/ enclosure
N . .- m, f
P et o ¥
[ - " - - Q&
v £y o a 'g
) ot . 4 . af ity
R N
. . + P é
rErrE ,//\/ TErrreEritir /W//
‘— Subsyster 1 paN- Subsystem 2

Fig. 7.15 Mixing of two fluids

equilibrium let?, be the final temperature, and?, <f; <1, Since energy interaction
is exclusively confined to the two fuids, the system being isolated

m, C](fl - f{) = MzCz(ff— IZ)
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_ mch + mot
mc, + mye;
Entropy change for (he fluid in subsystem 1

T T
AS, = J(-———dQ"" = J(—M'C'dr =mc, In s
Tl T TI T Ti

f+273

This will be negative, since T) > T
Entropy change for the fluid in subsystem 2

T
myc,dT T; tH+273
AS, = J(— = LIn =L = In ==
Ty TMmel TRl m
This will be positive, since T, < T}
ASy = A5+ AS,

T; T
=m, ¢ ln ?]f- +myc,in F:
AS,... will be positive definite, and the mixing process is irreversible.
Although the mixing pracess is irreversible, to evaluate the entropy chenge
for the subsystemns, the irreversible path was replaced by a reversible path on
which the integration was performed.
Ifm=my=mand¢;=c;=c.

2
ASyy =mcIn i
- 11

and T.= mefivmeh, _TT+0

f mycy + My pi
(T, + 5)2
ASupiy =2 me In ——=2—
I 4

This is always positive, since (he arithmeric mean of any rwo numbers is
always greater than their geometric mean. This can also be proved geometni-
cally. Let a semi-cucle be drawn with (7, + T,) as diemeter (Fig. 7.16).

Here, 48 = T, BC= T, axd OFE = (I, + T,)/2. It is known that
(DBY = 4B BC=T\T,

DB =TT,

Now, OF > DB

I +T,
LA 5
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Fig. 7.16  Geomsirical proof to thow that gm < a.m.

7.9.3 Maximum Work Obtainabdle from Two Finite Bodies
at Temperatures T, und T,

Let us consider two identical [iniie bodies of constant heat capacity at
wemperatures 7, and T, respectively, T, being higher than T, If the two bodies
are merely brought together into thermal contact, delivering no work, the final
temperature T; reached would be the maximum
hth

2

if a heat engine is operated between

the two bodies acting as thermal ¢n- {01

crgy reservoirs {Fig. 7.17), pani of the

b
heat withdrawn from body 1 is con- HE :‘:‘ Wz O -
veried to work J¥ by the heat engine, o _J 12

I

and the remainder is rejected to body [0

2, The lowest attainable final tempera-

wre T, comesponds to the delivery of Body 2

the targest possible amount of work, - ToowTy

and is associated with a reversible

process. Fig. 7.17 Maximum work obiainable
As work is delivered by the heat Srom twa finite bodies

engine, the temperature of body 1 will
be decreasing and that of body 2 will be increasing. When bath the bodies atain
the final temperature Ty, the heat engine will stop operating. Let the bodies
remain at constant presgure and undergo no change of phase,

Total heat withdrawn from body 1

=GN -Ty

where C, is the heat capacity of the two bodies at constant pressure.

Total heat rejected to body 2

2: =G T -1T2)
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-~ Amount of total work delivered by the heat engine
=0 -
=C, (T +T,-2T) (7.19)

For given values of C, T and T, the magniwde of work A depends on T;.
Wark obtainable will be moximum when T is miniwnum,
Now, for body 1, entropy change AS| is given by

T,
T ek
T T TI
For body 2, entropy change AS, would be

Iy

]IC —=Cn
T
Since the working Muid opmnng in the heat engine cycle does not undergo
any entropy change, AS of the working fnid in heat engine = f ds=0.

Applying the entropy principle

AS .20
T; i
C,int+C,InLz0
S T
- 7
Cyln =0 7.20
o (7.20)
From equation {720), for T; to be a minimum
72
C, 1 =0
S E
Since C, = 0,
2
Lni=0=lnl
LT
T,= IT;-Tz (7.21)

For ¥ to be 2 maximum, T; will be /T T; . From equation (7.19)

e 2
szcp(rl"- TZ"Z TiTZ ZCP(E"'JT!‘)

The final temperatures of the two bodies, initially at 7, and T3, can range
from (7, + T,)/2 with no delivery of work to /7, T, with maximum delivery of
work,

7.94 Maximum Work Obiainable from a Finlle Body and a TER

Let one of the bodies considered in the previous section be a thermel energy
reservoir. The finite body has a thermal capacity €, and is at temperature 7 and
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the TER is at temperature T, such that { Body T |

T> T, Let a heat engine operate be- —_——
tween the two (Fig. 7.18). As heat is Q
wilhdrawn from the body, its tem- -1

perature decreases, The temperature [{Hg!—*- W
of the TER would, however, remain (S——
unchanged at T, The engine would Y O - W
stop working, whena the temperature I

of the body reaches T, Dnring that [Mrer”

period, the amount of work delivered I 7o

is W, and the heat rejected to the TER  Fig. 7.18 Maximum work obtainable

is (0 — W), Then when one of the bodies ir o TER
T
= ar _ T
ASBody = ICPT = CP In ?
ASyp=§ dS=0
_o-Ww
AS g
TER T,
- L O-W
ASuni‘,-Cpln?+T
By the entropy principle.
T -
Cp In =2 +u20
T
[
T -
or Cpln—nzu
LA
or uscplni
To
or Wa+T,C lui
PeT

T,
W =0+ TOCFln-—;f—

or, W, = C,,[(r ~T)-T vH (7.22)
&

7.9.5 Processes Exhibiting External Meckanical Irreversibility

(i} Isothermal Dimipalion of Work Let us consider the isothermai
dissipation of work through a systern into the internal energy of a reservoir, as
in the flow of an ¢lectric current 7 through a resistor in contact with a reservoir
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(Fig. 7.19). At steady state, the internat energy of the resistor and hence iis
temperature is constant, So, by first law

W=0
K_ o 1.---- cVv
e

Q
Surr.
ar |
Fig. 7.19  External mechanieat irreversibility

The {low of current represents work wansfer. At sieady stale the work is
dissipated isothermaily into heat transfer to the surroundings. Since the
surroundings absorb O units of heat at temperature T,

- 2_¥
M T — T m—
wer T
At steady stale, AS,, =0
. MMEN%+M&=%- (7.23)

The irreversible process is thus accompanied by an entropy increase of the
universe.
(1) Adiabatic Dissipation of Work Let I'be the stimring wotk supplied to a
viscous thermally insulated liquid, which is dissipated adiabatically into internal
energy increase of the liquid, the temperature of which increases from 7T to T
{Fig. 7.20). Since there is no Now of heat to or from the surroundings,

AS, =0

To calculate the entropy change of the system, the original irreversibie path

{dotted line)} inust be replaced by a reversible one between the same end states,

Insulation

() (b}
Fig. 7.20 Adiabaric disipation of work
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i and f. Let us replace the irreversible performance of work by a reversible
isobaric flow of heat from a series of reservoirs ranging from 7, to T to cause
lhe somte chenge in the state of the system. The engopy change of the system
will be

ag _ C d T I
85 = I f Coln -
i i
R ®
where CP is the heat capacity of lhe liquid.
ASyppy = ASy + A8, = Gy In ?’ (7.24)
1

which is positive.
7.10 Entropy Transfer Mechanisms

Eatropy can be rransferred to or from a system in two forms: Aeot transfer and
mass flow. In contrast, energy is ransferred by work alse. Entropy transfer is
recognised at the system boundary as entropy crosses the boundary, and it
represents the entropy gained or lost by a syslem during a process. The only
form of entropy inleruction associated with a fixed mass or ¢losed sysiem is
heat trapsfer, and thns the entropy transfer for an adiabatic closed sysiem is
zero, It is being explained beiow in more details:

{a) Heat Transfer Since dS= -d?ri, when heat js added to a system 8 @ is

positive, and the entropy of the system increases. Wheo heat is removed from
the system, d{J is negalive, and the enfropy of the syslem decreases.

Heat transferred to the system of fixed mass increases the intemal energy of
the system, as a result of which the molecules (of a gas) move with higher
kinetic energy and collide more frequently, and so the disorder in the sysiem
increases. Heat is thus regarded as disorganised ot disordered encrgy transfer
which increases molecular chaos (s¢e Sec, 7.16), If heat (2 Nows reversibly
from the system o the surroundings at T, (Fig. 7.21), lhe entropy increase of
the surronndings is

AS. = _Q
on
The entropy of the system is reduced by
N
AS, =- X
Y5 T;J

The temperatnre of the boundary where heat transfer occurs is the constant
wmperanre ;. 1t may be said that the system has lost entropy to the
surroundings. Allernatively, one may state lhat the surroundings have gained
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Flg. 722 Mo enrropy treamgfer aling mith work transfer

7.11 Entropy Generation in a Closed System

The entropy of any closed syslem can increase in two ways:

(a) by heat interaciion in which there is entropy transfer
{b) internal irreversibilities or dissipative effects in which work (or K.E.) is
dissipated into internal energy increase.

If a( is the infinitesimal amount of heat transferred to the system through
is boundary at iemperature T, the same as that of the surroundings, the entropy
increase dS of the system can be expressed as

aS=dS+dS

a
- TQ +d§ (1.25)

where d_5 is the entropy increase due 1o external heat interaction and d, § is the
entropy increase due to internal irreversibility. From Eq. (7.25),

aQ
ds = T
dSz0 (7.26)

The entropy increase due to internal irreversibility is also called entropy
production or entropy generation, S,

In other words, the entropy ehange of a system during a process is greater
than the entropy Lransfer (d /T) by an amount equal to the enlropy generaled
during the process within the system {(U,5), so thot the ensropy balance gives:

Entropy change = Entropy transfer + Entropy generation
M’m = .ﬁsm’-u. + Mr.n
which is 1 verbal statement of Eq. (7.25) and illustrated in Fig. 7.23.

It may so happen that in a process {e.g., the expansion of a hot fluid in a

turbine) the entropy decrease of the system due {o heat loss to the surroundings
-
T

is equal to the entropy increase of the sysiem duc io internal




174— Basic aad Applied Thermpdynamic

This poriion of the boundary
is at temperature T,

R

Enropy change of system
3 = Enlropy mancfer (with Q)
+ Entropy generation
{boy W, due to dissipation

W)

Fig. 728 [ftustration of the emtropy transfer and mtropy producrion concepts,

imeversibilities such as friction, etc. UdiS], in which case the entropy of the

systemn belore and aller the process will remain the same UdS = 0). Therefore,
an isentropic process need not be adiabatic or reversible.

But if the isemtropic process is reversible, it must be adiabatic. Also, if the
isentropic process is adiabatic, it cannot but be reversible. An adiabatic process
need not be isentropic, since enirapy can also increase due to friction etc. But if
the process Is adiabatic and reversible, it must be isentropic.

For an infinitesimal reversible process by a closed systern,

If the process is irreversible,

a0, =al+ oW
Since U/ is a property,
A0 —pdV=a0,-dW
or [d_QJ - (@) Y Ll L (7.27)
T T A T

The difference (pd¥ — dW} indicates (he work that is lost duc to
irreversibility, and is calied the lost work d (LW), which approaches zero as the
process approaches reversibility as a limit. Equation {7.27) can be expressed in
the form

d§=d.S+dS

Thus the entropy of a ¢losed system increases due to heat addition {d,.5) and

internal dissipation {(d,S).
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In any process executed by a system, energy is always conserved, but

entropy is produced internally. For any process between equilibrium states 1
and 2 (Fig. 7.24), the first law can be writien as

T dQ-T ¢W=E,-E,
1 1

Energy Energy
transler <change
ot Qia=E-E + W,
. - Houndary
——.
e L
7 - Sumoundings
r/ Systern '||
'k e |
S e
% -
7 A g =N W
/' (Heat Transt
(Boundary (Heat Transfer)  (work Transfor)
Temparature)

%_Q_ {Entropy Tranafer}
Fig. 724 Schrmatic of ¢ closed system inferacting with ity surroundings

By the second law,

—— ks

a0
T

It is only the transfer of energy as heat which is accompanied by entropy
transfer, both of which occur at the boundary where the temperature is 7.
Work interaction is not accompanied by any entropy transfer. The entropy

iQ. The
T

2
chaoge of the system (5; - §|) cxceeds the enlropy transfer I
1

difference is produced internally due to irreveersibility. The amount of entropy
generation S, is given by

S, -5, - j% -5 (7.28)

Entrepy  Laotrepy  Entropy
chengs  mumafer  production
AR Sz
The sccond law siates that, in general, anv thermodvnamic process is
accompanied by entropy generotion,
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Process £-2, which does not generate any entropy (S,., = 0), is a reversible
process (Fig, 7.25). Paths for which S, > 0 are considered irreversible. Like
heat transfer and work wansfer during the process 1-2, the enfropy generation
also dependy on the path the system follows. 5., is, therefore, not a thermody-
namic property and & 5., is an inexact differential, although (5, - 5,) depends
only on the end states, In the difTerential form, Eqg. {7.28) can be wrinien as

_‘_T

— =g

Fig. 7.25 Entropy geeration depends on the path

&
a5 = a5~ 2 (7.29)

The amount of entropy generation guantifies the intringic irreversibility
of the process. If the path A causes more entropy generation than path B
(Fig. 7.25), ie.

(Ssm)a\ > (Ssm)B
the path 4 is more imeversible than path B and involves more ‘lost work’.

If heat transfer oocurs at several locations on the boundary of & system, the
entropy Lransfer term can be expressed as a sum. so Eq. (7.28) wkes the formm

5-5- E% + Spea (7.30)
P

where O/T; is the amount of entropy trensferred through the portion of the
boundary at temperature T,
On a time rate basis, the entropy balance can be written as

is_<o@ .
—=)—+5 7.31
dr ? T gen @30
where dS/dr7 is the rate of change of entropy of the system, QJ—:‘]'} is the rate of
entropy transfer through the portion of the boundary wheose instantaneous

temperature is T}, and 5, is the rate of entropy generation due to imeversibilities
within the system.
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7.12 Entropy Generation in an Open System

In an open system, there is transfer of three guantities: mass, energy and
entropy. The contro! surface can have onc or more openings for muss transfer
(Fig. 7.26). It is rigid, and there is shafi work transfer across it.

\ Sumoundings .
. ."\\ J—— /ﬂme
5 — T T
i W R
o e X
N Control

( volume Y-—-t_-'_,,
M E
/ C.5.
Surface * Ly
Temparature, T- / 042&\ ,-K ;

a — "}ﬂsnan Work
(Entropy Transter ——» T f {Heal Trensher Transfer Rate)
Rala} Rate)

Fig. 726 Sckrmatic of an open spslem and ity interaction with srroundings

The continuity equation gives
oM

- Y g =22 7.32
L= TR o 73
net mass raw of mass
tranafer e accumulation
inthe CV
The emergy eq::an'ou gives
~ = OFE
):ml +-—+gZ ):m +——+gZ +Q-W,,,§; (7.33)
net rate of energy rate of ene:
tanafer accumulation in the CV
The secand iaw ineguality or the entropy principle gives
. Q a5
m, 5, ms, + = 734
Lys = Lese + T S 30 (7.34)
net tato of entmpy rate of increase of
transfer entropy of the CV

Here () represens the rate of heat transfer at the location of the boundary

where the inslanisneous temperature is T. The ratio QIT accounts for the
entropy transfer along with heat. The terms #;s; and #i1,s5_ account, respectively,
for rates of entropy transfer into and out of the CV accompanying mass flow.
The rate of entropy increase of the control volume exceds, or is equal to, the net
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rate of entropy transfer into it. The difference is the entropy generated within
the control volume due io irreversibility. Hence, the rate of entropy generation is
given by

: 5 . . o]
S o=>=—=- 2. ms + 2 msg —= 7.35
& A 2 190 ? e T ( )
By the second law,
S a2 0
If the process is reversible, S, = 0. For an ireversible process, SM > 0.
The magnitude of $ 4en q'uamll'e tes the imeversibility of the process. If systems
A amd B operate so dhat (Sm),‘ > (.S‘m}n it can be said that the system A

operates more ireversibly than system 8. The unit of $,,, is W/K.
Al steady state, the comtinuity equavion gives

Y =3, (7.36)
the energy equation becomes

0= 0~ o+ S+ Y vaz) - T (he ¥ovgz)

ard the enlropy equation reduces to
0= % + Y ns; = 3. mes, + Speq (7.38)
H L]

These equations often must be solved simultanecusly, together with
appropriate property relations.

Mass and energy are conserved quantities, but entropy is not generally
conserved. The rate at which entropy is transferred out must exceed the rate at
which entropy enters the CV, the difference being the rale of entropy generated
within the CV owing to ireversibilities.

For one-inlet and one-exit control volumes, the entropy equation becomes

0= % + (s, —5y) + S‘w'
y §
Sp—5 = l_(-‘?-]+ Zen (7.39)
m\T m
7.13 First and Second Laws Combined

By the sccond law
30, =Tds
and bry the first law, for a closed non-llow system,
dQ=dU+ pdV
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TdS=dU + pdV {740}
Again, the enthalpy
H=U+pV
dH = dU+ pdV + Fdp
=TdS+ Fdp
TdS = dH - Vip (7.41)

Equations (7.40) and (7.41) are the thermodynamic equations relating the
properiics of the system.

Let us now examine the following equations as obtained from the first and
second laws:

(a) 8¢ =dE+ dW—This equation holds good for any process, reversible

or irreversible, and for any system.

(b) & (2 =dU + pd W—This equation holds good for any process wndergone
by a closed stationary system.

(¢} & =dU + pd V—This equation holds good for a closed system when
only pd ¥-work is present, This is true only for a reversible (quasi-static)
process.

{d) d () = Td5—This equation is true only for a reversible process.

(e} TdS= dlU + pdV—This equstion holds good for any process reversible
or irreversible, undergone by a closed system, since it is a refation among
properties which are independent of the pall.

() TdS = dH — Vdp-This equation also relates only the propenies of a
system. There is no path funcrion term in the equation. Hence the
equation holds pood for any process.

The use of the term ‘irreversible process’ is doubtfui, since no irmreversible
path or process can be piotied on thermodynamic coordinates. It 1s more logical
to state that ‘the change of slate is irreversible, rather than say ‘it is an
irmeversible process’. A natural process which is inherently irreversible is
indicated hy z domed line connecling the initial and [inal states, both of which
are in equilibrivm. The dotted line has no other meaning, since it can be drawn
in any way. To determine the entropy change for a real process, a known
reversible path is made to connect the two end states, and integration is
pecformed on this path using either equation (€) or equation (f), as given above.
Therefore, the entropy change of a system between two identifiable equilibrium
states is the same whether the intervening process is reversible or the change of
sigte is imeversibie,

7.14 Reversible Adiabatic Work in a Steady
Flow System

In the differential form, the steady [low energy equation per upit mass is given
by Eq. (5.11),
aQ=dh+ VAV +gdZ + d W,
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For a reversible process, 8 @ = Tds
Tds=dh + VAV + gdZ + aW,
Using the property relation, Eq. (7.41), per unit mass,
Tds=dh-undp
in Eq. (7.42), we have
~pdp = VAV + gdZ + &W,
Cm intergration
2 2
-fp=a¥ i w,
] 2
If the changes in K.E and P.E. are neglected, Eq. (7.44) reduces o
2
W, =-{ odp
1
If & @ =0, implying dy = 0, the property relation gives
dh =odp
2
ar hy—h = J vdp
i

From Eqs (7.45) and {7.46),

{742)

(7.43)

(7.44)

(7.45)

(7.46)

(747

2
The integral —j tdp represents an area on the p—o plane (Fig. 7.27). To make
1

the integration, one must have a relation between p and o such as pv" = constant.

Fig. 727 Reoersible sivady flow work intrraction
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2
Wia=h—-h=-vdp
1

=area l2ab |

Equation (7.47) holds geod for a steady fow work-producing machine like an
engine or turbine as well as for a work-absorbing machine like a pump or a
compressor, when the fluid undergoes reversible adinbatic expansion or
compression.

It may be noted that for a ciosed stationary system like a gas confined in a
piston-cylinder machine (Fig, 7.28a), the reversible work done would be

2
W, 2= pd¥=Area 12 cd 1
1

. 9
AN b '
z 2
a Wig= 1)'pdu T- \7[“,14:.{9.#.
T 2
2
- 2
d —_— c —_—

{b)
{a)
Fig. 7.28  Rroersibls work transfer in (a) a clated iystem and (3) o szsady floto system

The reversible work done by a steady flow sysiem (Fig. 7.28b) would be

2
W, ,=-f vip=Areal2ab1
|
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7.15 Entropy and Direction: The Second Law—A
Directional Law of Nature

Sioce the entropy of an isolated system can never decrease, it follows that only
those processes are possible in nature which would give an entropy increase for
the systemn and the surroundings together {the universe}. All spontaneous
processes in nature occur only in one direction from a higher 1o a lower
potential, and these are accompanied by an entropy increase of the universe,
When the potential gradient is infinitesimal (or zere in the limit), the entropy
clange of the universe is zero, and the process is reversible, The second law
indicates the direction in which a process tukes place. A process always occurs
in such a direction as te cause an increase in the entropy of the universe. The
macroscopic change ceases only when the potential gradient disappears and the
equilibrium is reached when the entropy of the universe assumes ¢ maximum
value. To determine the equilibriumn stme of an isolated system if is necessary ta
express the entropy as a function of cenain properties af the system and then
render the function a maximum. At equilibrium, the system {isolated) exists at
the peak of the entropy-hill, and d5 = 0 {Fig. 7.13).

The nawmral direction of events in which entropy increases indicales the
‘arrow of time” which results from the aniverse not being in thermodynamic
equilibrinm. It undergoes a nofural evelutivn and inexorably approaches the
state of equilibriom.

7.16 Entropy and disorder

Work is a macroscopic concept, Work involves order or the orderly motion of
molecules, as in the expansion or compression of a gas. The kinetic energy amd
potential energy of a system represeni orderly forms of energy. The kinetic
energy of a gas i3 due to the coordinated motion of all the molecules wirh the
same average velocity in the same direction. The potential energy is due to the
vantage posilion taken by the molecules or displacements of molecules from
their normal positions. Heat or thermal energy is due to the random thermal
maotion of molecules in a completely disorderly fashion and the average velocity
is vero, Orderly epergy can be readily convened into disorderly energy, e.g.,
mechanical and electrical energies into internal energy (and then heat) by
fricuon and Joule effect, Orderly energy can also be convened into one another.
But there are natural limitarions on the conversion of disorderly energy into
orderlyv energy, as delinearted by the second law. When work is dissipated into
intemal energy. the diserderly motion of moiecules is increased. Two gases,
when mixed, represent a higher degree of disorder than whes they are separated.
An imeversibie process always tends to take the system {isolated) to a state of
grealer disorder. It is a tendency oo the part of nature to proceed to a state of
preater disorder. An isolated system always tends to a state of preater entropy.
So there is a close link between entropy and disorder. lt may be stated roughly
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that the entropy of a system is a measure of the degree of molecular disorder
existing in the system. When heat is imparted to a system. the disorderly mation
of molecules increases, and so the entropy of the system increases. The reverse
oceurs when heat is removed from the system.

Ludwig Boltzmann {1877} introduced statistical concepts to deline disorder
by zttaching to each state a thermodvnamic probability, expressed hy the
quantity #, which is greater the more disordered the slale is. The increase of
entropy implies that the system proceeds by iwself from one state to another
with a higher thermodynamic probability {or disorder number), An irreversible
process goes on until the most probable state (equilibnum state when W is
maximum) corresponding to the maximum vaiue of entropy is reached.
Boitzmann assumed a functional relation between S and W. While entropy is
additive, probability is multiplicative. If the two parts A4 and B of a system in
equilibrium are considesed, the entropy is the sum

§=5,+35y
and the thermodynamic probability is the product
W=W,Wy

Apain, §=5(¥), S, =S(W,), and S5 = S{(¥p)

S S(H) = S(W,Fp) = S(H,) + SIHg)

which is a weli-known functional equaton for the logarithm. Thus the famous
relation is reached

S=Kin® (7.48)

wherc X is a constant, known as Boltzmann constant. This is engraved upon
Bolzmann’s tombstone in Vienan.

When W = |, whieh represents the greatest order, S = (. This occurs only a
T = 0K. This stale cannot be reached in a finite number of operations. This is the
Nernst-Simon statement of third law of thermodynarics. In the case of a gas,
W increases due to an increase in volume ¥ or temperature T, In the reversible
adiabatic expansion of a gas the increase in disorder due to ao increase in volume
18 just compensated by the decrease in disorder due t0 a decrease in temnperature,
so that the disorder number or entropy remnains coostant.

7.17 Absolute Entropy

it is important {0 note that one is interested only in the amount by which the
entropy of the system changes in going from an initial to a final siate, and not in
the value of absolule entropy. In cases where it is necessary, a zero value of
entropy of the system at an arbitrarily chosen standard stare is assigned. and the
entropy changes are calculated with reference to this standard state.

7.18 Entropy and Information Theory

The starting point of information theory is the eancept of umeerfainry. Let us
deline an event as an occurrence which ean result in one of the many possible
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outcomes. The outcome of the event is known only after it has occurred, and
before ils occurrence we do not know which one of the several possible
ouicomes will actually resnlt. We are thus uncertain with regard to the outcome
before the oecurrence of the event. ANer the event has occurred, we are no
longer uncertain about it 1f we know or can aksign a probabifity to each one of
the cuicomes, then we will have some information as to which ome of the
outcomes is most likely to oceur,

For example, let us consider the throwing of a dice and try to guess the
regult. Each event of tuming 1, 2, 3, 4, 5 and 6 has a probability of 1/6. [T it is
told that the result is odd, the probabiiity of a correct guess is 1/3. If it is told
further that the number is not a 3, the probability of the correct guess becomes
172, It is Lhus seen Lhat the smaller the probability, greater is the wicertainly.

The amount of information conveyed by a message increases as Lhe amount
of uncenainty regarding the message becomes greater. The mare it is known
about Lthe message a source will produce, the less the uncertainty, and less the
information conveyed. The entropy of communication theory is a measure of
this uncertainty conveyed by a message from a source.

As siated earlier, in information theory a vaiue of uncenainty is associated
with each ouicome of an event. Let us denote the uncertainty about an outcome
whose probability is p. The knowledge of this uncenainty depends on certain
characteristics given beiow:

1. The uncertainty v about an event 4 wilh possible cutcomes &, Ny, ...
depends upon the probabilities p, p,, ... of these cutcomes, or:

u=flpy, p3, --.)
If p, is the probability of the j-th ouicome: i
u=f(p)

2. The uncertainty & i3 a monotonic function of the probability of the
oulcome p and it decreases with increasing probability, or:
du/dp < 0

. When the probability p = 1, the uncernainty u = 0.

4. The uncertainfy about two independent events 4 and 5 taken {opether as
ooe shoutd be the sum of the uncertainties about 4 and § 1akeo
separately,

uid, By=u, +ug
In other words, wncertainty is an additive property. In the case of
probabilifies, however,

[

MA! B) =PaPn
The functional reiationship between v and p can be derived, as in
Eq. (7.48),

u=-Klnp=Klal (7.49)
r
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where X is a constant, Since p is always less than |, & is always positive.

5. If the event has a very large number of ouicomes, an average value of

unceriainty for the outcomes of the event is significant,

If p;, s P3, --- be the probabilities of the outcomes of an event with
uncertainties iy, ¥, Ky, ..., then the average value of the uncenainty for the
event as a whole is given by the expectation value of the uncertainty <u>,
which i3 written as:

=3 g,
i
. Since p;’s are probabilities,
Z p=1
i
Again, since w; =— XIn p,,
therefore, <> = E pivy=—K E plng (7.50)

The measure of uncerlainty can be used to define the amount of information
contained in a message. The information in a message has the effect of reducing
or eliminating uncerainties, We, therefore, deline the information [ in a
message as the decrease in uncertainty as a result of receiving the message, or

F=u-u (7.51)
where ) and u; are the uncerainties before and afler receiving the message

respectively about the cutcome with which the message is concerned. Using
Eq. (7.49),

I=Kmfz (7.52)
B
where p, and p, are the probabilities before and after receiving the message
respectively.

Il the message removes the uncertainty completely giving complete
information about the outcome, w, = 0 and [ = u,. In general, information is
equal ta the uncertainty. When we are dealing with many outcomes with their
associated uncertainties, we can deline the average or expected value of the
information,

<>=<u>=-Ky plnp, (7.53)

The expected value of information is afso called entropy in information theory
and is designated by the symbol $, so that

5=-K3 pInp, (7.54)
i

This is known as Skanmon ‘s formula.
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7.18.1 Statirtical Formalism

Let V|, Vs, ... F_ are the values of the various outcomes, and py, ps, ..., p, are

the probabilities associated. Let ¥ is known as the average value of all the
outcomes, which is the same ag the expected value, The equations of constraint
arc;

Ipi=1
Lpy,=<¥>=VF (7.55)

If p;’s are given, then ¥ can be estimated from the above equation. But if ¥
is given and p; s are required, then we have ¢ unknowns, viz., oy, pa. ..., P, and
only two equations. If ¢ > 2, the problem is indeterminate. 1f one set of p’, 5 is
chosen arbitrarily, some outcomes are cerlainly overemphasized. The problem
is then how to avoid bias in selecting a cerain set of p’; s, The answer according
to E.T. Jaynes is to assign that set of values of p; s which is consistent with the
given information and which maximizes the unceriainty. This is the principle of
minfmum prejudice, enunciated by Jaynes in the following words:

“The least prejudiced or mosr unbiased estimate of probabilities is that
assignment which maximizes the entropy S, subiject o the given information”.

The entropy S represents the uncertainty of an event, which is to be
maxjmized:

S=—KZplnp, (7.54)
subject to the two constraints of Eq. {7.55). Lagrange's method of undeter-
mined multipliers {(see Chap. 21) will be used for the solution. Differentiating
Eqs (7.54) and (7.55)

Idp, =0 (7.56)
IV dp;=0 (.57
dS=-K[EInp, dp, + Edp] = 0
or, Linp,dp;=0 {7.58)

where ¥ g are held constant and 45 = 0 for § to be maximum. Multiplying
Eq. (7.56) by 4 and Eq. (7.57) by f snd adding to Eq. (7.58).

Ilnp,+ i+ V] dp;=0 (7.59)
where 4 and J are the Lagrange’s multipliers. Since dp;'s are non-zero,
Inp+i+p¥,=0
or p=e* e (7.60)
The Eq. (7.60) represents a set of ¢ equations:
p=ete™
py=ete™
(7.61)
P = e"‘ e"ﬂ V

The above equations are the desired unbiased set of p'i s.
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Again,
[
ZP_I = Ee'le"ﬁvl =1
i=1
= !
or A=1n ¥ (1.62)
From Eq. (7.60},
-Bv,
pi= efﬂv (7.63)
Temh
Thus, A has been estimated. Using Eq. (7.55)
P-4 ZHQ-M 3 (7.64)
p L= —_ = .
; [5d] z e av,

Since ¥ is known, § can be determined. The entropy can be expressed
in terms of A and f as:

§=-KZp[-4-pV]
=Kiip+ KBIp ¥,
S=KA+Kf <> {7.65)
The above procedure is referred to as the Jaynes* formalism.

7.18.2 Infarmation Theory Appiied to o Sysiem of Particles

Let us consider a system having a large number of panicles. According to the
quantum theory {see Chap. 19), the energy that the system can have is discretely
distributed. The system cannot have any energy, but only certain vaiues of
energy levels, Let us denote by p; the probability of the energy level £, A high
probabitity signifies that the corresponding energy level is more frequently
attained by the system, i.e., the system can be found for longer durations of
time in that encrgy level. The problem is to delcrmine the most probable siate of
the system subject to the constreints imposed by the nature of the system.
Usually, the average energy of the system, which is also the expectation energy
<E> is known by physical measurements.

Therefore,

<E>=Ip&=E

and IZp =1

In statistical thermodynamics. one proceeds to determine the number of
microstates comresponding to the most probable mecrostate of the system
{see Chap. 19, corresponding 1o the thermodynamic equilibrium state when W
is maximized to yield § = KIn #. The entropy signifies the uncertainty inherent
in the system.
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Jaynes® fonnalism can be applied here. The outcomes are the various possible
energy levels corresponding to the various macrostates of the system. The
probabilities p; of the energy levels are to be determined according to the
principle of minimum prejudice, nbject to the consiraints,

ip=1
Ipg
=<E>
Maximizing the uncerainty or the entropy:

S=-K1Iplop
we get the probability distribution, ss obtained earlier in Eq. (7.60}

pi=etePa (7.66)
where ¢* = Ee™P which is the partition function (2) of the system (as explained
in Chap. 19}. The maximum valae of the entropy is then {as in Eq. 7.65),

S=K1+kf <E> (7.67)

By considering the ideal distribution of an ideal gas, we can identify [ as
1/KT (Chap. 19), where K is the Boltzmann constant. Thus, (he probability
distribution of energy levels is lemperature dependent (Eq. 7.66).

7.18.3 Information Theory and Classical Thermodynamics

Classical thermodynamics usually treats the concepts of heat end work as
primitive. The information theory, however, considers heat and work as derived
quantitics. The expectation energy is given by:
<> = ZpiEi
Differentiating,
d<E>=1gdp,+ Ip,dg (7.68)

Thus, the obsgervable energy of the system can be changed by changing
either the probabilities, p;, or Uw permissible states, & or both.
The entropy =—-KZp/Inp,
shows that a change in the system's encrgy of the pi-type will change the
entropy as well, the change in the energy of the £,-type not affecting the entropy.

Let us consider changes of the &-type. If a force F; acts on a system at the
quantum state f and produces a small displacement drx, the internal energy of the
system changes by de;, 5o that

- 9
F= Fr
If the probability that the sysiem is in state i is p,, the expeciation force is:
<> = zpi Fl
- de,
Therefore, <Fr=-1p, (7.69)

ox
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By analogy for a fluid, the pressure is:

Work done in a reversible process:
dW, =pdv
From Eq. (7.70),
d W =-Ip de, {7.71)

Thus, the reversible work does not produce any change in the entropy of the
svstem.
From Eqgs (7.68) and (7.71)

d<E> = I dp - 4 7,
or tQ-dW="Xedp,-d W,

or dQ+(AW,-dW)=Lgdp (7.72)

Thus, the heat transferred, d(2, and the lost work, (AW, - dW) are responsible
for chunges in p, and therefore, the entropy of the system. [t is shown that
enropy of a sysiem changes due to external intetaction by heat transfer (d s}
and due to intermal dissipative effect (d;s). In absenee of any dissipative effect,

80 =Eg dp, (1.73)
Substituting p, = ¢ ¢ P4 in Eq. (7.69),

< =_ze'l e-.sei &

ax
Again, since i[e‘-'"ki} = -BePu 9
dx dx
Therefore,
< = f:.f_ ae-Bt‘
B dr
Now, &* = LePa
1 ke Pm
R T e
1.0 pe,7_ 18
== —|ln EE H = ——
8 aI[ ] B oox
By analogy for a Nuid, the pressure is:
p= 134 (7.74)

Bav
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It is noted that A depends on § as well axs & and hence on volume V.
Now, 5= KL+ Kp<E>
d¥ = XdA + K<E> df + K d<E>

{038

af
Now, <E»=3Ip = Tt gbh. )
_Zeetn ‘[a—l}
T3,
Therefore,
I AP
ds = K[aﬂ] dﬁ+[ ] dJ
g4
aﬁ] df+ KB d<£>
= Kfp dV + Kfd<E> " [From Eq. 7.74]
i =L
Since B T
as= 24V | 4E
T T
or, TdS=dE+ pdV . (7.75)

which is a well-known equation of classical thermodynamics. For a reversible
process.

W, = pd¥
and from first law,
dQ=dE+ &/
d0,=dE + pd¥ (7.76)
From Egs (7.75) and (7.76),
a0,
day = ? (7.77)

This is in conformity with the classical formula for entropy. However, the
entropy is @ fundumental concept in information theory and not a derived
Sunction as in classical thermodynamics.

7.19 Posmlatory Thermodynamics

The property ‘entropy’ plays the ceniral role in thermodynamics. 1o the
classical approach, as followed in this book, entropy is introduced via the
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concept of the heat engine. It follows the way in which the subject of
thermodynamics developed historically mainly through the contributions of Sadi
Camwot, Iames Prescott Jnule, William Thomson (Lord Kelvin), Rudolf Clausius,
Max Planck and Josinh Willard Gibbs.

In the puswliatory approach, 2s developed by H.D Callen (see Reference),
entropy is introduced at the beginning. The development of the subject has been
based on four postulates. Postulate 1 defines the equilibrium staie. Postulate i1
introduces the property "entropy’ which is rendered maximum at the final eqgni-
librium stale. Postulaie VE refers to the additive nature of entrapy which is a
monolonically increasing function of energy. Postlate 1Y mentions that the
entropy of any system vanishes at the absolute zero of ternperutue. With the
help of these postulates the conditions of equilibrium under different constraints
have been developed.

SOLVED EXAMFPLES

Example 7.1 Waler flows through a turbine in which friction causes the water
temperature to rise from 33°C to 37°C. If there is no beat transfer, how mueh
does the entropy of the water change in passing through the turbine? (Water is
incompregsible and the process can be taken to be & constant volume. )

Solution The presence of friction makes the process imeversible and causes an
entropy increase for the systemn. The Mlow process is indiealed by the dotted line
joining Lhe equilibrium states 1 and 2 (Fig. Ex. 7.1}, Since enropy is a state
pruperly and the entropy change depends only on the two end states and is
independent of the path the system follows, to find the eotropy change, the
ireversible path bas Lo be replaced by a reversible path, 2s shown in the figure,
because no integration can be made on a path other thau a reversible path,

Rewersible path
connacting he intat
and final equilibrium

states

— 5

Fig. Ex. 7.1

1,=37+1273=310K
T,=35+273=308K
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We have
&80, = TdS .
me, dT
ds=—
T

1,

-5 =mc,In 2%
Sl I Cy T;
= 1x4.187 In 222

= 00243 LIVK Ans.

Example 7.2 (@) One kg of water at 273 K is brought into contact with a heat
reservoir at 373 K. When the water hos reached 373 K, find the entropy change
of the water, of the heat reservoir, and of the universe.

(b) If water is heated from 273 K to 373 K by first bringing it in comtact with
a reservoir at 323 K and then with a reservoir at 373 K, what will the entropy
change of the universe be?

(c) Explain how water might be heated from 273 K to 373 K with almost no
change in the entropy of the universe.
Solution (a) Water is being heated through a finite temperature differcnce
(Fig. Ex. 7.2). The entropy of water would increase and (hat of the reservoir
would decrease so that the nel entropy change of the waler (system) and the
resevoir Logether would be positive definite, Water is being heated imeversibly,
and to find the entropy change of water, we have io assume a reversible path
berween the end states which are at equilibrium.

/
" Reserwoir
JTAK -
. s
/a
.'/_._‘-“("\
r*” System |
| K e
Fig. Ex. 72
(B = Id’Q fmcdr mc]n—?—
1

=1 x4.1871 = 1.305 kIK
% "273
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The teservoir temperature remaions constani irrespective of the amount of
heat wilthdrawn from it.
Amount of heat absorbed by the system from the reservoir,

@=1x4187 x {373 -273)=4187KJ

.. Eniropy change of the reservoir
Q 4187 _
=— X ool =122 k/K
{85}, T 7
2. Entropy change of the universe
(A"S.juniv = (d’):m + (‘aS}I‘ﬂ
=1.305-1.122=0.183 kJ/K Ans.(a)

(b) Water ig being heated in two stages, first from 273 K to 323 K by bringing
itin contact with a reservoir at 323 K, and then from 323 K to 373 K by bringing
it in contact of a second reservoir at 373 K.

MK IBK
(AS) gt = MCEZ-+ Jmc—d—T-
MK ;s T

23, M
= 4187 [l 33 ——)= 0.1673 + 0.1441) 4.187
ngy i) Tt )

= 1.305 kIVK

_ 1xdlB7Tx(323-273) _
(A'S’ul! 323

_ Ix4187x (373 -323) _
{AS)my m

(AS)yg v = (AS)qauer + (A8 e[ + (A8
= 1.305 - 0.647 — 0.56
=0.098 KI/K Ans{b)

{<) The entropy change of the universe would be less and less if the water is
heated in more and more stages, by bringing the waler in contact successively
with more and more heat reservoirs, each succeeding reservoir being at a higher
temnperature than the preceding one.

Wheo water is heated in infinite steps, by bringing it tn contact with an
infinite number of reservoirs in succession, so that at any instant the tempera-
wre difference berween the water and the reservoir in contact is infinitesimalty
small, then the net entropy change of the universe would be zero, and the water
would be reversibiy heated.

- 0.647 KIVK

-0.56 WK

Example 7.3 One kg of ice at -5°C is exposed to the atmosphere which is at
20°C. The ice melts and comes inlo thermal equilibrium with the atmosphere.
(a) Determine the entropy increase of the universe. (b} What is (he minimum
amount of work necessary to convert the waier back into ice at ~5°C? ¢, of ice
is 2.093 K/kg K and (he latent heat of fusion of ice is 333.3 kI/kg.
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Solution Heat absorbed by ice Q from the atmosphere (Fig. Ex. 7.3.1}
/

K
. Atmpsphers ,

¢
5"‘3

Fig. Ex. 73.1

= Heat absorbed in solid phase + Latent beat
+ Heat ahsorbed in liquid phase
=1x2093x[0-(-5))+1x3333+1x4187%(20-0)

=4275 K
Entropy ¢hange of the atmospher.
427.5
A5, = -2 =415 _ 5k
(A)em, T 203

Entropy change of the system (ice) as it gets heated from —5°C to 0°C
27

dT 273
(ASDypiem = 3_‘Lm.:‘, T 1X20931n 25 = 2.093 % 0.0186
= 0.0389 kI/K
Entropy change of the system as ice melts at 0°C to become water at 0°C
3333
AS) = === = 122 kK
( ll)qslrrn 273
Entropy change of water as it gets heated from 0°C to 20°C
93
dT
ar - 293
(A ream = 2!3"'% 7 =1x4187In 5 0.296 kI/K

Total entropy change of ice as it melts into water
(AShow = A% + A%y + ASyy
=(,0389 + 1.22 + 0.296
= 1.554% kI/K
The entropy-temperature diagram for the system as ice at —5°C converts fo
water at 20°C is shown in Fig. Ex. 7.3.2
.. Entropy increase of the universe
(As)u.nw = (Asjsrnem + (mnl.ﬂl
= 1.5549 — 1.46 = 0.0949 kIVK. Ans. (a)




Entropy —— 195

K ... 8
- &
273'(?} igtm 3
e
///&“
RS S
150,465 kb 3333 kIZ- 4 837k
Ny s, — oy
5t s s
I
5
Fig. Ex. 73.2
{b) To conven 1 kg of water at 20°C Atmosphers
to ice at -5°C, 427.5 kJ of heat have to at 293K
be removed from it, and Lhe system has QW
to be brought from siate 4 to state | |
{Fig. Ex_7.3.2)_ A refrigerator cycle, as W—-—i
shown in Fig. Ex. 7.3.3, is assumed to L~
accomplish this.
The entropy change of the system Q=4275k
would be the same, ie. 5, - &), wilh
the only difference lhat its sign will be Thkg Walsrat 20°C| o
negative, because heat is removed locs at - 5°C 7

from the system (Fig. Ex. 7.3.2).
(dhs)uwmu|= SI"SA

{negative}

Fig. Ex. 7.33

The entropy change of the workiog {lnid in the refrigerator would be zero,
since it is operating in a cycle, i.e.,
(AS)r=0
The entropy change of the atmosphere (positive)
(AS)ym = Q;TW
- Entropy change of Lhe universe
(munjv = (As}lygum + (As}ref + (As}mm
o+ W
T

=(5-S)+

By the principle of increase of entropy
{As}un.iv or isolated mymiem 20

[(31—34)+Q;W:|20
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O+W
T

2 (5-5)

W2 (S, S,)- 0
Fionm =TS8, -5)) - @
Here Q=475

T=203K

Sy~ 8y = 1.5549 kI/K
W ainy = 293 X 1.5549 — 4275
=28.5 kJ Ans. ()

Example 7.4 Two identical bodies of constant heat capacity are at the same
initia] temperatme 7. A refrigerator operates between these two bodies until
one body i3 cooled to temperature T, If the bodies remain at constant pressure
and undergo no change of phase, show that the minimum amount of wark
needed to do this is

T!
W(min)=cp[? +5h ‘zri]
2

Solution Both the finite bodies A and B are initially at the same temperature T,
Body A is to be cooled to lemperature T by operating the refrigerator cycle, as
shown in Fig. Ex. 7.4. Let T, be the final temperaiure of body 8.

[BodyB] TinT:
Q+W

w-—~(”)
$ 0

Boy A | T-»Tz

Fig. Ex 7.4

Heat removed from body A to cool it from T te 7;
0=C,(T-T)
where C,, is the conslant pressure heal capacity of the identical bod.les A and B.
Heat d.mcha.rged to bady B
=0+WF=C,(T;-T)
Work input, W
=GL-T-G (-1
=G (T{+ T, -2T) (74.1)
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Now, the entropy change of body A
IC =C,In 2 {negatwe)
The entropy change of body &
IC‘?— =C,In -1 {pomwc}
Et;tmpy change (cycle) of refrigerant = 0

. Entropy change of the universe
(A‘Sjuniv = MA + ASB

=G, In 2 I
71 T
By the entropy principle
(A8)univ 20
(CP ].|1£+Cplni) 240
5 %
Tz
Cplo 20 . (7.4.2)

In equation {7.4.1) with Cp, T, and T, being given, # will be a minimum
when T, is a minimum, From Eq, (7.4.2), the minimum value of 77,
would correspond to

LT,
Cln—22 =0=In1
=
T:Z
To==
o
From equation (7.4.1)
(B
W(l‘l‘lil\} = CP ?2 + T2 - 21’: vaed.

Example 7.5 Three identical finite bodies of consiant heat capacity are at
temperatures 300, 300 and 100 K. If no work or heas is supplied from outside,
what is the highest temperature to which any one of the bodies can be raised by
the operation of heat engines or refrigerators?

Solution Let the lhree identical bodies A, &, and C having the same beaf
capacity C be respectively at 300 K,10(: K and 300 K initially, and et us operate
8 heat engine and a refrigerator, as shown in Fig. Ex. 7.5, Let T; be the final
temperature of bodies A and B, and Ty be the final temperature of body C. Now
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=(700 -2 x 150K

=400 K Ans.
Example 7.6 A systero has a capacity at constant volume
= AT
where A = 0.0421/K’. System
Ty =200 K]
The system is originally at 200 K. jo,
and a thermal reservoir at 100 K is
available. What is the maximum E-’IQF
amount of work that can be recovered
a5 the system is cooled down to Lhe [
temperature of the reservoir? |R°150'i]ﬂ|'<0"‘
Solurion Heat removed [rom the
system (Fig. Ex. 7.6) Fig: Ex. 7.6
T, T =10 K
o= fc,,dr= jop42 72T
T T, =20 K
3 100 K
= 0.042 [ T }
3 Jwox
= % JK? (100° - 200HK? = -98 x 10° ]
WK 100 K
ar ar
(A'S)system J C\r‘ T = I 0.042 Tz T
200K
0 042 0042 5,5 11002 - 200%K?
= —630 VK
0 -W _98x 10° - W
K
(Aes = T 100

res
(A'S)wom:ig fluid in H.E. =0

(AS)univ = (AS)prem + {BS)ry

=_ 630+ OB 10° — W
100
Since {(AS)yiv 2 0
3
_630+98><10 -—WEG
100
W

980 - — — 63020
100



200— Basic and Applied Thermodynamics

¥
—— <350
100
W imayy = 35,000 T = 35 kJ Ans.
Example 7.7 A fluid undergoes 2 reversible adiabatic compression from

0.5 MPa, 0.2 m® 10 0.05 m’ according 1o the law, pr'? = constant. Determine

the change in enthalpy, intemnal encrgy and entropy, and the heat transfer and
work transfer during the process.

Solurfon
TdS=dH - Vdp
For the reversible adiabatic process (Fig. Ex. 7.7)
2
Py1 = Const
T
1
—_—
Fig Ex. 7.7

di = Vdp

pL=0.5MPa, ¥, =02 m’
Vo= 0057, p, V" = p, ¥}

. o (B
v F"zF’lp5

0.20 ]‘-3
=05x[ 227" mp
3x ( 0.05 2

={1.5 x 6.061 MPa
= 3.0305 MPa
pi¥Fy =pbt

()

H P
de = dep
Hy Pt

P fn
Pt P
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1-1/n i-o/n
= (p ¥mta | A — B
@) ( 1= 1/n
_alp¥ - ph)
n-1

_ 1.3(3030.5 x 0.05 — 500 x 0.2)
13~1

2233 kI

H-H=Ut+p -V +p 1)
={U;-Ud+p h-p\V)

Vs~ U =(H; - H) - (p V2 - VD)

=2233-51.5]
= 17177 &J Ans.
5,-5=0 Ans.
=0 Ans.
Gra=U- U+ W,
Wi,=U-U,=-171.77K Ass.

Example 7.8 Air is flowing steadily in an insulated duet, The pressure and
lemperafure measurements of the air at two sations 4 and B are given below.
Establish the direction of the flow of air in the duct. Assume that for air, specific

heat c, is constant at 1.005 KIkg K, & =, T, and = = 2227 where p, o and
P

Tare pressure (in kPa), volume (in m*kg) and temperature (in K) respectively.

Siation A Stgtion B
Pressure 130kPa 100 kPa
Temperature S0°C 13°C
Solurion From property relalion
Tds = dk - odp
_ di dp
ds T v T

For two states at 4 and B the entropy change of the system

s T
dT P
ds = r Sl fo_zg-;d_P
T P

1s Ta

Pa
sg -5 = 1.005 In B 0287 In P2
Ta Pa
=1.005 10 2213 5 og7 4 100
273 4 50 130
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=-0.1223 + 0.0753
=-0.047 W/kg K
(AS)ym = — 0.7 kT kg K
Since the duct is insulated {AS),,. =0
(AS) iy = —0.047 kKlkg K
This is impaossible. So the flow must be from # to A.
Example 7.9 A hypothetical device is supplied with 2 kp/s of air at 4 bar,
300 K. Two separate streams of air leave the device, as shown in figure below.
Each stream is at an ambient pressure of 1 bar, and the mass flow rate is the
same for both streams. One of the exit sireams is said to be at 330 K while the

other is at 270 K. The ambient temperature is at 300 K, Determine whether such
a device is passible.

Solution The entrepy generation rate for the control volume (Fig. Ex. 7.9) is
Sm = Eﬂ"‘.se - Eff‘lisi

= P1gsy + Myyy — MYS,

= Mgy + Myt — (i + Ay
= 1ity{sy ~ 51} + Mylsy - 5)
P

F
Now, -5 =c,In=>--Rhn
TR i P

=1.0051n 222 2871 L
300 4

= 0,494 kIkgK

33—s|=cpln%—Rln&
t 4

270 1
= 10050 == - 0287In -
300 4
= 0.292 klkgK
Spm =1 %0494+ 1 x0.292
= 0.786 kW/K

Since § gen = 0, the device is possible. Such devices sctually exist and are
called vortex tubes. Although they have low efficiencies, they are suitable for
certain applications like rapid cooling of soldered paris, clectronic component
cooling, cooling of machining operations and so on, The vortex tube is
essentially a passive device with no moving parts. It is relatively maintenance
free and durable,
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Adrin
2kgis —-{—@') .
14 ber, 300K ‘W-

i i
e LT -----——-—--_f:l t3
Hot alr : i ; : Cokd air
1 et | vhes
1 bar, 330K 5 i 1 bar, 210K
[} CV.
Fig. Ex. 7.9

Example 7.10 A room is maintained at 27°C while the surroundings are
at 2°C. The temperatures of the inner and outer surfaces of the wall (k =
0.71 W/mK) are measured to be 2{1°C and 6°C, respectively, Heat Nlows steadily
through the wall 3 m x ¥ m in cross-section and $.32 in ia thickness. Determine
() the rate of heat ransfer through the wall, (b) the rate of entropy generation
in the wall, and {c) the ratz of total entropy gencration with this heat transfer

process.
Solution
: AT W 2 (21-6)K
=kA— =071 — x(§ x hm" x ———
@ L mK M S m
=|164.84 W Ans. (8)
Taking the wail as the systemn, the entropy balance in rate form gives:
ds, : :
d‘:u = Otrapater + Ssen.wall
0= E% + jmm.wall
i164.84 116484 | .
g=07 1R, e
294 279 grnenl
Rale of entropy peneration in the wall
Syenwap = 4175 - 3,962 = 0,213 W/K Ans. (b)

The enmopy change of the wall is zero during this process, since the siate
and hence the entropy of the wall does not change anywhere in the wall.

To determine the rate of total entropy generation during this heat transfer
process, we exiend the system to include the regions on both sides of the wall,

dS, : .
d“:.l = Sml‘er + Sm.mul

0= E% + ng,mul

116484 116484 _ -
0= 2088 110857 , &
300 275 gem.onl

§ genon) = 4.236 — 3,883 = 0.353 W/K Ans. ()
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REVIEW (QUESTIONS

77
78

79
7.10

7.11
.12
713

714
7.15

116
7.7

7.18
.15

7.20
721

Show that through one point there can pass only one reversible adiabatie.
State sod prove Clausivs® Theroem.
Show that entropy is 2 property of a gystem.
How is the entropy change of a reversible process estimated? Will it be
diflerent for an ireversible process between the tame end stales?
Why is the Camot cycle on 7-5 plot a reclangle?
Staue the principte of Caratheodory. How is the existence of enwopy function
inferred?
Establish the inequality of Clausius.
Give the crileria of reverzibilily, imeversibliliy and impossibility of a thermo-
dynamic cycle.
What do you understand by the entropy ponciple?
When the system is at equilibrium, why would any cooceivable change in
entropy be zero?
Why is the entropy increase of en isolated system & measure of the exient of
imeversibility of the process undergone by the system?
How did Rudolf Clausius summarize the first and second laws of thermody-
paics?
Show that the transfer of heat through a finite temperature difference is
irreversible.
Show {hat the a diabatic mixing of two Nuids is imeversibie.
What is the maxmium work obtainable from rwo finite hodies at temperatures
7y and T2
Determine the masimum work oblainable by using onme DNnite body at
temperature T and a thermal energy rescrvoir et temperature Tp, T > T
What are the causes of entropy increase?
Why is an isenropic process not necesaarily an adiabatic process?
What is the reversible adiabatic work for a steady flow sysem when K.E. and
P.E. changes are negligibly small? How is it dilTerent from that for a closed
stationary system?
Under what conditions is the work done equal to {a) J pdo, (b) - _[ v dp?
Why are the equations

TdS=dU+pdV |

TdS = d#f - Fdp
valid for any process berweon two equilibrium end states?
Why is the second law called a directional law of nature?
How is entropy releted to molecular disorder in a system?
Show that entropy varies logarithmically with the disorder vumber.
What do you understand by perfect order?
Give the Nemst-Simoa satemeni of {he thind law of thermodynamics.
Why does enwopy remain constant in a reversible adigbatic process?
What do you understand by the postulatory approach of thermodynamics?
What do you understand by ‘lost work'?
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7.30 The amount of eniropy generation quantifies the intrinsic irreversiblity of a
process. Explain.

7.3t Show that 5, is not a thermodynamic property.

732 Give the expression for the entmopy generation rate for 8 contrel volume of a
steady Now sysiem.

7.33 What is the enmopy generalion in the isolhermal dissipation of work?

7.34 Whai is the enropy generution in the adiabatic dissipation of work?

735 What do you understand by entropy transfer? Why is entropy lmamsfer
associated with beat wansfer and not with work transfer?

736 What is the relation between probability and un¢erainty of an event? How s
entropy delined in communication theory?

7.37 Simate the live chamcteristics on which the uncerainty of an event depends.
Wheat is the expecuation valoe of uncerainty?

7.38 Define information and cxplain its relation with entropy. Wha is Sheonon's
formula?

7.39 What is bias? State and explain the principle of minimum prejudice.

7.40 Faplain the procedure of Jaynes® formalism to prove:

S=K1+XB<¥>

741 Explain how information theory is applied to a system of particles. What is
partition funciion?

7.42 Explaio the relation of information theory and classical thermodynamics.

743 Haw do the heal mransfer and the lost work alfect changes in p; and hence the
entropy of a system?

744 Since information theory comsiders heat and work as derived guantities, show
that for 2 reversible precess:
(a) ¢W,=~LIpds=pdV
) d@+[dW -aW)=Zedp,
{c}) ¢Q =TdS

745 Explain how enwropy is a fundemental concept in information theory and not a
derived function as in classical thermedymamics.

PROBLEMS

7.1 On the basis of the lirst law {ill in ihe blank spaces in the following table of
imaginary heat engine cyeles. On the basis of the second law classify each
cycle as reversible, imeversible, or impossible.
. Cycle Temperature Rate of Heat Flow Rate of workEfficiency
Source Sink Supply  Rejection ourput
(@) 327C e 420kl 230kds kW
{by 1000°C 100°C .. kVmin 4.2 M)imin W 65%
(c) 750K 300K ks ks 26 kKW 60%
{d) 700K WK kW W 2kW -
7.2 The latent beat of fusion of water at 0°C is 335 kl/kg. How much does the

enuopy of 1 kg of ice change Ba it melts into waler in each of the following
ways:
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13

74

7.5

76

17

7.8

{2} Heat is supplied reversibly to a mixiure of ice and water at 0°C. (b) A
mixhure of ice and water at §°C is stirred by a paddle wheel.
Two kg of water at 80°C are mixed adiabatically with 3 kg of water at J0°C
in a constant pressure process of 1 atmosphere. Find the increase in the
entropy of the ol mass of water duc to the mixing process (c, of water =
4,187 kg K).
Ars. 0.0592 LK
In a Camot eycle, heat is supplied at 350°C and rejected at 27°C. The working
fhuid is water which, while receiving heai, evaporates from liquid at 350°C 1o
steam a1 350°C. The associated entropy change is 1.44 k&g K. (a) if the cycle
operaies on A slationary maess of 1 kg of water, how much is the work done per
cycle. and how much is the heat supplied? (b} If the cycie operates i steady
flow with a power output af 20kW, what js the sieam llow rate?
Ans. (1) 465.12, 897.12 kJ/kg, (b} 0.043 kg's
A heat engine receives roversibly 420 kJ/eyele of heat from a seurce at 327°C,
and rejects heat reversibly to sink at 27°C. There are no other heat wansfers.
For each of the three Typothetical amoumts of heat rejected, in (a), (b}, and (c)
below, compute the cyclic integral of & (/7. From these results show which
case is irreversibie, which reversible, and which impossible: (a) 210 Kicycle
rejected, (b} 105 kdfeyele rejected, (¢) 315 klieyele rejecied.
Ans. (a) Reversible, (b) Impossible, (¢} Irreversible
In Fig. P.7.6, ohed represents a Camot cycle bounded by 1wo reversible
adiabalics and two reversible isotherms at temperntures T and T3 (7 > T).
The aval fipure is a reversible cycle, where heat is absorbed at wmperatores
tess than, or equal to, 7|, and rejected at temperatures greater than, or equal to,
T,. Prove that ihe efficiency of the oval cycle is less than that of the Camot
cycele,

Fig. P. 7.6

Water is heated at a constant pressure of 0.7 MPa. The boling pointis
164.97°C. The initial temperature of water is 0°C. The latent heal of evaporation
1§ 2066.3 kJ/kg. Find the increase of entrapy of water, if the final state is sieam,
Ans. 6.6967 Kifkg K
(Oae kg nf air initially a1 6.7 MPa, 20°C changes 1o $.35 MPa, 60°C by the three
revenvible non-flow processes, as shown in Fig. P. 7.8. Process 1-a-2 consisis
of a constant pressure expansion followed by a constant volume cooling,
process -2 an isothermal expansion followed by a consiant pressure
cxpansion, end process 1-c-2 an adiabatic expanston followed by a constant
valume heating, Determine the changes of intemmal encrgy, enthalpy, and



79

7.10

7.11

7.12
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eniropy for each process, and [ind the work mansfer and heat wansfer for each
process. Takes ¢, = 1.005 and c, = 0.718 kg, K and assume the specific
heats o be constant, Also pssume for sir o = 0.287 T, where p is the pressure
in kPa, v the specific volume in msfkg, and T the tempemature in K.

— Rev. isotharmal

Fig. P. 7.8

Ten grammes of water at 20°C is convened into jce at —10°C al consiant
atmospheric pressure. Assuming the specific heat of liquid water to remain
constant at 4.2 J/gK. and that of ice to be half of this velue, and taking the
tatent heat of fusion of ice at 0°C to be 335 J/g, calcufate the total entropy
chauge of the system.
Ans. 16.02 JK
Calculate the entropy change of the universe as a result of the following
Precesses:
{a) A copper block of 600 g mass and with C'p of 150 KK at [00°C is placed in
a lake at 8°C.

(b) The same block, at 8°C, is dropped from a heigin of 100 m into the lake.
{c) Two such blocks, at 100 and 0°C, are joined together.

Ans. {2} 6.63 J/K. {b) 2.095 J/K, {c} 3.64 K
A system maintained at constant volume is initially at temperature T, and a
hem reservoir at the lower temperature T, is availabie, Show Lhat the maximum
work recoverable as the system is cooled 10 Ty is

W=c, [m —ru)—r.,!ni}
Ty
A body af finite mass is originally at temperaiure T, which is higher than that
of a reservoir at temperature 73 Suppose an engine operates in 3 cycle
between the body and the reservoir until it lowers the temperzture of the body
from T to 75, thus extracting heat { from the body. If the engine does work #,
then it will reject heat (- to the reservoir at T, Applying the eniropy
principle, prove that the maxinum work obrainable from the engine is
W{n-:] =g- Tz(S| - Sz)
where 5y — Sy is the catropy decrense of the body.
If the body is maintained at censtant volume having constant volume heat
capaciry C, = 8.4 kMK which is independeni of temperature, and if Ty =373 K
and T, = 303 K, determine the maximmum werk oblainzble.
Ans. 5896 1)
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7.13

7.14

715

7.18

Each of three identical bodies satisfies Lhe equation U= CT, where C is the
heat cepacity of cach of the bodies. Their initial temperatures ere 200 K., 250 K.
and 540 K If C = 8.4 kIVK, what is lhe maximun amount of work Lhat can be
extracted in a process in which these bodies are brought to a final commen
temperature?

Ans. 756 K1
[n the temperature range betwzen 0°C and 100°C a particular system
maintained at constant volume has a heat capacity.

C,=A4+28T

with 4 =0.014 JVK and B=4.2 x 107 J/K>,
A heat reserveit at 0°C and a reversible work source are available, What is the
maximum amount of work that can be tansferred o Lhe revenible work source
as the system is cooled from 100°C to the temperature of the reservoir?
Ans. 4508]

A reversible engine, as shown in Fig, P. 7.15, during a cycle of cpemtion
draws 5 M from the 400 K reservoir and does B40 I of work. Find the amount
and direction of heat intemction with other reservoirs.

Ans. b=+ 498 MI @, = —0.82 MJ

" 200K [ 200k ! 200K |
(=] ‘ Q r O =sm
e
— (&)
N
f w=saokl
Fig. P. 7.15

For a fluid for which pw/T is a constant quantity equal to R, show that the
change in specific enlropy between Iwo slales 4 and B is given by

T
¢

sg=4, = |==dT - Rln fo
T

T Pa

A fluid for which A is a conslent and equal to 0.287 klkg K, flows steadily
through an adiabatic machine, entering and leaving through two adiabatic
pipes. [n one of these pipes the pressure and temperature are 5 bar and 450 K
and in the other pipe the pressure and temperature are 1 bar and 300 K
respectively. Determine which pressure and temperature refer to the inlet pipe.
For the given temperaiwe mnge, ¢, is given by

cp=alnT+b

where T is the numerical value of Lhe absolute temperature and a = 0.026
ke K, b=086 klkgK.
Ans. 5q -5, = 0.0509 kIkg K, A is the inlet pipe
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7.18

7.19

7.20

721

722

723
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Two vessels, 4 and B. ¢ach of volume 3 m® may be connected by a be

of negligible volume. Vessel A contains air at 0.7 MPa, 95°C, while vessel

B contains air at 0.35 MPa, 205°C. Find the change of entropy when A

is connected 10 8 by working from the tirst principles and assuming the

mixing to be complete and adiabatic. For air take the relaions as given in

Examples. 7.8.

Ans. 1.947 VK

{a) An aluminium block (¢, =400 J/kg K) with a mass of 5 kg is initially at 40°C
in room air at 25°C. It is cooled reversibly by transferming beal to a compliciely
reversible cyclic heet engine until the block reaches 20°C. The 20°C room air
serves as a constant femperature sink for the engine. Compuie {i) the change
in emropy for the block, (i) the change in entropy for the room air, {iii) the
work dong by the engine.

{b) If the alwminium block is allowed to cool by nateral convention to room
air, compute (£} the change in enteopy for the block, (ii) the change in
entrapy for the room air {iii) the nct change in entropy for the universe.

Ans. (a) - 134.2 MK+ 132 MK, 1306 ), (b)Y~ 132 I + 1305 /EL 4.5 /K

Two bodies of equal heal capacities € and temperatures 7; and T, form an

adiabaticaliy closed systemn. What will the final wemperatuce be if one lets this

system come to equilibrimm {a] freely? {b) reversibly? (¢) What is the maxirmum
wark which can be obtained from this system?

A resistor of 30 ohms is mainiained at a constant temperature of 27°C while a

currenit of 10 amperes is allowed to flow for | sec, Determine the entropy

change of the resister and the vniverse.

Ans. (AS) e = 0. (A5),. = 10 HK
1f the resistor initially at 27°C is now insulated and the same current is passed
for the same time, determine the entropy change of the resistor and the
universe. The specific heat of the resislor is 0.9 k)/kg K and the mass of the
resistor is 10 g.

Ans. (AS),,,, = 6.72 WK

An adiabatic vessel contains 2 kg of water at 25°C. By paddle-wheel work

ransfer, the temperature of water is increased to 30°C. If the specitic heat of

water is assumed constant at 4.187 kikg K, find the entropy change of the
universe.
Ans. 0139 LI/K

A copper rod is of Jength | m and diameter 0.01 m. One end of the rod is at

1{H0°C, and the other at 0°C. The rod is perfecily insulated along i length and

lhe thertnal cenductivity of copper is 380 W/mE. Calculare the rate of heat
teansfer along the rod and the rate of entropy production due to irreversibility
of this heat transfer.

Ang. 2985 W 0.00293 WK

A body of constant heat capacity €, and a1 a temperaruce 7, is put in contact

wilh & reservoir ot a higher temperaure T The pressure remains constant

while the body comes w equilibrivm wish the reservoir. Show that the emropy
change of the universe is equal to

T -F T -1
c L [ []1" f]
"{ T T.
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T4

7.25

7.26

127

728

730

Prove that this enropy change is positive.

e 3 4
Given: m{l+r=r—Z= + S o X 4.0
o SACRE At s S

where x < .
An insufated 0.75 kg copper calorimeter can containing 0.2 kg water is in
equilibrium at a temperamre of 20°C. An axperimenter now places 0,05 kg of
ice at 6°C in the calorimeter apd ¢ocloses the latter with a heat insulating
shield (a) When all the ice has roglted and equitibrium has been reached, what
will be the temperalure of water and the can? The specific heal of copper ia
(.418 W/kg K and the latent beat of fusion of ice is 333 kikg. (b) Compute the
entropy increase of the universe resuiring from the process. () What will be
the minimum work necded by a stirrer to bring back the temperature of water to
20 c?

Ans, (ay4.68°C, (b} 0.00276 kI, () 20,84 kI
Show that if twe bodies of thermal capacities C, and C; ot temperatares T, and
T, are brought o the same temperature T by means of & reversible heat engine,
then

Ciln ]-1 +Csyln T2

C +;
Two biocks of metal, each having s mass of 10 kg and a specific heat of 0.4 kJ/
kg K, are at a temperature of 40°C. A reversible refrigerator receives heat from

one block and rejects heal to the other. Calculate the work required to cause a
temperature difference of 100°C berwesn the two blocks.

InT=

Ans. 32k

A block of won weighing 100 kg and having a temperatre of 100°C is

immeryed in 50 kg of water at a temperature of 20°C. What will be Lhe change

of cotropy of the combined system of iron and waler? Specilic heatz of iron
and water are 0.45 and 4.18 Kl/kg K respectively.

Ants. .24 I/K

36 g of water at 30°C are converied inwn steam at 250°C at congiant

atmospheric pressure. The specific heat of water is assumed constant at 4.2 3/

gK and the latent heat of vaporzation at 100°C is 2260 Ve, For water vapout,
assurne p¥ = mAT where R = 0.4619% kJkg K, and

%’ =a+bT+cl, where a=3.634,

b=1.195% 10 *K ' and c=0.135% 107° K™

Calculate the entropy change of the sysiem.
Ans. 273.1 /K
A 50 ohm resistor carying a constant current of 1 A is kept at a conslant
temperature of 27°C by a stream of cooling water. In a time interval of 1 s,
{a) what is the change in entropy of the resistor? (b) What is the change in
enlropy of the universe?
Ans. (2) 0,(b) 0.167 J/K
A lump of ice with a mass of 1.5 kg at an initial temperature of 260 K melts at the
pressure of 1 bar as a result of heat transfer from the environment. Afler some
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time¢ has elapsed (he resuliing walcr anains the tcraperuture of the
cnvironment, 293 K. Calculate the enuopy preduction associated with this
process, The latent heat of fusion of ice is 333.4 k}/kg. the specific heals of ice
and water are 2.67 and 4.2 kWkg K mespectively, and ice melts at 273,15 K,
Ans. 01514 /K
An idea) gas is compressed reversibly and adiabatically from state o to state
b. 1t is then heated reversibly at constant volume to slate ¢ After capanding
reversibly and adiabatically to state d such that T, = T, the gas is again
reversibly heated at constant pressure to swte ¢ such that T, = 7. Heat is then
rejected reversibly from the gas ai cosnstant volume €ill it retums to sate a.
Express T, interms of T and 7, 7, = 555 K and T = 835 K, cstimate T,. Take
y=14.
T'pl
Ans. T,= B 313.20K
',re}'
Liguid water of mass 10 kg and temperare 20°C is mixed wilh 2 kg of ice at -
5°C till equilibrium is reached at 1 atm pressure. Find the entropy change of
the system. Given: ¢, of water =4,18 klkg K, ¢, of ice = 2,09 kMg K and latent
heat of fision of ice = 334 kJ/kg.
Ans. 1049 /K
A thermaily insulated 50-abm resistor carries a current of 1 A for 1 5. The initial
temperature of the resistor is 10°C. Tts mass is 5 g and ils specific heat is
0.85 I/g K. (a} What is the change in entropy of the resistor? (b} What i3 (he
change in entropy of the universe?
Ans. (830173 VK (b 0173 /K
The value of ¢, for a cerlain substance can be represented by ¢, = a + #T. (a)
Determine the heal absorbed and the increase in emropy of a masz sr of the
substance when its temperature is incrcased at constant pressure from T, to
T.. (b} Fiod lhe increase in the molal specific entropy of copper, when
the temperature is increased at constan? pressure from 500 to 1200 ¥
Given for copper: when T= 500 K, =252 x 10" and when T = 1200 K,
p=30.1x 10° Ik mot K.

Ans. (8) m[a(Tz - T,}+-;-(r§ -1} )] m[aln%«- b(T, - 1;]]
i

{b) 23.9 ki/k mol K.
An iron bleck of unkmown mass at 85°C is dropped into an insulated tapk that
canains O, 1m® of water at 20°C. At the same time a paddle-wheel driven by a
200 W mootor is activaled io siir the water. Thermai equilibrium is established
afler 20 min when the final wemperature is 24°C, Determing the mass of the jran
block and the enlropy generated during the provess.
Ans. 322%g, 1. 285 kI/K
A piston-cylinder device contains 1.2 kg of nirogen gas at 120 kPa and 27°C,
The gas is now compressed slowly in a polytropic process during which
p¥*? = constant. The process ends when the volume is reduced by one-haif,
Determing the entopy change of nitrogen during this process.
Ans. -0.0615 kJ/K.
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Air enlers a compressor at ambieat copditiens of 96 kPa and [ 7°C with a fow
velocity and exits ai § MPa, 327°C, and 120 m/s. The compressor is cooled by
the ambient air at 17°C at a rate of 1500 kl/min. The power input io the
compressor is 300 kW. Determine (a) the mass flow rate of air and (b) the rate
of entropy generation.
Ans. (a) 0.851 kgfs, (b) 0. 144 KWK
A gearbox operating at steady stawe receives 0.1 kW along the input shafi and
delivers 0.095 kW along the output shaft. The outer surface of the gearbox is
at 30°C, For the gearbox, determine {a) ihe mle of heat tansfer, () the rte ot
which enmopy i produced.
Ans. {3} - 0.005 kW, (b} 1.54 % 107% kW/K
At steady state, an eleciric motor develops power alosig it output shafl ot the
rete of 2 kW while drawing 20 amperes at 120 volls. The outer surface of the
motor is at S0°C. For the motor, determine the rate of heat transfer and the rate
of entropy gensration.
Ars.~ 0.4 kW, 1.24 % 1077 KW/K
Show thai the minimum theorciical work input required by a relrigeration
cycle to bring twe finfie bodics from the same initial tempermmure to the final
temperatures of T) and T, (T; < 7)) is given by
Wi =me [T\ - T - T3]

A rigid tank comiains an ideal gas at 40°C that is being stimred by a paddie
wheel. The paddie wheel does 200 kJ of work on (he ideal gas. Tt is observed
that the \emperature of the ideal gas remains constant during this process as
a result of heat transfer between the sysiem and the surroundings at 25°C.
Perermine {a) the entropy change of the ideal gas and (b) tbe lotal entrapy
generation.

Ans. {2) 0, (b) 0,671 KI/K
A cylindrical rod of length L insulated on its latersl surface is initially in
conlact gt one end with 2 wall at empemature T and st the other end with a
wall at a lawer fempemiure T;. The temperature within the red initiaily varies
linearly with position x accorling to:

M=T-N-hx
L
The mod is insulated on its ends and eventuatly comes o a final equilibrium

siate where the tempereture is 7. Evatuate Ty and in terms of T, and T,, and
show that the amount of entropy generated is:

S,

L h
m-m[l+1nr,+ T % -— 7 lnr,]

- 1
where ¢ is the specific heat of the rod.

Ans. Te=[T, +T,)2
Air flowing Lhrough 8 horizontal, insulated duct wes studied by students in a
laboratory. One swdént group measured the pressure, cmpersfure, and
velocity at & location in the duct as 0.95 bar, 67°C, 75 m/s. At another [ocation
the respective values were found to be 0.8 bar, 22°C, 310 m/s. The group
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neglected to note the direction of flow, hawever. Using the known dat, deter-
mine the direction.

' Ans, Flow is from right to left
Nitrogen gas al 6 bar, 21°C enters un insulated control volume operating at
steady state for which W, = . Half of the nitregen exits the device at | bar,
82°C and the other half exits at | bar, - 40°C, The effecis of KE and PE are
negligible. Employing ke idea! gas model, decide whether the device can
operate as described.

Ans. Yes, the device can operate as described
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8.2 Available Energy Referred to a Cyde

The maximum work output obtainable from a certain hieat input in a cyclic heat |
engine (Fig. 8.1} is called the available energy (A.E.), or the available part of the
energy supplied. The minimum enrergy that has to be rejected to the sink by the
secood law is called the unavaiioble energy (U.E), or the unavailable pan of the
energy supplied.

Therefore, ¢, =AE+UE
or W =AE =0 - UE.
Forthe given T, and 7,
n
Teer = I- ?

! —

For a given T, 7, will increase with the decrease of T,. The lowest
practicable temperature of heat rejection is the femperature of the surroundings,
T,

T
T 7
T
and w_o=1-2
max ( H)QI

Let us cansider a finite process x—p, in which heat is supplicd reversibly to a

heat engine (Fig. 8.2). Taking an eiementary cycle, if & 0, is the hest received by
the engine reversibly at T, then

hi-T
T

i

AW, =

40,=80,- 280, = AE
|

Y-

|'
! T1 ! a0 4 '
| r/ .

Ta, - %’_ T
T Wi = AE !
Olps A
TN
| %-uE R
N Ty
T2 — =3
Fig. 8.1 Anailabic and unapailable Fig- 8.2 Availability of enevgy

magy in a opls

For the heat engine receiving heat for the whole processx—p, and rejecting heat
at Tn
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lower than 7, (Fig. 8.5). The availability of (}; as reeeived by the engine at T
can be found by allowing the engine to operate reversibly in a eycle between T,
and T receiving () and rejecting ;.

— =T
i o
[
-
e
|

|49 +— ncraase in
.+ unavailable
As’ . enegy

—®35

Fig. 8.5 Increate in unavailadle energy due (o Aeal pransfer
through a finite temperature difference

Now Q=T As=T) As
since T >TY, - As"> As

;=

0’y =Ty As
Since A >As o Py ()
F=0-0=TA" - Ty As
and F=0-0.= T'lAs To As

W < I¥, because (¥, > O,

Availahle energy or exergy lost due to irreversible heat transfer theough finite
temperature difference between the source and the working fluid during the heat
addition process is given by

W-W=Q,-
= Tn (A.l/ - A’)
or, decrease in AE, =T (A — As) .

The decrease in available enecgy or exergy is thus the product of the lowest
feasible wemperature of heat rejection and the additional entropy change in the
system while receiving heat irreversibly, compared to the case of reversible heat
transfer from the same source.

The greater is the tempetature difference (T} — T}, the greater is the beat
rejection (7', and the greater will be the unavailable pari of the energy supplied or
energy (Fig. 8.5). Energy is said to be degraded each time it lows through a finile
temperature difference.
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8.2.2 Apailable Enevgy from o Finile Enevgy Source

Let us consider a hot gas of mass m;, at temperature 7 when the environmental
temperature is T, (Fig. 8.6). Let the gas be cooled at constamt pressure from stte
1 at termperature T to slate 3 at temperature T and the heat given up by the gas,
(), be utilized in heating up reversibly a working fluid of mass m, from state 3 to
state | along Lhe sarne path so that the lemperature dilference berween the gas and
the working fluid at any instant is zero and hence, the cntropy increase of the
universe is also zero. The working fluid expands reversibly and adiabatically in
an engine or turbine from siate § to state 2 doing work W, and then rejects heat
{2, reversibly and isothermally to return to the imtial state 3 to complete a heat

engine cycle.

_ 1 T
2]
T e
e
M o y  ETE
3 l 1 ) To
UE %
5 -3 4

Fig. 8.6 Availabie energy of a finite energy rource

Here,

Ql. = m' cpI(T_ TD’ = M'fcp..f(r_ TIJ)
= Area 1-4-5-3-1

Ry o, = MyiCp

1

ar Iy .

ASg, = _r Mg "My, in ——T-"’- (negative)
T

B a7
AS = J Moo - = Mot Cpy
To

AISuni\r =Asgu + Asw{= ¢

In FTO {positve)

T
0; = Ty ASyy= Tymuec, T Aren 2—4-5-3

Available energy = W,

=0 -2
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T

=mc, {T-Tp-T, 33
5 Cpy (7= To) ~ Tomg ey, A
= Area 1-2-3-1
' Them;'ore. the available energy or exergy of a gasof n  smg at temperature T
is by

T
A.E:mscp'[(f—i‘[,)—?},l.n}j (8.4)

is is similar to Eq. (7.22) denived from the entropy principle.

8.3 OQuality of Energy

Let us assume that a hot gas is flowing through a pipeline (Fig. 8.7). Due to heat
It »the swroundings, the temperature of the gas decr continuously fram
ir 1 stale a to the exit at state b, Although the proc: irreversible, let us
a: 1e a reversible isobaric path between the inlet and exit states of the gas
(Eig. 8.8). For an infinitesimal reversible process at constant pressure,

me dT
£
Th ™ T ™y T Ta
1 | 1
H— n T
m ~-—— I . P

et b 4 |

AT N t

o’ 5 T, -Q

Fig. 8.7 Heat lon from g hot gas flowing throu  pipeling

Fig. 8.8  Energy quality at staie ¥ is superior fo ! af siate 2
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ar _ 1
or a5~ me, (8.5)
where m is the mass of gas flowing and <p is its specific heat. The stope dT/dS
depends on the gas temperature T. As T increases, the slope increases, and if T
decreases the slope decreases,
Let us assume that ¢ units of heat are nst to the surroundings as the
temperature of the gas decreases from I, to T, T being the average of the twao.

Then,

Heas loss Q=mc, (T, -T7)
=T, 88, 8.6)
Exergy lost with this heat loss at temperature T, is
¥, =0 -Ty AS, (8.7)

When the gas temperature has reached Ty(T, < T)), let us assume that the same
heat loss {3 occurs as the ges temperature decreases from T to T, T, being the
averapge temperature of the gas. Then

Heat Joss Q=mec, (T, - T =T,AS, 8.8)
Exergy lost with this heat loss at temperature T, is
B,=Q-Ty AS, (8.9)
From Eqs (8.6) and (8.8}, since ) > T,
AS| <AS,
Therefore, from Egs (8.7) end (8.9),
W, > ¥, (8.10)

The loss of exergy is more, when heat loss occurs at a higher iemperature T,
than when the same heat loss accurs at a lower temperature T,. Therefore, a heat
loss of | kJ at, say, 1000°C is more harmful than the same heat loss of 1 kJ at,
say, 100°C. Adequate insulation musi be provided for high temperature fluids
{T'>>T,) to prevent the precious heat loss. This many not be so important for low
temperature fluids (7 ~ Ty), since the loss of available energy from such fluids
would be low. (Similarly, insulakion must be provided adequately for very low
temperature (tuids (T << T;) to prevent heat gain from surroundings and preserve
available energy.)

The available energy or exergy of a fluid at a higher temperature T, is more
than that at a lower temperature T, and decreases as the temperature decreases.
When the iluid reaches the ambient lemperature, ils exergy is zero.

The second law, therefore, afTixes a quality to energy of a system at any state,
The quality of energy of a gas at, say, 1000°C is superior to that at, say, 180°C,
since the gas at 1000°C has the capacity of doing more work than the gas at
100°C. under the same environmental conditions. An awareness of this cnergy
quality as of energy quantity is essential for the efficient use of our enerpy
resources and for energy conservation. The concept of available energy or exergy
provides a useful measure of this energy guality.
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8.3.1 Law of Degradation of Encrgy

The available energy of a system decreases as its lemperamue or pressute
decrenses and approaches that of the surroundings. When heat is transferred from
a gystem, ils temperature decrcases and hence the gquality of its energy
dereriorates. The degradatian is more for energy loss at a bigher lemperature than
that at a lower temperuture, Quantity-wise the energy loss may be the same, but
quality-wise the losses are different. While the first law states that energy iy
always conserved quantity-wise, the second law emphasizes that energy always
degrades quality-wise. When a gus is throttled adiabatically from a high 1o a low
pressure, the enthalpy (or cacrgy per unit mass) remains the same, but Lthere is a
degradation of energy or available work. The same ho'ds good for pressure drop
due to friction of a fluid flowing through an insulated pipe. If the first Jaw is the
law of conservation of energy. the second law is called the law of degradation of
energy. Energy is always conserved, but its quality is always degraded.

Article 8.2.1 which shows how energy gets degraded by thermal icreversibility
und produces less useful work can be explained in a little different way. Let two
budies 1 and 2 of constant heal capacities Cy and C, be at termperatures 7 and T,
(T, > T;}. These are connected by a rod and a smail quanmy of heat O flows from
] to 2, The total change of eotropy is:

AS =AS| +AS, = Q[L_—])ﬂ (since T} > T}
Lo

The entropy will continue to increase till thermal equilibrium is ecached.

Let us now suppose Lhat instead of allowing heat @ to flow from § to 2, we
used it to operate 3 Carnot engine and obtain mechanical work, with Ty, as the sink
temperature. The maximum work obtainable is:

g
L T

if, however, we first allow @ to flow fran 1 to 2 and then use it to operute the
Camot engine, we obtain:

W =0

w1=Q —-?— (W]
2

Thus, in the course of the irreversible heat conduction the energy has become

degraded to the extent that the useful work has been decreased by
AW=W, - W,=T,AS

The increase in entropy in an irreversible change is thus a measure of the extent
to which energy becomes depraded in that change. Conversely. in order io extract
the maximum work from a system, changes must be performed in a reversible
manner so that total entropy (AS,,, + AS, } is conserved.

It is worth pointing that if the two bodies were allowed to reach thermal
equilibrium (a) by heat conductivn and (b) by operating a Carnot engine between
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thern and extracting work, the final equilibrium ternperarures wouid be different
in the two cases. In the first, U, + U, is conserved and the final temperature is:

o 6L+ Gh
! C +G
In the second case, 5; + 5, is conserved and W= - AU (- AU, + U} ("~ dW=
& Q- al/, « Td§ - dU so that & W, = — dU/). In the iseniropic process, the final
temperature is given by:
Tf{s) = T,C"‘{Cl +Cy Tzczlcl +Cy < Tf(U)
¥ G=G=cr®=1th L oand T8 = (1,1
The difference in final temperature is due to the lower value of whe total internal
energy which results from work having been done at the expense of internal
energy (see Art. 7.9.3).
Similarly, it can be shown thal due o mechanical imeversibility also, energy
gets degraded so thar the dzgradation of energy quality is a universal principle.

8.4 Maximum Work in a Reversible Process
Let us consider a cJosed stationary system undergoing a reversible process R from

state 1 to stle 2 by inleracting with ihe surroundings at py, T, (Fig. 8.9). Then by
the first law,

Qe=U-U + W (8.11)
Sumoundings
f Ty
1 P
P " Systam
g \\R 12
' . u
T " \\Q W
Ty
—s

Fig. 8.9 Macioum work done by a clased ysiem

if the process were imeversible, as represented by the dotied line {, connecting
the same equilibrium end states,

g, =U-U+W {B.12)
Therefore, from Eqs (8.11) and (8.12},
Qr-0Q=Wp - W, {B.13)
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Now,
AS, . =5-5
o
and AS =
oh
By the second law,
AS 20

For a reversible process,

AS iy =87 - 8 —% =0
Or=To (52~ 5) (8.14)
For an irreversible process,
AS >0
§-5- & >0
Ty
: Q1< Ty (5, -5y (8.15)
From Eqgs (8.14) and (8.15),
Oh> @ (8.16)
Therefore, from Eqs (8.13) and (8.16),
Fy > W, 817
Therefore, the work done by a closed system by interacting only with the

surroundings st pg, T in a reversihle process is always more than that done by it
in an irreversible process between the same end siates,

8.4.1 Work done in all Reversible Processes ix the Same

Let us assume two reversible processes R, and R, between the same end staies J
and 2 undergone by a closed system by exchanging energy only with the
surroundings (Fig. §.10). Let one of the processes be reversed.

Sumoundings
& g To

1

g /—\

ST ;" Syshem

\\ \91 Ik‘( 12 }
[ \_\ \\ //«'\\‘h‘__’/‘i___:k
*| N @ w
Ry, kY
I H‘H\_‘
2
—

Fig. 8.10 Equal work dons in all repersible processes betsowen the same end sigtes
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Then the system would execute a cycle 1-2-1 and produce network
represented by the area enclosed by exchanging energy wilth only one reservoir,
i.e. the suroumdings. This viciates the Kelvin-Planck statement. Therefore, the
rwo reversible provesses must coineide and produce equal amounts of work,

8.5 Reversible Work by an Open System
Exchanging Heat only with the Surroundings

Let us consider an open system exchanging energy only with the surronndings at
constant tempeiature T, and at constant pressure pg (Fig. 8.11). A mass dm,
cnters the system at state 1, a mass dm, leaves the system at stale 2, an amount of
heat 4 is absorbed by the system, an amount of work d W is delivered by the
gystem, and the encrgy of the system {contrnd volume) chenges by an amouni
d(£),. Applying the first law, we have

_> |

AW, = OW + W,

aQ,
Surmoundinga ‘ aw. *
20.Ta - *@

V,l'«‘ ) AU PING f V.2 .
dmylhy + o= +gn) | . 24 :d'rl-‘,l\hzi‘%i-gx,}

. 2!

Fig. 8.11 Reversible work done by an open sysiem while exchanging heat only
with the surrenndingt

v? v2
¢Q + dm, [h, +T]+gz|) —dmz(h2 +~§—+g:2) -aw

2

mV
=dE, = d[U + + mgz) (8.18)

a

For the maximum work, the process must be entirely reversible. There is a
temperature difference between the control volnme and the surroundings. To
make the heat transfer process reversible, let us assume a reversible heai engine £
operating between the two. Again, the temperature of the fluid in the conirol
volume may be different at different points. I is assumed that heat transfer cceurs
at poinis of the control surface ¢ where the termperature is 7. Thus in an
infinitesimul reversible process an amount of heat d @, is absorbed by the engine
E froin the surroundings at iemperature T, an amount of heat a2 is rojecied by
the engine reversibly to the system where the temperature is 7, and an amount of
work d ¥, is done by the engine. For a reversible enpine.
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a9 _ 8
T, T

EW, =dQy—dQ= dQ-L; -dQ

or dWc=dQ(%— ) {8.1%)

The work d W, is always positive and is independent of the direction of heat
flow. When T, > T, heat will flow from the surroundings 10 the system, 4 is
positive and hence ¢ W in Eq. (8.19) would be positive. Again, when T, < T, heat
will flow from the system surroundings, & ( is negative, and hence 4 W, would
be positive.

Now, since the process is reversible, the entropy change of the system will be
equal to the net entropy transfer, and Sy, = 0. Therzfore,

gs = 42

- = 7 + dms; — dmys,
:hnmngt Entrop tgluf:r mmmm
% = dS"'dmlsl + Cbﬂ}sz (8'20)

Now, the maximum work is equal to the sum of the system work dW and the
work dW, of the reversible engine E,

AW, =aW, =dW+daw, (8.21)
From Eq. (8.19),

dWm=dW+dQ[l;—l) 8.22)

Substituting Eq. (8.18) for ¢ W in Eq. (8.22),

\{3 vi
O Wonae = 4 Q+ dmy | by + = + gz, | — o, n1+7+3z2

mv: T )
AU+ +mgz +dQ(-——l
[ 2 '"3] T

2 2
=dnm, ("‘1 +le+g:1] —dn, {hz +sz+gzz)

3

+ mg::} + ﬂ1"0 (8.23
s T

—d[U+ mV
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Omn substituting the vaiuve of d QYT from Eg. (8.20),
2 vz
dl'i'm=d.ml[h, +le+gzl] - dm, (a, +Tz+gzz]
2

4[U+"';' +mgz] + Ty (A5~ dimys, + dangsy)

1]

v} vi
dwmu=d'ml('hl - T +TI+82|]“1"'2 (ﬁ: 5 +—2'2'+822J

2
—d[U— LS+ ‘": + mgz] (8.24)
Lig
Equation {(8.24) is the general expression for the maximum work of an open
system which exchanges heat anly with Lhe sumroundings at 7, pp.
8.5.1 Reversible Work in a Steady Flow Process

For a sieady {low process

2
and d[U—TDS+ﬂ-!——+mgz] =0
2 d
Equation (8.24) reduces to

A A
aw .= d.mlIh, ~ s + -—21— +gz,]— (ﬁz - Tp5; +-£2-— + 322]] (8.25)

For total mass [low, the integral form of Eq. (8.25) becomes

2 2
W,y = [H, -TS + ’":1 + mgzl]— [bg —T5 + "’:2 + mgzz] (8.26)

The expression (H — IyS) ts called the Keenan function, B.
2 2

Wm=[Bl+M:I +*'821]—(Bz+ M:2 +M8'-32J

=vi-v: (8.2
where yris called the availability function of a steady ftow process given by

2

m
w=8+ 3 + mgz

On a unit mass basis,

vi v?
Ww:[}'l —Tosy "'T]"'Szl]‘["z - Tos +Tz +822]




Available Ensrgy, Evorgy and Frreaersibility — 1

2 2
=(b1+v7'+s==]-(b1+v7’+gzzJ 8.28)
IfK_E. and P.E. changes are negtected, Eqs (8.27) and {8.28) reduce to
Wow=8-5,
=(H - TSy - (H, - TeS5)
=(H - H;)- T\(5, - 53} (8.29)
and per unit mass
W =0 - b
={h) —hy} =T (5~ 59 (8.30)

8.5.2 Reversible Work in a Closed System
For a closed system,

dml = dfﬂz = 0
Equation {8.24) then becomes

2
dWM=-d[U—TUS+ mV +mgz]
L]
=~ dE-TySy
2
where E=U+ my + mgz

For a change of stale of the system from the initial siale | w the finsl state 2,
Wous = £y = B2~ Ty (5~ 53)

=(Ey~ ToS1) ~ (£ - TpS) (8.31)
If the K_E. and P.E. changes are neglected, Eq. (8.31) reduces to
Fom = (U1 - TS} - (U - ToSy) . (8.32)
For unit mass of fluid,
Wow =~ ) — Ty (5, - 57)
= = Tpr) = (- Tpsy) {8.33)

8.6 Useful Work

All of the work W of Lhe system with a flexible boundary would not be available
for delivery, since a cerlain portion of it would be spent in pushing out the
atmosphere (Fig. 8.12). The useful work is defined as the acual work defivercd
by a system [ess the work performed on the atmosphere. If ¥, and V; are the
initial and final volume of the system andp; is the atmeospheric pressure, Lhen the
work done on the atmosphere is p, (Vy - ¥). Therefore, the useful work W,
becomes

W=Wa-pa (V- V) (8.34)
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Fig. B.12  Work done by a closed sysiom in pushing ont the atmosphere

Similarly, the maximum useful work will be

(Fnax = Foax—Po (V2 - 7)) (8.35)
In differential form
CLAWNES) AN 4 (8.36)

Ina stzady Mlow system, the volume of the systern does not change. Hence, the
maximum seful work would remain the same, i.¢., no work is done on the
atmosphere, ar

(AW ey =AW s {8.37
But in the case of an unsteady-[low open system or a closed systemn, the volume

of the system changes. Hence, when a system exchanges heat only with the
atmasphere, the maximum useful work becomes
(ﬁ Hfu)nwr. =da wmu =Py dv
Substituling d¥_,, from Eq. (8.24},
\ 73 A\
(BF )y, = dmy ("'1 - Tps +T+831) - dm; (52 - Iys, "'T"'gzz)

mv?

—d[U+pDV— S+ +mgz] (8.38)
a
This is the maximum useful work for an unsteady open system.

For the closed system, Eq. (8.38) reduces to

mv?
{dW )prax =—d[U+ po¥ — TS+ + mgz]
L
=—d [E+py ¥ - T)S], (8.39)
(Pl =E| = Ey+py (F = F3) =~ T4 (5, - 5 (8.40)
I K.E. and P.E. changes are neglected, Eq. (8.40) becomes
(Wpae = U= Uy +po (F1 ~ F2) - Ty (S - §3) (8.41)

This can also be writien in the following form
(Wohnax = (U + o Vi - TS — (U + gV, - TSy) (8.42)
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-t
where ¢ is called the availability function for a elosed system given by
p=U+pV T8
The useful work per unit mass becomes
(P = (0 + pgtty — Tyn} — (i + py0y — Tyry) (8.43)
8.6.1 Maximum Useful Work Obtainable when the Syslem

Exchanges Heat with 0o Thermal Reservoir in Addition
to the Atmosphaere

If the open system discussed in Sec. 8.5 exchanges heat with a therma) energy
reservoir at temperature Ty in addition to the atmosphere, the maximum useful

workwill be increased by GQR{I - —;-:Q—J , where & O is the heat received by the

R
system. For a steady flow process, !
2
s = Wm=(Hl -5+ " +msz.]
2
-+ TV mgny 0y [1- 2
2 T
- [}
=Vt O - (8.44)
|y
For a closed system
To
(Fona =P =20 (V2= V3 G | 1 - _T_'
[}
7
or (Fomax = E = Ex+ pg (V- ¥3} = TyfS, - Sy + Oy [ - T_GJ (8.45)
R
If KLE. anid P.E. changes are neglected, then for a steady flow pracess:
T
(Wu)mnZ(Hl—Hz)"Tn(sl‘Sz)"'Qn(l—‘]‘?‘) (8.46)
|3
and for a closed system:
T
(Wodmax = U — Uy + pg(F1 = 12) - Ty(S) - S + g ( - T—") (8.47)
3

8.7 Dead Siate

If the state of a system departs from that of the surroundings, an opportuniry
exisis for producing work (Fig. 8.13). However, as the system changes its state
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lowards that of the surroundings, (his opportunity diminishes, and it ceases ta
exist when the two are in equilibrium with each other. When the system is in
equilibrium with the surroundings, it must be in pressure and temperature
equilibrium with the surroundings, i.e., at g and Ty Tt must also be in chemical
equilibrium with the surroundings, i.e., there should not be any chemical reaction
or mass transfer. The system must have zero velocity and minimum potential
cnergy. This state of the system is known as the dead srate, which is designated
by aMixing subscript ‘0 Lo the properties. Any change in the state of the sysiem
from the dead state is a measure of the available work that can be extracted from
it. Farther the initial point of the system from the dead state in terms of p, ¢ either
abave or below it, higher will be the available energy or exergy of the system
(Fig. 8.13). All spontancous processes terminate at the dead state,

{' Fo
Availabiity 1
0 T \

[~}
Po Dead State
el _ T
hvaiabqlrty o
' ‘\‘ 1
l fsotherm
i i at %o H
—_—r

(a) (b}
Fig. 8.13  Availadls work of @ system decreaser os its state approaches Py, Ty

8.8 Availability

‘Whenever useful work is obtained during a process in which a finite system
undergoes a change of stale, the process must lerminate when the pregsure and
lemperature of the system have become equal to the pregsure and temperature of
the surroundings, py and Ty, i.¢., when the sysiem has reached the dead state. An
air enginc operating with compressed air taken from a cylinder will continue Lo
deliver work till the pressure of air in the cylinder becomes equal (o that of the
surroundings, pg. A certain quantity of exhaust gases from en internal combustion
engine used as the high temperature source of a heat engine will deliver work
umtil the lemperature of the gas becomes equal to that of the surroundings, T,.

The availability (A) of a given system is defined as the maximum wseful work
{total work minus pdV work} that is obtainable in o process in which the system
comes fo equilibrium with its surroundingy. Availability is thus a composite
property depending on the state of both the system and surroundings.

8.8.1 Aoailablility in a Sttady Flow Process

The reversible {maximum) work associated with a steady flow process for a single
flow is given by Eqg. (8.26)
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2
m:', +mgzl]—(H2 = IS5 +

With a given state for the mass entering the control volume, the maximum
useful work obtaingble (i.¢., the availahility) would be when this mass feaves the
conirol volume in 2quilibrium with the surroundings (i.e., at the dead state}). Since
there is no change io volume, no work will be done on the atmosphere, Let us
designale the initial state of the mass entering the C.V. with psrameters having no
subscript and the final dead state of the mass leaving the C.V, with parameters
having subseript 0. The maximum work or availability, A, would be

vz
24 mgzzJ

WWV:[Hl —T;JS| +

2
AH[H—TOS-!- "';’ +mg:)—(Hu—TDSO+mgzﬂ)=lp-V0 (8.48)

where v is called the availability function for a steady flow system and V;, = 0.
This is the availability of a system at any state ag it enters a C.V. in a steady Mow
process, The availability per unit mass would be

2
=(:.-r0,+"7+3z]-(ho~ros.,+sz)=-.v—-.vo (8.49)

Il subscripts 1 and 2 denote the stales of 2 system entering and leavinga C.V.,
the decrease in availability or maximum work obiainable for ibe given sysiem-
surronndings combination would be

Wom =8, ~03= W, ~

vz
=|:["': -hs +T]+3-'-'1J—U'o —7330"'820)]

2
'[("z - +VTI+322]““'D"70’0+810):|

Vi_v?
=(h =h) =Ty (s -5+ ——= 3 +g(z - z3) {8.50)

IfK.E, and P.E. changes are neglected,
Wmu = ("l - TO’]) - (“'2 - TO’JJ
=b-b
where b is the specific Keenan function.
if more than one Mow into and out of the C.V . is involved.

Wm = zmi V- ch | £

8.82 Availability in o Nonflow Process

Let us consider a closed system and denote its initial siate by parameters without
any subscript and the final dead state with subscript *0°. The aveilability of the
system A, i.e., the maximum wsefu] work obtainable as the sysiem reaches the
dead state, is given by Eq. (R.40).
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A=W )y =E—Ey+ po (F— F) — TS — 55}

mv?

=(U+ +mgz] — (U + mgzg) + p(F — Vo) — Ti(S - 59 (B.51)

If KE. and P.E. changes are neglecled and for unit mass, the avaitability
becomes
@ =u—ty+ polv —p) — T (5 - 5)
= {1 + pg? — Tps) — (g — palig —Tp%q)
=p-& (8.52)
where ¢ is the availability function of the closed system.
If the systetn undergoes a change of state from | to 2, the decrease in
availability will be
a=(f — do}~ (- )
=t -$
={my —uz) + po (¥ — ) — Tyl5; — 53) (8.53)
This is the maximum useful work obtainable nnder the given surmoundings.

8.9 Availability in Chemical Reactions

In many chemical reactions the reactants are ofien in pressure and temperature
equilibrium with the surroundings {before the reaction tokes place} and 8o are the
products aller the reaction. An internal combustion engine can be cited as an
example of such a process if we visnalize the prodocts being cooled 10
atrnospheric iemperature T; before being discharged from the engine.

{a) Let us first consider a system which is in iemperature equilibrium with the
surroundings before and aflar the process. The ntaximwin work obtainable during
a change of state is given by Eq. (8.31}),

2 2
= (Ul +—"—':—'+ mgz,}—(Uz +% +mgzz) - TS, - 5)

IfK.E. and P.E. changes are ncglected,
o = Uy = Uy~ Ty (S~ 5p)
Since the initial and final temperatures of the system are the same as that of the
surroundings, T, =T, = T = T, say, then

(Frhna = (U = Uy = TS, = Sy (8.54)
Let a propenty called Helmheoitz function F be defined by the relation
F=U-TS (8.55)

Then for two equilibrium states 1 and 2 at the same wempersture T,
F-Fr=U-Uh-085 -5 (8.56)
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From Eqgs {8.54} apd (8.58),
(Frhs = (F) - Py (8.57}
oF ' WT < {F] - FZ)T (858}

The work done by a sysiem in any process between two equilibrium states at
the same teraperature during which the system exchanges heat only with the
environment is equal to or less than the decrense in the Helmholtz function of the
system during the process. The maximum work is done when the process is
reversibie and the equality sign holds. If the process is imeversible, the work is
less than the maximum.

{b) Let us now consider a system which is in bath pressure and temperature
equilibrium with the surmoundings before and after the process. When the volume
of the system increases some work is done by the system against the surroundings
{pd ¥ work), and this is not availzble for doing useful work. The availability of the
systemn, 08 delined by Eq. {8.51), neglecting the K.E. and P.E. changes, can be
expressed in the form

A= AW )n = (U + po¥ = To8) = (U + po¥o — To30)
=¢-d
The maximum work obtainable during a change of slate is the decrease in
avallablhty of the system, as g:ven by Eq.(8.53) for unit mass.
Wl =41 —A2= 0~ &,
=l - Uz) +pol¥y = Vo) — Ty($; - 52)
[fthe initial and final equilibrium states of the system are at Lthe same pressure

and temperature of the swrroundings, say py =ps =pp=p.and T = =T =T.
Then,

(Wohpax = (U - U 1+ ¥ - Pl 1= TUS) - S 1 (8.59)
The Gibbs finctions G is defined as
G=H-TS
=U+p¥-TS (3.60)

Then for two equitibrium states ai the same pressure p and lemperatuse T
(G =Gy 1= (U - Ul r+ (V= Fydp 7= TU8, - 5, 1 (8.61)
From Eqs (8.59) and (8.61)

(B =G~ Gl 1 , (8.62})
T
(Wor S(Gy -Gy 1 (8.63)

The decrease in the Gibbs function of B system sets an upper limit to the work
that can be performed, exclusive of pd¥ work, in any process between two
equilibrium staies at the same temperanre and pressure, provided the system
exchanges heat only with the environment which is at the same lemperature and
pressure as the end staies of the system. If the process is imeversible, the useful
wotk is less than the maximuny.
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8.10 TDrreversibility and Gouy-Stodola Theorem

The acmal work done by a system is always less than the idealized reversible
work, and the difference between the two is cailed the irreversibility of the
process,
I=WF, - W (8.64)
This is also sometimes referted to as ‘degradation’ or *dissipation’.
For a non-flow process between the equilibrium states, when the system
exchanges heat only with the environment
I=[U, - U) - TS, - St - WU, - Up + Q]
=T (5:-5)- @
= TD{A‘S)M +T ﬂ(ASJm
= Tol(AS) e *+ (A )] (8.65)
20
Similarly, for the steady flow process
I=W_ . -W

2 y2
- [(Bl + "';" + mgz,) - [B, + "'2 + mgzz]]
2 2
- [[‘HI + ’";" + mgzl) - [H2 + m:’ + mgzz} + Q]

=TS -S0-@

= Tﬂ(mlplmn-'- TO(AS)rnrr

= T AS e * S} = TS (8.66)
The same expression for imeversibility applies to both flow and non-flow

processes. The quantity T, (AS, . +AS,,,) represents an increase in unavailable

energy (or anergy).
The Gouy-Stadola theorem sintes that the rate of loss of available energy or

exergy in a process is proporiional W the mie of entropy generation, S, If
Eqs (B.65) and {8.66) are written in the rate form,
This is known as the Gouy-Stodola equation. A thermodynamically efficient

process would involve minimum exergy loss with minimum rate of entropy
generation.

8.10.1 Applications of Gouy-Stodela Equation

{a) Heat Trensfer through & Finile Tempersture Difference If heat

transfer @ oceurs from the hot reservoir at temperature 7, to the cold reservoir at
temperature T, (Fig. 8.14a)
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{a}

Fig. 814 Destruction of available work or exargy by heat trangfer
through ¢ finite lemperature difference

s =_Q___Q.=QM

= 5 T on
: : T -1
W, =Q{l——2)=Q’—2
ot T T
ﬁ’lult=TZSpn

If the heat transfer ¢ from T to T} takes place throuph a reversible engine £,
fhe entire work ourput ¥is dissipated in the brake, from which an equal amount
of heat is rejecled to the reservoirat T, (Fig. 8.14b). Heat transfer through a finite
temperzture difference is equivalent to the destruction of its exergy.

{b) Flow with Friction Let us consider the steady and adiabatic flow of an
ideal gas through the segment of a pipe (Fig. 8.15a).

By the first law,
hy=h,
and by the second law,
Tds = dA vdp
2 2 2 1
dh v 4
dy = | ——-|=dp=—|—=d
ool - Ler=-lrer
@ Insutstion
Xsbsissss v &

{8} 0]
Fig. 8.15 frorvevsidility in a duct dwe to fluid friction
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By the first law,
ik + Mgfty = (71 + Moy
or xhy +{l ~x}h, = hy
The preceding equation may be written in the following form, since enthalpy is
a function of temperature.
N+ (1 -0T=1

i =xr+(l-x)t {8.70)
T
where 7= i
o

By the second law,
Spen = FIxS3 = FS) — M5
= sy —xms; — (1 —x)ms,

Seen
— = (83— 52} + x(5; - )
"

= 13 12
= 3 o4 -
Cp In I .‘!.'Cp In I

S0
me, AN
1-x
or N,=1n(£] Tll_x
n)n
T T
or N,=In- — (8.71)
(l’z-‘ .l']}' *

where ¥, is a dimensionless quantity, called the enfropy generation rumber,
given by S‘gma' e,
Substituting 7y/T, from Eq. (8.70) in Eq. (8.71),
x+T{l—-x)
rl-x
[fx=1 or r=1, A becomes zero in each case. The magnitude of ¥, depends on
x and 1. The rate of toss of energy due to mixing would be

x+ T(l - x)

fl-x

N,=In (8.72)

Wion = [ = Tyfitc, In (8.73)

8.11 Avallability or Exergy Balance

The availability or excrgy is the maximum useful work oblainable from a system
ag it reaches the dead state (g, 4). Conversely, availability or exergy can be
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regarded as the minimum work required to bring the closed systern from the dead
state to the given stale, The value of exergy cannot be negative, [€a closed system
were at any sisle other than the dead state, the system would be able to change its
state spontaneousty toward the dead state, This tendency would siop when the
drad state is reached, No work is done 1o effect such a spontangous change. Since
any change in slate of the closed system 1 the dead swate can be accomplished
with zero work, the maximum work {or exergy) cannot be negative.

While energy ir always conserved, exergy is not generally conserved, but is
destrayed by imreversibilities. When the closed system is allowed to undergo a
sponlaneous ehange from the given state to the dead state, its exergy is completely
desmroyed without producing any useful work. The potential o develop work that
exists originally at the given state is thus completely wasted in such a spontaneons
process. Therefore, at steady state:

1. Energy in — Energy oui =0
2. Exergy in — Exergy out = Exerpy destroyed

8.11.1 Ezergy Balance for a Closed System

For a closed system, availability or exergy transfer occwrs through heat and work
interactions (Fig. 8.17).

Boundary W, _,
Fig. L17 Exergy balancee for a dosed system

2
15t law: E,-E = de— W2 {B.74)
1
1

2nd law: S 8- _[[ETQ-] = Syen

1

2
o TyS-5)-T, j[%] = Ty Sy (8.75)
! Lol

Subtracting Eq. (8.75} from Eq. (8.74),

2 2 aQ
By~ £y~ TS = $) = [4Q - W ~ T [| =2 | - Ta S
1 1
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a T
= j[l - T—“]HQ - W2 ToSpm
|

a
Since,
Ay~ A = E;— E + pollVy - Vi) — To(S; - 5}
2
T
Ay -4y = I(' - ?u')dg = Wiz - polVa- VDI - ToSpn (8.76)
1 g
Change Exergy mansfer Exergy transfer Exergy
in exergy with heat with work destruction
In the form of Lhe raie equation,
dA T i [ d¥ ] :
—_— = -— |k - |F-pp— - I RI7
-2 e @
Rate of Bate of exergy Rate of exergy Rale of exergy
change of ransfer with heat transfer as work loss dus ta
exXergy (0, at the boundary where d¥/dr is irreversibilitics
where the inslanlancous b e of (= TOS' p,)
Lempetature i3 T change of system
volume
For an isolated system, the exergy balance, Eq. {8.77), gives
Ad=-1 {8.78)

Since /> 0, the only processes allowed by the second law are those for which
Lhe exergy of the isolated system decreases. In other words,

The exergy of an isolated system can never increase,

1t is the coumterpars of the entropy principle which states that the entropy of
an isolated systeT can never decrease,

The exergy balance of a system can be used te determine the locations, types
and magnides of losses (wasle) of the polential of energy resources (fuels) and
find ways and means to reduce these losses for making the syslem more energy
efficient and for more effective use of fuel,

8.11.2 Exergy Balance for a Steady Flow System

2

1st law: M+ uidd +mgZ + 0\,
=H,+ 12'32— + mgZy + W), (8.78)
. flee] s -
2nd law: 5+ ![_'r_] -8, =Spm,

1 dQ
or TS ~S)+ T Jl = | =ToSgm=1 (8.79}
L 13
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.
{
.
4

.
Ta Q-2
Fig. 8.18  Ezagy balaner for o steady flow system

From Eqs {8.78) and (8.79),

¥ - y?
Hy—H —Ty{§ -S) + mi—zl— +mglZ, - Z)

2
=j[|-£)dg— W, -1 (8.80)
v T
2
or Ay -4y = j( —%)GQ A (8.81)
1 g

In the form of mte equation at steady state:

Y. . _ . _
E[l - _TO‘JQJ' - Wey. +lag —ap)—Iey =0 (8.82)
§ J

V- 12 :
whereay —ag, = (hy —hg) - Ty(s, - 53) + —-'—i-‘—l— +glZ; - Zy) and [1 - TyT) 0

= time rale of exergy transfer alang with heat Qj occurring at the location on the

boundary where the instantaneous temnperature is T,
For a single stream entering and leaving, the exergy balance gives

¢ W i
-t | ¥ g - g =L 282
[ r,,]m M TR T, (8.83)

Exergyin  Exergy out Exergy losa

8,12 Second Law Efficiency

A common measure on energy use efficiency is the first law efficiency, n;. The
first iaw efficiency is delined as the ratio of the output enetgy of a device 1o the
input energy of the device. The first law is concemed only with the quaotities of
energy, and disregards the forms in which the cnergy exists. It does not also
discriminate between the energies available at dilferent temperatures. It is the
seeond law of thermodynamies which provides 2 means of assigning a quality
index to energy. The concept of available energy or exergy provides a useful
measure of encrgy quality {Sec. 8.3).
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With this concept it is possible 10 analyze means of minimizing the
consurription of available energy 1o perform a given process, thereby ensuring the
most efficient possibie conversion of energy for the required task.

The second law efficiency, my, of a process is defined as the ratio of the
minimum available energy (or exergy) which must be consumed to do a task
divided by the actual amount of available energy {or exergy) consumed in
performing the task.

minimun exergy intake to perform the given task

M = actual exergy intake to perfonn the same lask
o e = :.*.f, (8.84)

where A is the availability or exergy.
A power plant converts a fraction of available energy 4 or F, to useful work
F. For the desired output of ¥, A, = ¥ end A = . Here,

[=W, —Wand = —— (8.85)
L~
Now
W W W
™= —_—
QI L max Ql
= M Mcamn {8.86)
o My = . (8.8
ﬂc.m
Since W, = Ql( - T?n). Eq. (8.87) can also be obfained directly as follows
w ™
M = =
(- 5] Toem
T
If work is involved, Ag;, = W(desired) and if heat is involved, Ay, =
2)
1-—]
oi-7

If soler energy (, is available at a reservoir storage temperature T, and if
quantity ol heat (, is transferred by the solar collector at temperature T,
then

m= Q.
O
_ exergy output
exergy input

and
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Extract heat O, from cold

T
reservior at T, (below A=W, A= Qr(l - ?ﬂ]
14
I
ambient) A = Qc[i - 1) A= Qc[_n - 1)
T, T,
a2 ——y
LR 2
5
T; T
*n =n[—°—1) o= =
o 1] T, % N i
I
{Refrigerator-electric (Refnigerator-heat
motor driven) operted)

*Stricuy spesking, it is COP.

In the case of a heat pump, (he task is to add heat (2, to a reservoir to be
maintained at temperature T, end the input shaft work is ¥,

2
COP =22 =,
o M say

(COP)pe = —22— =2 _ G
L-% W Ay
AM=Q|(1_;_O)
5
' =Am_9'(l )
o Thi i i
L1 =ﬂ1( —%) {8.89)

Stmilarly, expressions of 1 and #1;; can be obtained for other thermal Lasks.

8.12.1 Matcking End Use to Source

Combustion of a fuel releases the necessary energy for the tasks, such as space
heating, process steam generation and heating in industrial furnaces. When Lhe
producis of combustion are at a temperature much greater than that required by a
given task, the end use is not well matehed to the source and results in ine(Ticient
utilization of the fuel burned. To illustrate this, let us consider a clozed sysiem
recciving a heat transfer {J, at a source temperature T, and delivering Q, atause
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temperature T, (Fig. 8.19). Energy is lost to the surroundings by heat wansfer at a

rate Q, across a porlion of the surface at T, At sready state the enerzy and
availability rate balances become.

Q;
_ AT
4 |
ér—,__-b — 0,
T‘_/r'—— B 4...........-.\_‘&
Surroundings L Syatem Boundary

Flg. B.19 Efficien: energy utifizgtion from second law viczpoint

=0,+ 0, {(8.90}

o) BB e

Equation (8.90) indicates thai the energy carried in by heat transfer Q, is either
used, {2,, or lost to the surroundings, {J,. Then

= —g'— {8.92)
o

The value of 1, can be increased by increasing insulation to reduce the loss.
The limiting value, whet @, =0, is ;= 1 {100%).

Equation (8,91) shows Lhat the availability or exergy camried into the system
accompenying the heat tansfer ), is either transferred from the system
accompanying the heat trensfers , and ) or destroyed by irreversibilities
within the system, j. Therefore,

Q_[l—}j—] 1_1'0_

T A

Ny = T =™ T (B.93)
ENG

T -I; T

T

Both i, and i, indicaw how eHectively the input is converied into the product.
The parameter iy does this on energy basis, whereas i does it on an availability
ot exergy basis.

For proper utilization of exergy, it is desirable to make m; as close to unity as
practical and aiso a good match between the source and use temperatures, T, and
T,- Figure .20 demonstrates the second law efTiciency against the use tempera-
ture T, for an assumed source temperature 7, = 2200 K. It shows that f;; tends to
unity (100%j) as T, approaches T,. The iower the T, the lower becomes the value -
of . Efficiencies for three applications, viz., space heating at T, =320 K, proc-
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if there is not heat loss,

W
afl ._ar2= ;"—_r‘" (894)
The second law efficiency, 1= _Fim {8.95)
Oy, —dp,

{b) Compressor and Pump Similarly, for a compressor or a pump,

W I
—_— =g — + —
m B TR

a,, —ag
and = —ZW' ’,*I (8.96)

(€} Heat Exchanger Writing the exergy balance for the heat exchanger,
(Fig. 8.22)

Z[l - %]Qj - Hey +[myaq +m ay] - [P, ag, + g, ] - fey. =0
)
If there is no heat transfer and work ransfer, .
vy lag, ~ ag] = mJa;, —ag |+ 7 (8.97)
m -a
= ——t B L2, — 2 (8.98)
M [afr ~ ]
A r—1— ",
® : Y
- =
it | it
(2
i,

Fig. 831 Ezevyy balance of @ heat axeh

{d) Mixing of Two Flulds Exergy balance for the mixer (Fig. 8.23) gives:

¥ D . . .
[l - T:JQ +mdg +maag, = Woy +ma, +icy
If the mixing is adiabatic and since Wy =0 and m + s, = my.

fﬁ| [af] - af!] = ﬂ.'lz [ﬂ'r’ - ﬂ&] + ! (899}
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Hot siream (1)

e KPP NS S S

Cold straam @
Fig. B23 Exergy fnss due to mixing
and

- mz[af! _afz]

= 8.100
! L [afl - afs] { )

8,13 Comments on Exergy

The enevgy of the universe, like its mass, is constant. Yet at times, we are
bombarded with speeches and articles on how to “conserve™ energy. As
engineers, we know that energy is always conserved, What is not conserved is the
€XETgy, i.£., the useful work potential of the energy. Once the exergy is wasled, it
can never be recovered. When we use energy (electricity} to heat our homes, we
are not desiroying any energy, we are merely converting it 1o a Jess useful form, a
form of less exergy value.

The maximum useful work polential of a system at the specified siate is called
exergy which is 1 composile property depending on the state of the system and the
surroundings. A system which is in equilibrium with its surroundings is said to be
at the dead state having zero exergy.

The mechanical forms of eoergy such as KE and PE are entirely available
energy or exergy. The exergy (#) of thermal energy () of reservoirs (TER} is
equivalent to the work output of a Camot heot engine operating between the

reservoir at temperature T and environment at T, i.e., F= Q[l - —?—]

The actual work /¥ during a pracess can be determined from the first law. If the
volume of Lhe systern changes during a process, pan of this work (W) is used to
push the surrounding medium at consiant pressure pg and it cannot be used for amy
useful purpose. The difference between the actual work and the surrounding work
is called useful work, ¥,

Wy=W—Woq=W-py¥,- 1)

W, is zero for cyclic devices, for steady flow devices, and for system with fixed
boundaries {rigid walls).
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The maxirmum ameunt of useful work that can be obtained from a system as it
undergoes a process between two specilied states is cailed reversible work, W,
If1he final state of the system is the dead slate, the reversibie work and the exergy
become identical.

The difference berween the reversible work and useful work for a process is
called irreversibiliry.

1= Wy~ Wy =Ty Spen
l‘ =T o SW

For a total reversible process, W, = #,and /=0,

The first law elficiency slone is not a realistic measure of performance for
engineering devices, Consider two heat engines, having ¢.g., a Lhermal efficiency
of, say, 30%. One of the engines {4) is supplied with heat @ from a source at
600 K and the other engine (B} is supplied with the same amount of heat ¢ from
a source at 1000 . Both the engines reject heat to the surroundings at 300 K.

(P = Q(l - %) = 0.50, while ()., = 0.30
Similarly,
(Fder= 01~ 201 =0.70, and (W), = 030

At first glance, both engines seem to convert the same [raction of heat, that
they receive, to work, thus performing equally well from the viewpoint of the first
law, However, in the light of second law, the engine 5 has a greater work potential
{0.70) available to it and thus should do a lot better than engine A, Therefore, it
can be yaid thet engine B is performing peotty relative to engine A, even though
both have the same thermal effieiency.

To overcome the dehiciency of ihe first law efTiciency, a second law elficiency
Ny can be dsfined as the ratio of actual thermal elficiency io the maximum
possible thermal elficiency under Lhe same conditions:

h
L
SD, rﬂr eﬂgiﬂe A, r.l';, = 0‘3)‘10.5 = 0.60
and for engine B, 5= 0.3/.7 = 0.43
Therefore, the engine A4 is converling 60% of the available work poteotial
{exergy) io useful work. This is only 43% for the engine B. Therefore,

=

My = Tea L (for heat engines and other work producing devices)

nr:v my
= P _ LAY (for refrigerators, heat pumps 2nd other work
COF,, B,

absorhing devices)
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The exergies of a closed system (@) and a flowing fluid stream { ) are given on
unit mass basis:
¢ = (u— ug) — To(s — 50} + polv — 7g) Wifkg
2
Y= (b ho) = Tofs —s)+ £ + gr kg
Reversible Work Expresnions

(a) Cyclic Devices
W ey = My Oy (Fleat engines)

[ .
— W, = —=1_ (Refrigerators)
AN (o7 M
= Q; {Heat pumps)

- W:“ FER . - S—
(Coprrv )HP

{b} Closed System
Ww = Uy - Uy — TS, - Sp + po(V - V)
=mi¢y — )

{¢) Steady Flow System (single stream)

y2 124
H’m=m|:[h| +T‘+gzI —Tosl)—(hz +Tz+832 —T,']:z]]

=m(¥; — ) _
When the -vstem exchanges heat with another reservoir at temperature 7, other
than the atmesphere,

B = (W, 'Vz)+Q:(l';—n)
k

The first law efficiency is defined as the ratio of energy output and energy
input, while their difference is the energy loss. Likewise, the second law
efficiency is defined as the ratio of exergy output and exergy input and their
difference is irreversibiiity. By reducing energy loss, Grst law efficiency can be
improved. Similarly, by reducing irreversibilities, the second law efficiency can
be enhanced.

SOLVED EXAMPLES

Example 8.1 Inacenain process, a vapour, while condensing at 420°C, wrans-
fera heat to water cvaperating at 250°C. The resulting steam is used in a power
cycle which rejects heat at 35°C. What is the fraction of the available energy in
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the heat iransferred from the process vapour at 420°C (hat is lost due to the
irreversible heat transfer at 250°C?

Selutton  ABCD (Fig. Ex. 8.1} would have been the power cycle, if there was no
temperawre dilference between the vapour condensing and the water evaporating
and the area under CD would have been the unavailable energy. EFGD is the
power cycle when the vapour condensey at 420°C and the water evaporates at
250°C. The unavaiisble energy becomes the ares under 0G. Therefore, the
increase ip unavailable energy due to trreversible heat transfer is represented by
the area uader CG.

OI
A ‘!,-; BT, = 420+ 273 = 693K
= Q £
T € ‘i{:— Ty =250+ 273=523K
! A Y ¥
o ~—E G .1 cas 273 =308K
! __Bi_‘_, / m"-—;
| ~ S0 e Increass in unavailable
A8 » enargy
— g
Fig, Ex. 8.1
Now @, =TAS=T, A8
...__A-S" = ﬁ.
AS @
W = work done in cycle ABCD
={T - TYaF
W = Work done in cycle EFGD

The fraction of energy that becomes unavailable due to irreversikle heat
transfer

s
_W-W _Las-As) _ °LAS
W (G-TpAS  (T-T)
To(7 — 1)) _ 308(693~523)
L -T) 523(693-308)
=0.26 Ans.
Example 22 In a steam boiler, hot gases from a fire transfer heat to water

which vaporizes at constant lemperature. In a certain case, the gases are cooled
from 1100°C to 550°C while the water evaporates at 220°C. The specific heat of
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gases is 1.005kJ/kgK, and ihe latent heat of water at 220°C, is 1858.5 kJ/kg. Alt
the hest transferred from the gases goes to the water. How much does the total
entropy of the combined sysiern of gas end water increase as a result of the
irreversible heat transfer? Obtain the result on the basis of 1 kg of water
evaporated,

Il the temperature of the surroundings is 30°C, find the increase in unavailable
energy due io irreversible heat transfer.

Solution  Gas {m ) is cooled from state 1 1o state 2 {Fig. Ex. 8.2), For reversible
heat transfer, the working fluid (w.f.) in the heat engine having the same ¢ would
have been healed along 2-1, so that at any inslant, the temperature difference
between gas and the working (luid is zero. Then 1-b would have been the
expansioo of the working fluid down to the Jowest possible temperature T, and

the amount of heat rejection would have been given by the arca abed.

L 1100°C
550°C Increass in
2 | urervailable
| energy
220G ]
‘ |
| i
I
8 ‘ S 9. Tp=30+273
g L =
l.—asgas L7~ /, o 3K
— g E-ﬁf . N
! a5 H0 -]
- s
Fig. Ex. 8.2

When water cvaporates 31 220°C as the gas gets eooled from 1100°C 10 550°C,
the resulting power cycle has an unavaitable eoergy seprescoted by the arcacefd.
The increase in unavailable energy due to irreversible heat transfer is thus given
by area befec.

Entropy increase of 1 kg water

_ Latent heat absorbed _  1858.5
(B mer = T T @73+ 220)
2, = Heat transferred from the gas
= Heat absorbed by water during evaporation
=my cP‘(I 100 - 550)

=377 kKikg-K

=1x1858.5kJ
. _ 18585 _ .
Mo, = Tae =338 KII°C
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Ta T
_ a0 r . dr
il il LU
Ta T
T
=mgc, In 2 23381 222
T 1373
=-338%0.51
=-1.725 KIK

M‘Mﬂ = (As)mn:r + (A'S]gu

=3.77-1725 =245 /K

Increase in unavailale energy

Ans.

= To(AS) et = 303 X 2.045

=620k

Ans.

Example 83 Calculate the available energy in 40 kg of water at 75°C with
respect to the surroundings at 5°C, the pressure of water being 1 alm.

Solution  If the warer is cooled at a constant pressure of 1 atm from 75°C w 5°C
(Fig. Ex. 8.3) the heat given up may be usad as a source for s series of Carnot
engines each using the surroundings as a sink. It is assumed that (he amowme of
energy reccived by any engine is small relative tw that in the source and the
wemperature of the source does not change while heat is being exchanged with the

engine.

Let us consider that the source has fallen to temperature T, at which level there

. operates a Carnot engine which takes m heat at this temperature and rejects heat

at T, = 278 K. If &s is the entropy change of water, the work ohtainable is
OW =-m(T - T)és

~ 273+ 75 =18 K
|29
T T
il
A AE
9/ To=2TB K
: — - UE.
i 1. :‘is :
———g
Fig. Ex. 8.3
where 85 is negative.
0T
G =-40(T - T2

T

=-40c, (1 - L_;]JT
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With a very great number of engines in the series, the total work (maximum}
obtainable when the water is cooled from 348 K to 278 K would be

L 5
W) = A.E. =—lim 240.:,[1 - ?)Sr
48
Ms )
= | mcp( —T—"]d;"
78 T

= ac, [{343 ~278)-2781n ﬁ]
78

=40 x 4.2 (70 - 62)

=1340 kI Ans.
Q,=40x4.2 (348 - 278)
= 11,760 kI
UE. =@~ Wiy

= 11,760 - 1340 = 10,420 kJ

Example 8.4 Calculate the decrease in available energy when 25 kg of water
at 95°C mix with 35 kg of water at 35°C, the pressure being taken as constant and
the temperature of the swroundings being §5°C (¢, of water = 4.2 k1&g K.

Sofution The available energy of & system of mass m, specilic heat ¢, end at
temperature 7, is given by
T
[
AE.=me, | (1 - T]d:r'
To

(A.E.};5 = Available energy of 25 kg of water at 93°C

bR
=25x42 | (1 -ﬁ)dr
M+1s r
368
=105 | (368 - 288) —~ 288 In —
[( ) . 288]
= 987.49 kJ
{A.E.)y5 = Available energy of 35 kg of water at 35°C
308
=147 [ 308 — 288) — 2881 —:]
¢ ) " 288
= 4759 kJ
Total available energy
(AE.) g = (AE)ys + (AE)ss
= 987.49 + 97.59

= 10B5.08 kJ
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Afer mixing, if ¢ is the final remperature
25x 42 (95— =35x4.2(t-35)
(= 2595 x35x 35
25+ 35
=60"C
Total mass after mixing =25+ 35 =60 kg
(A.E.) = Available energy of 60 kg of water at 60°C
= 333
=4.2x 60 [(333 —288) - 28R In ﬁ]
=803.27KJ
.. Decrease in available energy due to mixing
= Total available energy before mixing
- Total available energy afler mixing
= 1085.08 - 803.27
=281.81 kJ Ans.

Example 8.5 The moment of inertia of a flywheel is 0.54 kg-m* and it cotates
at & speed 3000 RPM in a large heat insulated sysiem, the temperature of which is
15°C. If the kinetic energy of the flywheel is dissipated as frictional heat at the
ghafl bearings which have a water equivalent of 2 kg, lind the rise in the
{emperature of the bearings when the flywheel bas come 1o rest. Calculate the
greatest possible amount of Lhis heat which may be retumed to the Qywheel as
high-grade encrgy, showing how much of the original kinetic energy is now
unavailable. What would be the final RPM of Lhe fiywheel, if it is set in motion
wilh this available energy?

Solution  Initial angular velocity of the Oywheel

o= 25N 2EX3000 0y
60 60

Initial available energy of Lthe flywheel

= (KE ) pigia1 = %I a;

2
- 0.54 kg m?x (314.22 B
5

= 2,66 % 10° Nm = 26.6 k)

When this K.E. is dissipated as frictional heat, if At is the iemperature rise of
the bearings, we have
water equivalent of Lhe bearings X rise in temperature = 26.6 kJ
26.6

At = —=—— =3,19°C Ans.
2x 4187 .
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.~ Final temperature of the bearings

tHr=15+3.19=18.19°C
The maximum amount of energy which may be retumed to the flywheel as
high-grade cnergy is
29119
AE =2x4187 | (1 - ﬁ)dr
28 T

=2% 4.187[(291.19 —288) - 288 In M]

288
=0.1459 kJ
The amount of energy rendered unavailable is
UE.= (A'E'}milill - (A'E'Jremmnble s bugh energy
=26.6 - 0.1459
=264541 kJ
Sinee the amount of energy returnabie to the Mywheel is 0.146 kI, if w, is the
[inal angular velocity, and the [lywheel is set in motion with this energy
0.146 x 10° = -;- x 0.54 @

z_ 146
=—— =540.8
%027
o ay = 23,246 rad’s
if N, is the [inal RPM of the lywhee]
- 23,246 x 60
2xE

or N, =222 RPM Ans.
Example 8.6 Two kg ofair at 500 kPa, 84°C expands adinbatically in a closed
sysiem until its velumne is doubled and its temperature becomes equal (o that of
the surroundings which is at 100 kPa, 5°C. For this process, determine {a) the
maximum work, (b} the change in avaitability, and (¢) the irreversibility. For air,
take ¢, = 0.718k)/kg K, v = ¢, T where ¢, is constan, and pF'= mRT where p is
pressure in kPa, ¥ volume in m?, m mass in kg, R a constant equal to 0.287 klkg
K, and T wermperature in K.
Sofution  From the propeny relation

TdS = dU + pd¥
the entropy change of nir between the initial and final states is

1 _2 me, dT  3mRav
oot og
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ar SZ—S,=mchn—E—+mR1n£
7 K
From Eq. (8.32),

Wona = (U~ U =T (5, -5

: ) £
= AT - T T In = + Rln —=
”'[‘v{ 1—R)+ o["v T + &ln H)]

=2 [0‘713(30 - 5)+278(0.718 m%

=2[5385+278(-0.172 + 0.199)]
=2{53.85+7.51)
=12272 K] Ans. (a}
From Eqg. (8.42), the change in availability
“¢-%
={U) = Up) = TS, - 82) + po(¥Fy -
= B + Pk V1 — V)
= 122.72 + pi(¥, - 2V}
2% 0.287 x 353
500
=822 Ans. (b)

+0287n -f-]

=122.72-100 %

The irreversibility -
1= By anetil — Py
From the first law,
W, =0-AU=-AU=U-U,

. [=U-U-Ty&-Sp-U+U,

= TS - 5)

= TD['ﬁS)mwm
For adiabatic process, (45),,, =0

T ¥
=T In2+mRIn -2
D[mc\, ?; n (1] V]}

278 J
= 718 In —— + 0.287 ]
278!2[078 353+0 871In2

=278 % 2 (-0.172 + 0.199)

=152k Ans. (c)
Example 8.7 Air cxpands through a wrbine from 300 kPa, 520°C 1o 100 kPa,
300°C. During expansion 10 klkg of heat is lost to 1he surroundings which is at

98 kPa, 20°C. Neglecting the K.E. and P_E. changes, determine per kg of air (a}
the decrense in availability, (b) the maximum werk, and (c) the irreversibility.



Available Energy, Exergy and Frrrversibility 7

For air, take c, = 1.005 ki’kg K, & = ¢, T where ¢, is constant, and the p, Fand T
relation as in Example 8.6,
Solution From the property relation
’ TAS=dH-¥dp
the entropy change of air in the expansion process is

2 2 2
mec, dT
fas = j+ _ j‘ﬂ
1 1 1 P
or $-8 =mcyln £—Jlnlill:li,l—-
5 i
For 1 kg of air,
P
P
From Eq. {8.30), the change in availabiliry
i—ya=b-b
=(hy— Ton} = (Ay = Tpr)
=(h - h)-Tyls;—-52)

sz-sl=cpln-%- ~Rin

= £2 12
=g, (T -Ty)-T, [Rln——c ln—-)
prl 2 o S p TE

= 1.005 (520 ~300) - 293(0.237 In -;- - 1005 In ﬁ)

793
= 1.005 x 220 — 293 (0.3267 - 0.4619)
=221.1+396
=260.7 k/kg Ans. (a)
The maximum work is
W _ . = change in availability = ¥, -
= 260.7 klrkg Ans. (b)
FromS.F.EE.
QR =Wh
W=th-b)+Q
=T\ -TY+Q
= 1.005 (520 — 300) - 10
=211.1 kg
The irreversibility
I=W..-F
=260.7 - 211.1
=49.6 klkg Ans. (c)
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Alternatively,
I= TU(ASM + Asm)
=203 [1.005 In37 _0287m L+ ﬂ]
793 57 203

=293 x0.1352 + 10

=49.6 kl’kg Ans. (d)
Example 88 An air preheater is used to cool the products of combustion from
a furnace while heating the air 10 be used for combustion. The rate of flow of
products is 12.5 kg/s and the products are cooled from 300 to 200°C, and for the
products at this femperature ¢, = 1.09 kVkg K. The rate of air flow is 11.5 kgfs,
the initial air temperature is 46°C, and for the aire, = 1,005 kl/kg K. {a) Estimate
the initial and final availability of the products. (b} What is the imeversibility for
the process? (¢} If the heat transfer from the products ocours reversibly through
heat engines, what is the final temperature of the air? What is the power developed
by the heat engine? Take T, = 300 K and neglect pressure drop for both the Auids
and heat transfer to the surroundings.
Solution

{a) v, = initial availability ol the products
= (h| - ko) ~ To(S, — Sp)

_ T
= ""p,(Tm -T)-T Cpy In To

= 1.09(573 — 300) — 300 x 1.09 In 212
300

=297.57 -211.6 = 39,68 kl/kg
w, = final availability of the products
= (A — Ao) — To(s2 —50)
= 1.09 (473 - 300} - 300 x 1.09 In 4B
300

= 188.57 — 148.89 = 39.68 ki’kg
{b) Decrease in availability of the products
ik {4
=(hy = b} - Tolsy - 53)
= 1.09 (573 —473) - 300 x 1.09 In 222

473
= 109 - 62.72 = 46.28 k/kg
By making an energy balance for the air preheater [Fig. Ex. 8.8(a)].
o (T, ~Tg) = ", e, (T,-T,)
12.5 x 1.09(573 - 473) = 11.15 x 1.005(T, ~ 313}
_ 125%109

= + 313 =43089 K
2115 % 1005
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For reversible heat transfer,

88,,=0
A8y, +A8,, =0
ASg, + A8, =0
T
mc, ln—w ril,chlnz'}-
gl Tll
473 Ta
12. .0 -
25%1.09ln — ) 11.5 % 1.005 In - 30
. T3 =39241K
Rate of heat supply from the gas io the working fluid in the heai engine,
Ql_mgcp ( I"T;‘Z)
=125x 1.09 (573 -473)

= 1362.50 kW
Rate of heat rejection from the working [Tuid in the heat engine to the air,
Qr = (T~ To)
=115 % 1.005 (39241 - 313)
=917.78 kW

Total power developed by the heat engine

W =0, -Q,=1362.50-917.78
= 444.72 %W

Example 8.9 A pas is flowing through a pipe 3t the rate of 2 kg/s. Because of
inadequate insulation the gas temperatuse decreases from 800 to 790°C between
two sections in the pipe. Neglecting pressure losses, calculate the irreversibility
rate {or rale of energy degradation) due to this heat logs. Take ;=300 K anda

constant ¢, = 1.1 klVkg K.
For the same 1emperature drop of 10°C when the gas cools from B0°C to 70°C

due to heat loss, what is the rate of energy degradation? Take the same values of
Ty and ¢, What is the inference you can draw from this example?

Solution ng = Sm - =
0
m Cp { Tz B Ti }
I
Imeversibility mte = rate of energy degradation
= rate of exergy loss

= Hi{s;—8y) -
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=18,
=mTyls, -8} - me, (Th-T)

. T
=mc{(r. -Ty-7, ln?;]

1073
=2x1, 073 - 1063) — In —
2x1.1 [(l 3 63) — 300 1063}

= 15818 kW
When the same heat loss occurs at lower tempemature

: 353
= 1. — 343} —~ In —==
f=2x11 [(353 343 - 300 343:[

=3.036 kW

it is thus seen that imeversibiliry rate of exergy destruction is more when the same
heat foss occurs at higher temperature. [rreversibility rate decreases as the
temperature of the gas decreases. Quantitatively, the heat loss may be the same,
but qualitatively, it is different.

Example 8.10 An ideal gas is flowing through an insulated pipe at the mte of
3 kg/s. There is a 10% pressure drop from inlet to exii of the pipe. What is the rate
of exergy foss because of the pressure drop due to friction? Take 8=0.287 kl/kg
Kand T, =300 K
Solution Rate of entmpy generatton {rom Eq. (8.68),

Sy = R

P

0.10 p,

P
= 00861 kW/K

=3x0.287

Rate of exergy loss
j = TD Ssm
=300 x 0.0861
= 2583 kW
Example 8.11 Water ai 90°C fAowing at the raie of 2 kg/s mixes adiabatically
with another stiream of water at 30°C flowing at the rate of 1 kg/s. Estimate the
entropy generation rate and the rate of exergy loss due to mixing, Teke T, =

N0 K,
Solution

M=t +my=2+1=3ke/s

Here I=—_=?=D.67
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p= B 30 s
h 363
From Eq. {B.76},
x+ T{l-x)
Tl-x
0.67+0.835x0.33
0.835%%
0.94555
0.94223
= 0.0442 kW/K
Raie of exergy loss due io mixing
F =Ty Sgn
=300 x 0.0442
=13.26 kW

Syeq = ey In
=3x4187In

=12.561 In

Alternatively,
Equilibriumn ternperature afier mixing,
f= mi +maly
ny + my
_ 2x90+1x30 _ T0°C
2+1

AL 343
=0.0447 KW/K

f=300x0.0447 = 13.4] kW

iy = S =2x4.187In —=+1x4.187 In —
363 303

E:a.mple 8.12 By bumning a fuel the mte of heat release is 500 kW at 2000 K.
What would be the first law and the second law efTiciencies if (a) energy is
absorbed in a metallurgical furnace at the tate of 430 kW at 1000 K. (b} energy is
absorbed at the rte of 450 kW for generation of steam a1 500 K, and {c) energy
is absorbed in a chemical process ai the rate of 300 kW at 320 K7 Take T =
300 K, (d) Had the energy absorption rate been equal 10 450 kW in all these three
cases, what would have been the second law efficiences? What is the inference

that you ¢an draw from this example?

Solution If (), is the mte of heat refease at temperature T,, and Q, the rate of

heat absorption at temperature T, then

3
o

= £ d =
™ 0 and 1y ml—ﬁ
T
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(2) Mctallurgical furnace

=280 » 100 = 96%
500
| 300
= 1000
Tu =096 — 300~
2600

{b} Steam generation

x 100 = 7%

450
=-—— x 100 = 90%
M= S0
;300
S04 -
Tg = 0.90 300" x 100=42.3%
2000
{¢) Chemical process
n,=£ % J00 = 60%
500
| 300
320

= T 300
!}"—0.60]..._3...._x
2000

10 =441%

{d) In ail the three cases, i, would remain the same, where

=230 x 100= 050
500

It is seen that as the energy loss { Q, - Q,) i

» 100 = 74.11%

% 100 = 42.3%

ncreases, the first law efficiency

decreases. For the same heat loss, however, as the tempeature diflerence between
the source and the use temperature increases, Ue second law efficiency decreases,
or in other words, the rate of exergy loss increases.
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Example 813 A system undesgoes a power cycle while receiving energy 0, at
temperature T, and discharging energy ), at temperature T,. There are no other
heat tranafers.

{a) Show Lhat the thermal e(Ticiency of the cycle can be expressed as:

et B L
I R
where T, is the ambient temperature
and [ is the imeversibility of the cycle. l T, ;

(b) Obtain an expression for the R
maximum theoretical value for the ] 9y
thermal efficiency. Y

{c) Derive an expression for the &E)I W=0 -0,
irreversibility for which no network is o
developed by the cycle. What
conclusion do you derive from it? [ T2 1
Solution An availability batance for
the cycle gives (Fig. Ex. 8.13), Fig. Ex. 8.13

T T
(M) oyepe =0 =( —~;.’-)Q, - [1 ——T—"-JQ, —W-1
i 2
since each properiy is restored 1o its initial stale,
Since 0.=0,-

{-3a--Eaom-ve

L

33 2o-%

n=§=1—%-—;’5 Proved.
1 okl
(b) When I=0,
T
Moas = - =1
1
{c) When W =10
r]l=l)=l—T2 i
T Lo
1 8 _0
1= ra[?z——l]a. Tu[z T.] To Spm

The heat transfer O, from 7, to T, takes place through a reversible engine, and
the entire work is dissipated in the brake, from which an cqual amount of heat is
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rejected to the reservoir at T, Heat transfer through a [inite temperature
difference is thus equivalent 1o the destruction of its exergy. {See Art, 8.10. {{a)).

Example 8.14 A compressor operaling at steady state lakes in 1 kg/s of air at
1 bar and 25°C and compresses it to & bar and 160°C. Heat transfer from the
compressot to its surroundings occurs al a rate of 100 kW. (a) Determine the
powet input in kW. (b) Evaluate the second law elTiciency for the compressor.
Neglect KE and PE chanpes. Take Ty = 25°C and F;, = 1 bar,

Sofution  SFEE for the compreseor (Fig. Ex. 8.14) gives:

W =0+ mih - k)=~ 100+ 1 x 1.005 (25 — 160)
=—235.7TkW Ans.(n)

? 3
b
/ "\'."/
lr/
—r~’7
Flg.ELS.H

Exergy balance for the compressor gives:

mag+ Q1= 2 |- - nay, = 1
i - T .
- W=;i;(a,2—aﬁ)—g(1-?°)+1

Hy = Hll(af = dy. )
u W
ap, —ag, =hy - by — Tyl5; - 5))

T
=c(T,-T) - Tu(cp In ? ~RIn 22 J

P
4
= 1.005 (160 - 25) ~ 298 (1005 In 222 — 0287 1n 8
= 200.95 kIke
200.95
= 20095 _ 4 053 or, 85.3% Ans.
M= 357 o ns. ()

Example 8.15 Determine the exergy of 1 m® of complete vacuum.
Selution

¢ = U= Uy +py¥V - ¥o} - TofS - 5p)
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= H~Hy— ¥Fip - pg) — To(S — Sp)
Since a vacuum has zero mass,
U=0,H=0,and S=0
If the vacuumn were reduced to the dead staie,
Uy=0,H;=0,5=0and F;=0.
The pressure p for the vacuum is zero.
But pp=1bar=100kPaand ¥ =1 m’

¢=puV=100%xlm3=100kJ

Ans,

if an 2ir motor operates berween the atmosphere and 1he vacuum, this is the
maximum useful work obtainable. Therefore, the vacuum has an exergy or work

potential.

Example 8.16 A mass of 1000 kg of fish initially at 1 bar, 300K is to be
cooled to - 20°C, The freezing point of fish is — 2.2°C, and the specific heats of
fish below and above the freezing point are 1.7 and 3.2 k/kg K respectively, The
Jatent heat of fusion for the fisk can be wken as 235 kI/kg. Calculate the exergy

produced in the chilling process. Take T, = 300 K and p, = | bar.

Solution
Exergy produced = f, - H) — Ty(8; - §p)

With reference to Fig. Ex. 8.16,
1
=T, 300K,
;c,

b r 270.8K

253K

5
Fig. Ex. 8.16

H) - H, = 1000 [1.7 (270.8 - 253) + 235 + 3.2(300 — 270.8)]

=1000[1.7x17.8+235+3.2x292]

= 1000 [30.26 + 235 + 93.44] = 358.7 M1

HZ—H|=-358.7MJ

2708 | 235

5,-5,=1000 [1.7 In +
253 27038

=— 1000 [0.1156 + 0.8678 + 0.3277]

+32In
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=131 MK
§; - 8 =- 1311 MIX
Exergy produced = — 358.7 + 300 x 1.311
~_.3587+3933
=34.6 MJ or 2.54 kWh Ans,

Example 817 A quantity of air initially at | bar, 300 K undergoes two fypes
of interactions: {a) it is brought 1o a final temperature of 500 K adiabatically by
paddle-whee! work transfer, (&) the samne temperature rise is brought about by
heat transfer from a thermal reservoir at 600 K. Take T, = 300 K, p, = | atm,
Determineg the irreversibility {in ki/kg) in each case and comment on the results,

_/

o v | Resanoir
« Adr - v Alr O -y
%i ______________ w2 0 | ek
() ®) T
Pg. Ex 417

Solution Case (g); As shown in the above figures (Fig. Ex. 8.17),

T
o 500
As =S.m=¢, 0 - =0718In —
wniv = Sgen = Cv T 7181In 300
=0.367 kl’kg K
. I=300x%0367=110.1 klkg Ans.
Case (bj: @g=mc(,~T))
=1 x 0.718 (500 - 300) = 143.6 kl/kg
143.6
As L =8 — 8 — ‘Q?—_!- =0.367 - W
=01277Tklkg K

F=300x0.1277 =38.31 kVVkg
Comment:
The irreversibility in case (b) is less than in case (a).

L=Tolss —59), fy = Tols, - 5) - *g‘

The irreversibility in case (b) is always less than in case {3} and the two values
would approach each other only at high reservoir temperature, i.e..

I, LasT-3o
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Example 8.18 Steam enters a turbine at 30 bar, 400°C {4 = 3230 kJ/kg, s =
6.9212 kJ/kg K) and with a velocity of 160 mv/s. Steam leaves as saturated vapour
at 100°C (h = 2676.] kl/kg, s = 7.3549 kJ/kg K) with a velocity of 100 m/s. At
steady state the turbine develops work at a rate of 540 kJ/kg. Heat transfer
between the turbine and i1s suwrroundings oceurs et an avernge outer surface
temperature of 500 K. Determine the itreversibility per unit mass. Give an exergy
balance and estimate the second law efficiency of the turbine, Take p, = atm,
Ty = 298 K and neglect PE effect,

Solution By exergy balance of the control volume (Fig. Ex. 8.18),

afl =F+ Q(l—::—oJ +ar2+1
B

where a;is the exergy ttansfer per unit mass.

e W

} ) ST
JE T2 By
Hn—+-(__ " 2
— {\
T s}
Fig. Ex. A.18

T~

T
T=ay—ap,-W- Q(l—?“)

2 2
= ()~ Tl — s+ L= P2 —W—Q(t—ﬁ)

2 _ynnt
= (3230.9 - 2676.1) - 208(6.9212 - 7.3349) + M
x 107 - 840 - Q(! - ﬁ)
500
= 151.84 — ((0.408) m

By SFEE,

V2 VZ
h+-L =F+h+0+-2
1+ 2+ 0+

2 _p2
0=t -hys =Py

I _ 2
= (32309 - 2676.1) + me x 103 = 540

=22.6 kl/kg.
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I = Rate of irreversibility

=[ _lTO)Q+W=(1 -ﬂ)(_s.sns.s

1500
= LTkW Ans. (2)
Rate of availability transfer with heat
2o-(-)
=[1-L|0={1- 2= ] (-85)=-68kW :
( T e 1550 (-85)=-68k Ans. (a)

Case (b): Steady slate,
E:(l_ﬁ_)g{ -;—"JQ-W-ho

ar T -
i= (1 - ﬁ)&s - (1 -ﬂ)s.s
1500 500
=68-34=34kW Ans. (b)

Example 820 Air enters a compressar al | bar, 30°C, which is also the stale
of the environment. It leaves at 3.5 bar, 141°C and 90 m/s. Negiecting inlet
velocity and P.E. effect, determine (a} whetber the compression is adiabatic or
polytropic, (b} if not adiabatic, the polytropic index, {¢) the isothermal efficiency,
(d) the minimum waork input and irreversibility, and {d} the second law efficiency.
Take ¢, of air = 1.0035 kl/kgK.

{a) Afler isentropic compression

=1y
Tu _ [P_z] T
T 2i

Ta =303 (3.5 = 433 6 K = 160.6°C

Since (his temperature is higher than the given temperature of 141°C, there is
heat loss to the surroundings. The compression cannot be adiabatic, [t must be

polytropic.

n—1)n
I P
{on—1)/n
1414273 _ oo (2)
304273
log 1366 ="t j0g 3.5

n=132978=1133 Ans,
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{¢) Actual work of compression

2
W, = h,—hz—:z —10035(30—141)-9%“0'3

= 115.7 kg
Isothermal work
2 2 2
WT=Ide_.V_2:_.Rﬁ wP_ ¥
1 2 B
2
=—0.287 % 303 n (3.5) - i’g— x 107
=113 kg
Isothermal efficiency:
W 113
=——=——=0977T ar 97.7% Ans.
fir W, 1157 or b ns
{d) Decrease in availability or exergy:
V -p
¥i—v=h - To(-'»‘l—sz)"‘—z‘“'
T 2
=¢ (T -F)-T, Rln—— bn =2 |- 2
=193 R 2w |-

= 1.0035 (30 - t41)

2
-303 [0.287 In 3.5 — 1.0035 In ‘”4] 90°

3031 2000
=_ 1018 kl/kg
Minimum work input = - 101.8 kl/kg Ans.
Itreversibility, I=W_ -H,
=-101.8 - (- 115.7)
=139 kl/kg Ans.

(¢) Second law efTiciency,
Ty = Minimwn work input _ lol8
U™ Actesl work input 1157
=0.88 or 88% Ans,

REVIEW QUESTIONS

8.1 What do you understand by high grade energy and low grade energy?
8.2  What is available energy and unavailable energy?
8.3  Who propounded the concept of availability?
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B4
85

8.6
8.7
8.8
8.9
8.10
8.11
8.12
8.13
8.14
8.15

§.16
8.17

8.18

B.19

8.2q
8.21
822
823

8.24
8.25

8.0
8.27

§.28
8.29

8.30
8.31

8.32
8.33

What is the available energy referred jo o cycle?

Show that there is a decrease in available energy when heat is transferred through
a finite temperature difference,

Deduce the expression for available energy feom a finite energy source at
temperature T when the environmental wmperature is T,

What do you understand by exergy and enerpy?

What is meant hy quality of cnergy?

Why is excrgy of a NMuid at 2 higher wimpernure more thap that at a lower
lemperamre?

How doeg the exergy value provide a usefu) measure of the quelity of energy”?
Why is tbe second law called the law of degradation of energy?

Energy is always conserved, but its quality is always degraded. Explain,

Why is the work done by 2 closcd system in a reversible process by intesacting
only with the suroundings the maximpm?

Showe that equal work is done in all reversible processes between he same end
aates of g system if it exchanges energy only with the suroundings.

Give Lhe general expression for the maximoum work of an open system which
exchanges heat only with the surroundings.

Whint do you understand by Keenan function?

Give the expression for reveryible work in a steady flow process under a given
environment.

Give the expression for reversible work doge by a closed system if it interaces
only with the sorroundings.

What do you understand by “useful work'? Derive expressions for useful work
for a closed system and a sicady Now system which interact only with the
surmoundings.

What arc the availebility functions for a: (&) clossed system, (b) stcady Now
system?

What do you understand by ihe dead siate?

What is meant by availabiiity?

Give expressions for availabilities of a closed systom and a steady [Mow open
system.

What are Hetmholtz function and Gibbs function?

What is the availability in a chemical reaction if the temperature before and afier
the reaction js the same and equal to Lhe temperature of the suroundings?
When is the availability of a chemical reaction: equal to the decrease in the Gibbs
function?

Dierive the expression for imeversibility or exerpy loss in a process executed by:
{a} a closed system, (b} a steady [low system, in a given cavironment.

State and explain the Gouy-Stodola heorem.

How is heat transfer through 2 finite temperature difference equivalent to the
destroction of its availability?

Comsidering 1he sicady and adiabatic Pow of an ideal gas through a pipe, show
that the mte of decrease in availability or lost work is proponional to the pressure
drop and the mais flow rate.

What do you understand by Grassman diagram?

What is entropy generation number?

Why is exergy always a positive value? Why cannot it be negative?
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8.34 Why and when is exergy compleiely destroyed?
$.35 Give the exergy balance for a closed system.
8.36 Explain the statement: The exergy of an isolated system can never increase. How
is it related vo ke principle of merease of entropy?
8.37 Give the exergy balance of a steady [low sysiem.
8.38 Define the second law efficiency. How is it different from the first law ciMiciency
in the case of a simple power plant?
8.39 Derive the sccond law e(fciency for: (a) a solar water heater, and (b) a heat pump.
2.40 What is meant by energy cascading? How is it thermodynamically ¢flicient?
8.41 Derive expressions for the ireversibility and second law efficiency of a:
(a) steamn turbine, (b} compressar, {¢) heat exchanper, and (d) mixer.
8,42 What is the deficiency of the first law eiliciency? How does the second law
elficiency make up this deficiency?
8.43 How can you improve the first law efTiciency and the second law efficiency?
PROBLEMS
8.1 What is the maximum useful work which can be obtained when 100 kJ are
abstracted from a heat reservoir at 675 K in an environment at 288 K? What is the
loss of useful work if (a) a tenperature drop of $0°C is intrduced between the
heat source and the heat engine, on the one hand, and the heat engine and the heat
sink, on the other, (b} ihe source emperaiure drops by 30°C and the sink
temperature rises by 50°C during the heat transfer process according to the linear
law LI + constant?
dr
Ans. ST38 KD, {a) 11461, {b) 5.5kl
8.2 Inpasieam generalor, water is evaporated at 260°C, while the comustion gas (e,
= 1.08 kifkg K} is cooted from 1300°C 10 320°C. The surroundings are at 30°C.
Determige the loss in available cnergy due to the abowve heat rronsfer per kg of
water evaporated. {Latent heat of vaporization of watee at 260°C = 1662.5 kJ/
kg.)
Ans. 43.6 K
8.3 Exhaust gases leave an inlermal combustion engine at 800°C and | sim., afler
having done 1050 ¥J of work per kg of gas in the engine {epolgas =11 kIkg K.
The temperture af the surroundings is 38°C. {a} How much available energy
per kg of gas is lost by \hrowing away the exhaust gases? (b} What is the ratio of
the logt available encrgy to the engine work?
Ans, (a) 425.58 k), (b) 0.405
84 A hot spring produces water at a temperature of 36°C, The water flaws ima a
large lake, with a mean temperature of F4°C, at a rate 0§ 0.1 m? of water et mir.
What iz the rate of working ol an ideal heat engine wiich uses all the available
eneTgy?
Anrs. 195 KW
85 0.2 kg of air at J06°C is heated reversibiy at constant pressure to 2066 K. Find

the available and unavailable energics of \he heat added. Take 7,=30°C and ¢,
= 1.0047 kikg K.
Ans. 211.9 and 78,1 kI
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8.6

87

8.8

59

3,10

892

Eighty kg of water at 100°C are mixed with 50 kg of water at 60°C, while the
temperatre of the surronndings is 15°C. Determine the decrease in available
encrgy due to mixing.
Ans. 2401J

A lead slorage baitery used in an automobile is able to deliver 5.2 M} of electrical
energy. This energy is available for stanting the car.
Let compressed air be considered for deing an equivalent amount of work in
staning the car. The compressed air is 1o be stored a1 7 MPa, 25°C. What is the
volume af the fank that would be required to let the compressed air have an
availebility of 5.2 MJ? For air, pv = 0,287 T, where Tis in K, p in kPa, and v in
m3ikg.

An. 0228 m?
lce is to be made fram water supplied at | 5°C by the process shown in Fig, P 8.8,
‘The final temperature of the ice is ~ 10°C, and the final temperature of the water
that iz used as cooling water in the condenser is 30°C. Delermine the minimum
work required to produce | kg of ice, Take o, for water = 4.187 klkgK, c, for
ice = 2,083 kIfkgK. and tatent beat of fusion of ice = 334 K/ke.

1t
CLAEA i Water 30°C

L Oy

Water 15°C —— ( " )

j lcm, —10°C
Fig. PA.8

Ans. 31.92 M}
A pressure vessel has a volume of im’ and contains air at 1.4 MPa, 175 °C. The
air is cooled 10 253°C by heat lransfer to the surroundings at 25°C. Calculate the
availability in the initial and final swtes and the imeversibility of this process.
Take py = 100 kPa.
Ans, 135 klkg, 114.6 kl/kg, 223 kJ
Air Flows through ap adiabatic compressar at 2 kg/s. The inlet conditions arc |
bar and 3110 K aml the exit conditions are 7 bar and 560 K. Campute the net rate
of availability transfer and the imeversibility. Take 7,= 298 K.
Ans. 4811 kW and 21.2 kW
An adiabatic furbine receives a gas (¢, = 1.09 and ¢, = 0.838 Wrkg K) at 7 bar
and 1000°C and discharges at 1.5 bar and 665°C. Determine the second Jew and
isentropic efficiencies of the turbine. Take 7, =298 k.
Ans. 0,956, 0,579
Air enters an adiabatic compressar at atmospheric conditions of 1 hat, 15°C and
leaves &1 5.5 bar. The mass flow rate is 0.0t kp/s and the elficiency of Lhe
compressor is 73%., Afler leaving the compressor, the ajr is cooled 10 40°C in an
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8.16

8.17

8.18
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aflercooler. Calculate {a) the power required fo drive the compressor, ond (b) the
rate of imeversthility for the overall process (compressor and cooler),
Ang, (a) 242 kW, {b) | kW
[n a rotsry compressor, air enters at .1 bar, 21°C where it is compressed
adinbatically to &6 bar, 230°C, Calculate the immeversibilily and the entropy
production for unit mess flow mte. The atmoesphere is at 1.03 bar, 20°C. Neglect
the K.E. changes.
Ans. 19 Wrkg, 0.064 khfkg K
In a steam boiler, the hot gases from 2 fire wransfer beat 1o water which vaporizes
at a conslant iemperatre of 242.6°C (3.5 MPa). The gases are covied from 1100
te 430°C and have an average specific heat, ¢, = 1.046 kJ/kg K over this
temperature range. The latent beat of vaporization of steam at 3.5 MPa is
1753,7 kl/kg. If the steam generation rade is 12,6 kp/s and there is negligible heat
logs from Lhe boiler, calculare: (a) the mate of heat transfer, {b) the mte of loss of
exergy of the gas, {c) the mte of gain of exerpy of the stcam, and (dj the rawe of
eniropy genermtion, Take 7, = 21°C,
Ans, {a) 22096 KW, (1) 15605.4 kW () 9501.0 kW, (d) 20.76 kKW/K
An economizer, & gas-to-waler finned tube heat exchanger, receives 67.5 kg/s of
pas ¢, = LOD46 kbkg K, and 51.1 kg/s of water, ¢, = 4.186 kl/kg K. The water
riges in temperature from 402 w 469 K, where Lhe gas fzlls in lemperatere from
682 to 470 K. There are ne changes of kinetic energy, and p, = 1.03 bar and 7 =
289 K_ Derenmine: (2) rate of change of availability of the water, (b) the mate of
change of availability of the gas, and {c) the rate of entropy generation.
Ans. (3) 4802.2 KW, (b) T079.8 kW, (¢) 7.73 kW/K
The exbaust gases from a gos turbine are used to heat water in an adiabatic
counterflow heat exchanger. The gases are ¢ooled from 260 to 120°C, while
warter enters at 65°C, The Nlow rates of the gas and water are 0.35 kg/s and
.50 kg/s respectively. The conslant pressure specific heats for the gas onul water
are 1.09 and 4,185 klVkg K respectively, Calculale the rate of exergy loss due ta
heat transfer. Take T, = 35°C.
Ans. 1192 kW
The exhaust from a gas turbine ai 1.12 bar, 800 K Mows steadily into a heat
exchenger which cools the gas to 700 K without significent pressure drop, The
heat transfer from the gas heats an air Now at constant pressure, which enters the
heat gxchanger at 470 K, The mass flow rate of air is twice that of the gos and the
suroundings arc at 1.03 bar, 20°C. Determine: (2) the decrease in availability ol
the exhaust gases, and (b} the total entropy production per kg of gas, {¢} What
arangement would be necessary Lo maoke the heat transfer reversible and how
much would this increase the power output of the plant per kg of yurbine gas?
Take ¢, for exbaist gas a3 |08 and for air a3 1,05 klkg K. Neglect heat mmansfer
to the surroundings and the changes in kinetic and powntial energy.
Anz. (a) 66 Wkp. (b) 0.0731 klkg K. (c) 38.7 kirkg
An air preheater is used to heat up (he air used for combustion by cooling the
outpoing products of combustion from a farmace. The mic of flow of the products
is 10kg/s. and Lhe products are cooled from 3IK°C to 200°C, and for the products
at this lemperature ¢, = 1.09 kJfkg K. The rate of air flow is 9 kg/s, the initial air
tempermtare is 40°C, and for the air ¢, = 1.005 kiAg K.
{a) What is Lhe initiai and final avaiiabilicy of the producis?
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8.19

$.20

8.21

822

8.23

§.24

B.25

8.26

8.27

{by What is the irreversibility for this process?

(¢} If tre heat wansfer from the products were to take place reversibly through
heat engines, what would be the finally temperature of the air? What power
would be developed by the heat engines? Take Ty = 360 K.

Ans {2} 85.97, 39.68 k) kg, (b) 256.5 KW, ¢c) 394,41 K, 353.65 kW

A mass of 2 kg of air in a vessel expands from 3 bar, 70°C to | bar, 30°C, while

receiving 1.2 kJ of heat from 2 reservoir at 120°C. The environment is at .98

bar, 27°C, Calculate the maxinuun work and the work done on the atmosphere.

Ans. 177, 1125 K

Air enters the compressor of a gas turbine at 1 bar, 30°C and leaves the

compressor 2t 4 bar, The compressor has an efficiency of 82%. calculate per kg of

air {a) the work of compression, {b) the reversible work of compression, and

{¢) the immeversibility. [For air, use

T, [ P2 ]"'”T
L P
where Ty, is the temperature of air alier isentropic compression and y= 1.4. The
compressor elficiency is defined as (7, — TYAT, = T,), where T, is the actual
temperature of wir after compressionsl.]
Ans. (a) 180.5 klrkg, (b} 159.5 kd/kg (c) 21 kl/kg
A mass of 6.98 kg of air is in a vessel at 200 kPa, 27°C. Heat is tranaferred to the
aiy from a reservoir at 727°C until the remperature of air rises o 327°C. The
environment is al 100kPa, 17°C, Determing (@) the initia) and (inal avaa]abllny of
air, (b) the maximum useful weork associzated with the process.
Ans. {a) 103.5. 6219 kF {by 582 kI
Adr coeers an adisbatic compressor in sicady flow at 140 kPa, 17°C and 70 m/s
and leaves it at 350 kP, 127°C and 113 m/s. The environment is at 100 kPa,
7°C. Calculate per kg of air (&} the actual amount of work required, (b) the
minimum work required, and (¢) the irteversibiliry of the process.
Ans {a) 1144 K ¢b)97.3 k), (¢} (70 k)
Air expands in a turbine adiabaticaliy from 500 kPa, 400 K and 156 m/s 1o
100 kPa, 300 K and 70 mvs. The environment is at 100 kPa. )7°C. Caleulate per
kg of air {a} the maximum work output, {b) the actval work owput, and {c} the
irmeversibility.
Ans. (a) 139 k), (b} 109 k). {c) 50 k)
Calculate the specific exergy of air far a state at 2 bar, 393,15 K when the
surroundings are at i bar, 293.15 K_ Take o, = I and R = 0.287 kd/kg K.
Ans. 72.31 Kikg
Calculate the specific exergy of CO, (¢, = 0.8659 and R = 0.188% kJ/kg K) for 8
state a1 0,7 bar, 268.15 K and for 1the eavironment at 1.0 bar and 293.15 K.
Ans. - 18,77 klkg
A pipe caies a stream of brine with a mass flow rate of 5 kg/s. Because of poor
therma! insulation the brine temperature tncreases from 250 X at the pipe inlet to
253 K at Lhe ¢xrit. Neglecling p T losses, caleulate the imeversibility rate (or
rate of energy degradation) associated with the heat leakage, Toke T, = 291 K
and ¢, = 2.85 kg K,

Ans. 7.05 KW
in an adiabatic throttling process, energy per unii mass ar cnthalpy remains the
same. However, there is a loss of exergy. An ideal gas flowing a1 the rate s is
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throtiled from pressure p, to pressure p; when the environment is at temperature
Tp- What is the mte of exergy loss due to throtling?

Ans. | =mRT,In 2L
P2
Air at 5 bar and 20°C flows into an cvacuated tank until the prossure in the lank
is § bar. Assume that the process is adiabatic and the lemperature of the
surreundings is 20°C. (2) What is the final temperature of Lhe wir? (b) What is Lhe
reversible work produced between the initial end final sties of the air? (C) What
is the net entropy change of the air entering the tank? (d) Calculate the
irreversibility of the process.
Ans. (3) 410.2 K, (b) 98.9 klfkg, (c) 0.3376 kJ/kg K, (d) 98.9 klikg
A Camot cycle engine receives and egjects heat with a 20°C tempetature
dilTerential berween itseif and the thermal energy reservoirs. The cxpansion and
compressicn processes have a pressure ratic of 50, For 1 kg of air as the working
substance, cycle temperature limits of 1000 K and 360 K and 7, = 280 K,
determine (he second law ciMicicncy.
Ans, 0.965
Energy is rceived by a solar colleclor at the rate of 300 kW from a source
temperature of 2400 K. If 60 kW of this energy is losi to the surcoundings at
steady ste and i the user temnperature remains constant at 600 K, what are the
first taw and the second law efliciencies? Take 7; = 300 K.
Ans. 0.80, 0.457
For flow of an ideal gas through an insulated pipeline, the pressure drops fram
W) bar to 95 bar. 1f the gas flows at the mte of 1.5 kg/s and has ¢, = 1.005 andt
¢, =0.7118 klikg K and if T = 300 K, {ind the rate of cutropy generation and rde
of loss of exergy.
Ans, 0.0215 kW/K, 6.46 kW
The cylinder of an internal combustion engine containg gascs at 25H°C, 58 bar.
Expansion tskes place through a volume ratio of 9 acconling ta po’ ¥ = const,
The surroundings arc at 20°C, 1.1 bar. Determine the loss of availahility, 1he
work transfer and the heat transfer per unit masx, Treat the puses as ideal having
R =0.26 k)ikg X and ¢, = 0.82 kJ/&g-K
Ans. 1144 Kkg, 1074 khkg, -213kMkg
In a counterflow heai exchanger, oil (¢, = 2.1 kI/kg-K} is caoled from 440 w 320
K. while water (¢, = 4.2 ¥)kg K) is heated from 290 K to temperafure 7. The
respective mass flow ries of oil and water are 808} and 3200 kg/h. Neglecting
pressure drop, KE and PE effects and heat loss, determine {a) (he temperature 7,
(b} the rate of exergy destruction, {c} the sceond law efliciency. Take Ty = 17°C
and py = 1 atm.
Ang. (a) 305 K, (b) 41.4 M. () 10.9%
Qxypgen enters a2 nazzle operating at steady state at 3.5 MPa, 387°C and 10 mvs.
At the nozzle exit the conditions are 150 kPa, 37°C apd 750 mvs. Determing (a)
the heat transfer per kg, and (b} the ireversibilily. Axsume oxygen as an ideal gas,
and ke I = 20°C, pp = 1 aum.
Arns. () - 37.06 kJ/kg, (b) 81,72 kg
Argon gas expands adiabatically in a turbine from 2 MPa, 1000°C to 350 kPa.
The mass flow rate is 0.5 kg/s and the tuthine develops power at the mte of
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120 kW, Determine (a) the temperature of argon at the turbine exit, (b) the
irrevermibility rate, and (c) the second law efficiency. Neglect KE end PE effects
and take T =20°C, p, = | atm.
Ans. {a) 538.1°C, (b) 18.78 kW, (¢) B6.5%
In the boiler of a power plent are tubes thrpugh which water lows as ii is brought
from 0.8 MPa, 150°C (h = 632.6 klfkg, + = L.B4138 ki/kg Kb to 0.8 MPa, 250°C
(h = 2950 Kkg, 5 = 70384 kJikg K). Combusiion gases passing over the tubes
cool from 1067°C to 547°C. These gases may be considered as air (ideal gas}
having ¢, = 1.005 kl/kg K. Assuming steady slate end neglecting any heat loss,
and KE and PE efTecis, determine (a) the mass (low rate of cornbustion gases per
kg of steam. (b} the loss of exergy per kg steam, and {¢) the second jaw efficiency.
Take 7,,=25°C, pp = 1 amm.
Ans. {a) MIJ‘MI“, = 4,434, (b) 802.29 kJ/kg steam, {c) 48.9%
Air enters a hair dryer at 22°C, 1 bar with a velocity of 3.7 mfs and exits at 83°C,
1 bar with a velocity of 9.1 m/s through an arca of 18.7 cm’. Neglecting any heat
toss and PE cifect and taking T, = 22°C, (a) eveluate the power required in kW,
and {b) devise and evaluate 2 second law efliciency.
Ans. {2} - 1.02 kW, {b) 9%
An isolated sysiem consists of two solid blocks. One block hes 2 mass of 5 kg
and is initiaflly at 300°C. The other block has a mass of 10 kg and is initizily at
- 50°C. The blocks are atlowed to coine into thermal equilibriom. Assuming the
blocks are incompressible with constans specific heais of | and 0.4 kJAkgK,
respectively, dotesmine (o) the (inal temperature, {b) the immeversibility, Take Ty, =
300 K.
Ans (@Y TAK, (277 k]
Alr flows inlo 2 heat engine at ambient conditions 100 kPa, 300 K. Energy is
supplied as 1200 kJ per kg air from a 1300 K source and in some part of the
process, a heat ioss of 300 kJ/kg air happens at 750 K. The air (caves the cogine
at 106 kPa, 800K. Find the first and the second law efficiencies.
Anr. 0.315, 0.672
Consider two ripid containers each of volume | m’ containing air at 100 kPa,
400K, An intemally reversible Camot beat pump is then thermally connceted
between them so that it heats one up and cools the other down., In order to transfer
heat at & reasonable mte, the lempemiwre differencs berween the warking [hsid
inside the heat pump end the air in (be containers is sct to 20°C, The process
tops when the air in the coldest tank reaches 3(0K. Find the {inal emperature of
the air that is heated up. the work input to the heat pump, and the overall second
law efficiency,
Ans. 550K, 31.2 K, 0.816
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3—4 The temperature of water increases, upon heating, from 0°C to 100°C.
The volume of water increases because of thermal expansion.

4~-5 The water starts boiling at state 4 and boiling ends at state 5. This phase
change from liquid to vapour occurs at a constant temperature of 100°C (the
pressure being constant at | atm). There is a large increase io volume.

5—6 The vapour is heated to, say, 250°C (state &). The volume of vapour
increases from v, to v,

Water existed in the solid phase berween 1 and 2, in the liquid phase berween
3 and 4, and in the gas phase beyond 5. Between 2 and 3, the solid changed inta
the liquid phase by absorbing the latent heat of fusion and between 4 and 5, the
liquid changed into the vapour phase by absorhing the latent heat of vaporization,
buth at constant temperature and pressure.

The states 2, 3, 4 and 5 are known as saturation states. A saturalion state is a
state from which a change of phase may occur without a change of pressure or
lemperature. Stale 2 is a saturated solid siase because a solid can change into
liguid at constant pressure and rempetetare from state 2. States 3 and 4 are both
saturated liquid states. in state 3, the liquid is saturated with respect to
solidification, whereas in state 4, the liquid is saturated with respect to
vaparizatjon, Slate § is a swfurated vapour stare, because from state 5, the vapour
can condense into liquid withoul a change of pressure or temperature.

If the heating of ice at —10°C to steam at 250°C were done at a constant
pressure of 2 atm, similar regimes of heating would have becn obtained with
similar saturation states 2, 3, 4 and 5, as shown in Fig. 9.2. All the state changes
of the system cap similarly be plotted on the p~7 coordinates, when it is heated at
different constant pressures, All the saturaled solid states 2 at various pressures
are jnined by a line, as shown io Fig. 9.3

| 28im _ ] . _
= 34 1 2_» ‘)+ 5 &
 1.8tm / Large volume change
1 34 12 1) s Y
D.Satrn' . — 4 L'I . . o
34 12 ([ s 5

—

Fig. 9.2  Changes in the volume of water during heating at constant pressure

Simitarly, all the sawrnled liquid states 3 with respeet to solidification, afl the
saturated liquid states 4 with respect to vaporization, and all the saturated vapour
states 5, are joined together.

Figure 9.4 shows state changes of a pure substance other than water whose
volume increases on melting.

The line passing through all the saturated solid states 2 (Figs 9.3 and 9.4) is
called the survrated solid line. The lines possipg through all the salurated liquid
states 3 and 4 with respect lo solidification and vaponzation respectively are
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known as the satwrated fiquid fines, and the line passing througb all the saturaled
vapour stares 5, is the satwraled vapour line. The saturated liquid line with
respect to vaporization and the sanrated vapour line incline towards each other
and forr what is known as the saruration or vaponr dome. The two lines meet at
the critical staie.

a

1

I - \ 3 ' 6—— Triple point line
Saturated __L——"".H 1 |,y \
hquid knes ™ H &

Flg. 93 p-v diagram of waler, whose solume decrrases om malling

Saturated Bquid fnes

—— Critical sisle
A s

e
\3\ f 5\«—--———VSa|uraled vapaur ine

A .
i \Ei 4 $ \ Triple point line
Satyrsted L -
solld ine =
s v
L+V
—_——

Fig. 9.4 p—v disgram of o pure pubsianes other than maier, whaw polnme
ircTeases on melting

~p

To the left of the saturared solid line is the solid (5) region (Fig. 9.4). Between
the saturated solid line and saturated liquid line with respect to solidification
there cxisws the solid-liquid mixture (5 + L) region. Berween the two sawrated
liquid lines is the compressed fiquid region. The lguid-vapour mixture region
{L + V) exists within the vapour dome between the saturated liquid and snturated
vapour lines. To the right of the satarated vapour line is the vapour region. The
triple point is 2 line on the p—v diagram, wheze all the three phases, solid, liquid
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and gas, exit in eguiiibrium. At a pressure below the miple point line, the
substance cannat exist in the liquid phase, and the substance, when heated,
wansforms from solid to vaponr (known as sublimation) by absorbing the lateat
heat of sublimation from the surroundings. The region below the triple point line
is, therefore, the solid-vapour (8 + V) mixture region. Tabic 9.1 gives the miple
point data for a nwmnber of substances.

Table 9.1  Triple-Point Data

Substance Temperature, K Pressure, mm Hg
Acetylene, C,H, 192.4 962
Ammoniz, NH, 10542 45.58
Argon, A 33,78 §15.7
Carbon diexide, CO, 216.55 3885.1
Carbon monaxide, CO 68.14 115.14
Methane, C,H, 80.88 0.006
Ethylene, C,H, 104.00 0.9
Hydrogen, H, 13.34 52.8
Methane, CHy 90,67 7.
Nitroges, N, 63.15 4.01
Oxygen. Oy 5435 L.14
Waier, H,0 27316 4.587

Liquid is, most oflen, the working {tuid in power ¢ycles, elc. and interest i3
oflen confined to the liquid-vapour regions only. So to locate the state points, the
solid regions from Figs 9.3 and 9.4 can be omitted. The p—v diagram then
becomes as shown in Fig. 9.5. If the vapour at state A is compressed slowly and
isothermally, the pressure will rise until there is saturated vapour at point 8. If the
compression is continved, condensation lakes place, the pressure remaining
conslant 5o tonig as the temperanure remaios coustant. Ad amy point between 5 and
C, the liquid and vapour are in equilibrium. Since a very large increase in pressure
is needed to compress the liquid, line C£} is almost vertical, ABCD is a typical
fsetherm of a pure substance oo a p—v disgram. Some izotherms are shown ia
Fig. 9.5. As the temperature increases, the liquid-vepour transition, as represenited
by 8C, decreases, and becomes zero at the critical point. Below the critical point
only, there is a liquid-vapour ansition zone, where a saturated liquid, on heating,
ahsorbs the latent heat of vaporization, and becomes saturated vapour at a
constant pressure and temperature. Similarly, a saturated vapour, on cooling,
releases the latent heat of condensation at constant pressure and temperature to
become saturated tiquid. Above the critical point, however, a liquid, upon heating,
suddenly flashes into vapour, or a vapour, npon cooling, suddenly condenses intn
liquid. There is no distinct transition zone from liquid to vapour and vice versa.
The isotherm passing through the critical point is called the critical isotherm, and
the corresponding temperature is known as the critical femperature (i;). The
presswre aned volume at the critical point are known as the crirical pressure (p)
and the critical volume (v,) respectively. For water
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If u, is the specific volume of the saturated liquid at a given prossure, and v,
the specific volume of the sawrated vapour, then (v, — v or vy, is the change in
specific volume during phasc transition (boiling or condensation) at that pressure,
Ay pressure increases, vy, decreases. and at Lhe critical point vy, becomes 2ero.

,— Critical point

) —
oy Y

e T}

Flg. 9.7 Satvration presure and temperature

92 p-T Diagram for a Pure Substance

The state changes of a pure substance, upon slow healing at different constant
pressures, are shown on the p—o plane, in Figs 9.2, 9.3, and 9.4. If these state
changes are plotted on p-T coordinates, the diagram, as shown in Fig. 9.8, will be
obtained. [¥ the heating of ice a1 —10°C to stearn at 250°C at the constant pressure
of | amm is considered, 1-2 is the solid (ice) heating, 2-3 is the melting of ice at
0°C, 34 s the liquid beating, 4-5 is the vaporizatica of water at 100°C, and
5-0 is the heating in the vapour phase. The process will be reversed from stme 6
to stale 1 upon cooling, The curve passing through the 2, 3 points is called the
Jusion curve, and the curve passing through the 4, 5 points (which indicate the
vaporization or condensation at different temperatures and pressures) is called

Waporizaton
Fusion
7 Cure cur{e .

* Critical point

o P
1 |23 4.5 \/ 6
o | 1atm 1_ a3 quu_ig_ )
1

6
2, 3Region %43
3.5 ¢

Solid
Vapour "—- Continuous

Sublimation ion Td
curve —--.h_;{/ — mﬂ? raglon [ ting
| ; |
-10°C 0'C G 250°C

—= T

Fig. 9.8  Phase equilibrium diggram on p-T coordingies
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the waporization curve, If the vapour pressure of a solid is measured at different
temperatures, and these are plotted, the sublimatiam curve will be obtained. The
fusion curve, the vaporization curve, and the sublimation curve meet at triple
point.

The slopes of the sublimahion and vaporization curves for all subsiances are
positive. The slope of the fusion curve for most subsiances is positive, but for
water, it is negative. The lemperature at which a liquid boils is very sensitive to
pressure, as indicated by the vaporization curve which gives the saturation
temperatures at different pressures, but the iemperature at which 3 solid melts is
not such a strong function of pressure, as indicated by the small slope of the
fusion curve.

The triple point of water is at 4.58 mm Hg and 273.16 K, whereas that of CO,
is at 3885 mun He {about 5 atm} and 216.55 K. So when solid CO, (“dry ice'} is
exposed to | atm pressure, it gets transformed into vapour directly, absorbing the
latent heat of sublimation from the surroundings, which gets cooled or *refrige-
rated’.

9.3 p—o-T Surface

The relationships between pressure, specific volume, and temperature can be
clearly understood with the aid of a three-dimensional p-v-T surface. Figure 9.9
illuglrates a subslance like water that expands upon freezing and Fig. 9.10
illustrates substances other than water which contract upon freezing. The
projections on the p—7 and p— planes are alse shown in these figures. Any point
on the p—ov-T surface represents an cquilibrium stote of the substance. The wiple
point line when projecied to the p—~T plane becomes a poiat. The eritical isotherm
has a point of inflection at the critical point.

9.4 T-5 Diagram for a Pure Substance

The henting of the system of 1 kg of ice at —-5°C to stearn at 250°C is again
considered, the pressure being maintained constant at 1 atm. The entropy
increases of the system in different regimes of beating arc given below.

1. The entropy increase of ice as it is heated from —5°C 10 0°C at | atm. (e,

= 2.093 kJ/kg K).
= e dT
As-lzsz_s]:‘l._.d.g.:- J L =cp[n_2.13.
T 1lms T 268

=2.093 In 272 < (.0398 W/kg K.
268

2. The entropy increase of ice as it melts into water at (°C (latent heat of
fusion of ice = 334.96 kJ/kg)
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Fig. 9.11 Irobars on T-s plot
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Fig. 9.12 Phase equilibrium dizgram on T-5 coordinaies

Most ofien, liguid-vapour lransformations only are of interest, and Fig. 9.13
shows the Jiquid, the vapour, and the wansition zones only. At a particular
pressure, «; is the specilic entropy of sarurated water, and s, is that of saturated
vapour. The cotropy change of the system during the phase change from liquid to
vapour at that pressure is 5, (=5, - 57). The value of s, decreases as Lhe pressure
increases, and becomes zero at the critical point.

9.5 ks Diagram or Mollier Diagram for a
Pure Substance

From the first and second laws of thermodynamics, the following property
relation was oblajned.
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Fig. 8.13  Saturation {or vapout} dowts for water
Tds = db - vdp
or [3_!:) =T .1)
3 ),

This equation forms the basis of the A—s diagram of a pure substance, also
called the Mollier diagram. The slope of an isobar on the h—s coordinates is equal
to the absolute satnration temperature {7, + 273} at that pressure. If the
temperature remains constant the slope will remain consiam. If the temperature
increases, the slope of Lthe izobar will increase,

Consider Lhe heating of a systemn of ice at — 5°C to steam at 250°C, the pressure
being maintained constant at | atm. The slope of the isobar of T atm on the A5
coordinates {Fig. 9.14) first increases as the iemperature of the ice increases from
~5°C to 0°C {1-2). U1s slope then remains constant as ice melis inio water at the

T atm
§

“— Incraasing slope

—  Increasing slops

3
% — Slope constant
1 — Increasing stope

Lol

Fig, 9.14 Jfsobars on k-3 plot
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constant lemperature of 0°C (2-3). The slope of the 1sobar again increases as the
temperature of water rises from 0°C o 100°C (3—4), The slope again rcmains
constant as water vaporizes into steam at the constani temperature of 100°C
(4-5). Finally, the slope of Lhe isobar continues to increase as Lhe temperature of
stcamn increases to 250°C (5-6) and beyond. Similarly, the isobars of different
pressures can be drawn on the A-s diagram as shown in Figs 9.14 and 9. 15, States
2.3, 4, and 5 are sawration sttes. Figure 9,15 shows the phase equilibrium
diagram of a pure substance on the A—s coordinates, indicating the saturated solid
ling, saturated liquid lings and saturated vapons line, the vanous phases, and the
transition (mixture} zones.

Critical paint ]

Saturatad vapour fne

P

S+ ‘mpia point lne

!
— Saturated liquld Une

Fig 9.15  Phayr equilibrium diagram on h-s coordinates (Mollier dingram)

Figure 9.16 is the -y or the Mollier diagram indicating only the liquid and
vapour phases, As the pressure increases, the sawration temperature increases,
and so the slope of the isobar also increases. Hence, rhe coastant pressure lines
diverge from one another, and the criticel isobar is a langent at the critical point,
as shown. In the vapour region, the states of cqual slopes at vanious pressures are
joined by lines, as shown, which are the constant temperature lines. Although
the stope of an isobar remains continuous beyond the saturated vapour line, the
isotherm bends towards the right and its slope decreases asymptotically to zero,
because in the wdeal gas region it becomes honzental and the counstant eathalpy

o RY _ry () po [ I
implies constant temperature. [[E'JT =T+ { % J-r =T-v 5 )p, by

Maxwel!’s relation, chapter FH. For an ideal gas. (—?}i] -TvXL =0 ForT= c,
s Iy v

k= cj At a panicuiar pressure, i is the specific enthalpy of saturated water, o is
that of saturated vapour, and kg, {= #, - ) is the latent heat of vaparization at
Lhat pressure, As the pressure increases /iy, decreases, and a1 the criticad pressure,
hy, becomes zero,
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96 Quality or Dryness Fractlon

Ifin | kg of liquid-vapour mixture, x kg is the mass of vapour and {1 —x) kg is the
mass of liquid, then x is known as the guakity or dryness fraction of the liguid-
vapaur mixture. Therefore, quality indicates the mass fraction of vapaor in a
liquid vapour mixture, or

m,

r=—r
m, +m,

where m, and m, are the masses of vapour and liquid respectively in the mixrure.
The value of x varies between 0 and 1. For saturated water, when water jusi starts
boiling, x = 0, and for samurated vapour, when vaporization is complete. x = 1, for
which the vapour is said to be dry saturated.

Points mt in Fig. 9.17 {#), (b}, and (c) indicate the saturated liguid states with x
= 0, and points n indicate the saturated vapor states with x = 1, the lines ma
indicating the transition from liquid to vapour, Points a, b, and ¢ at various
pressures indicare the simaiions when the masses of vapour reached 25%., 50%,
and 75% of the toral mass, i.e. 21 poinis a, the mass of liguid is T5% and the mass
of yapour is 25% of the wtal mass, at point &, the mixwure consists of 0% Liquid
and 50% vapour by mass, and af points ¢, the mixture consists of 75% vapour and
25% liquid by mass. The lines passing through poinis @, b and ¢ are the constant
quality lines of 0.25, 0.50, and 0.75 respectively. Constant quality lines stan
from the critical point.

Let Vbe the total volume of a liguid vapour mixture of guality x. Vpihe volome
of the saturated fiquid, and V¥, the volume of the satrated vapour. the
correspending muasses being m, mg, and m, respectively.

Now m = e+ m,
omH] V=Vi+ ¥,
mv=m b+ om, U,
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Critical polnt

Fig. 9.17 Consant quatity finer on p-v, T's and A-s didgrams

=(m-mgvetm v,

m m
v [ - J"r p__”
v=(l-x) o+ av, 9.2)
m
where x = —& | v, = specific volume of saturated liquid, v, = specific volume of
m

saturated vapour, and v = specific volume of the mixture of quality x.
Similarly

5=(1 —x) 5+ x5, 9.3
h=(l-x) b+ xh, 9.4)
w= (1 —x)uc+xuy (9.5)

where s, &, and i refer to the mixture of quality x, the suffix fand suffix g indicate
the conditions of saturated liguid and saturated vapour respectively.
From Eq. (9.2)

v=(i-nntro,
= Ut (0, — Vp)
= Uf+.r. Uf‘
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or v=0it Iy (9.6)
Similarly
h=he+xhg .7
s=5pt g {9.8)
M=t X g {9.9)
However, p*E Pt
Velume fraction of vapour or voidage, @ =v/v
m=mg+ m,
Pv=pfpf+ps g=pf(v"vg)+ ps U'!
p=U-ap+ap, (9.9a)

9.7 Steam Tables

The properties of water are arranged in the steam tabies as functions of pressure
and temperature. Separaie tables are provided to give the properties of water in
the saturation states and in the liquid and vapour phases. The internal energy of
saturated water at the triple point (¢ = 0.01°C) is urbitrarily chosen to be zero.
Since & = u + pu, the enthalpy of sanmated water at 0.01°C is slightly positive
because of the smail value of (po) term, The entropy of satirated water is also
chosen 1o be zero at the triple point.

9.7.1 Saturation Stales

When a liquid and its vapour are in equilibrium at a certain pressure and
temperature, only the pressure or the temperature is sulficient to identify the
saturation state. 1f the pressure is piven, the termperature of the mixture gets fixed,
which is known as the saturation temperature, or if the temperature is given, the
saturation pressure gets fixed. Saturated liquid or the saturated vapour has only
one indepenzdent variatile, i.e. only one property is requiret] 10 be known to [ix up
the state. Tables A_1{a) and A.1(b)} in the appendix give the properties of samrat-
ed liquid and saturated vapour. In Table A 1(a), the independent variable is
temperature. At a periicular temperature, the values of saturation pressure 7, and
Up Vg Py By g, spand s, are given, where vy, Ay, and 5, refer to she saturated
liquid states; vy, k, and s, refer to the saturaied vapour state; and vy, iy, and sg
refer to the changes in the propenty values during 2vaporation (o condensation)
at that temperature, where vy, = v, - vpand sy, =5, - 55

In Table A.1(b), the independent variable is pressure. At a particular pressure,
the values of saturation temperature ¢, and vy, v, Ay g, fy, 35, and 5 are given.
Depending upen whether the pressure or the iemperature is given, either Table
A.l{a} or Table A.1(b) can be conveniently used for computing the properties of
saturation states.

If data are required for intermediate temperatures ot pressures, finear
interpolation is normally accurote. The reason for the two tables is to reduce the
amount of interpolation required.
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9.7.2 Liguid-vapour Mixiures

Let us consider 8 mixture of saturated biquid water and waier vapour in
equilibrium at pressure p and temperature {. The composition of the mixture by
mass will be given by its quality x, and s state will be within the vapour dome
(Fig. 9.18). The properties of the mixiure are as piven in Anticle 9.6, i.¢.

v =U;+I'Ufg
w=urtx Hg,
A =fl'f+1' hfl
8 =-’r+-”rg

where v Dy, Hg Wy, Ay kg, Spand sy are the saturation properties at the given
pressure and temperature.

[

Fig. %.18 Property fn fwe phare regron

Ifp ar ¢ and the quality of the mixture are given, the properties of the mixture
(v, u, h, and 5) can be evaluated from the above equations. Sometimes, instead of
quality, ane of the above properties, say, specific volume v, and pressure ar
temperature are given. [n that case, the quality of the mixture x has to be
calculated from the given v and p or ¢ and then x being known, ather propenies
are evaluated.

9.7.3 Superheated Vapour

When the temperature of the vapour is greater than the saturation temperature
corresponding to the given pressure, Lthe vapour is said to be superheated (state |
in Fig. 9.19). The difference between the temperature of the superheated vaponr
and the saturation temperature at that pressure is called the superkear or the
degree of superhear. As shown in Fig. 2.19, the dillerence (1, — £,)) is the
superheat.

Ip a superheated vapour at a given pressare, Lhe temperaure may have different
values greater fhan the saturalion temperature. Table A.2 in the appendix gives
the values of the properties (volume, enthalpy, and entropy) of superhesated vapour
for each @mbulated pair of values of pressure and temperzture, both of which are
now independent. Interpolation or extrapolation is 1o be used for pairs of vatues
of pressure and temperature not given.
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Fig. 9.18  Superheat gnd subcoling

9.7.4 Compressed Liguid

When the tempemature of a liquid is less than the saturation temperature at the
given pressure, the liquid is called compressed liguid {state 2 in Fig. 3.19), The
pressure and temperature of compressed liquid may vary independendy, and a
table of properties like the superheated vapour table could be arranged 10 give the
properties at any p and +. However, the properties of liquids vary little with
pressure. Hence the properties are taken from the saturation tables at the
temperature of the compressed liquid. When a liqoid is cooled below its saturation
temperature at a cerlain pressure it is said to be subcooled. The difTerence in
saturation temperatare and the actuai liquid temperature is known as the degree
of subcooling. or simply, subcooling (Fig. 9.17).

9.8 Charts of Thermodyramic Properties

The preseniation of properties of substances in the form of 2 chasnt hes cenain
obvious advantages. The manner of varialion of properties is clearly demonsirated
in the char and there is no problem of interpoiation. However, the precision is not
as much as in steam tables.

The temperature-cntropy plot and enthalpy-entropy plot {Fig. 9.20a) are
eommonly used. The temperature-entropy plot shows the vapour dome and the
lines of constant pressure, constant volume, constand enthalpy. constan quality,
and constant superheat. However, its scale is smali and limiied in use. The
enthalpy-entropy plot or Mollier chart, has a larger scale to provide data suitable
for many computations. It contains the same data as does the T chart, The
Mollier chart for water is given in Appendix F.I The Mollier diagmm for steam
with data tgken from Keenan et af. Steam Tables (John Willey, N. Y., 1969 is
given in Fig. 9.21.)

9.9 Measurement of Steam Quality

The state of 2 pure subslance gets fixed if two independent propenies are given. A
pure subsiance is tbus said to have two degrees of freedom. OFall thermodynamic
properuies, il is easiest to measure the pressure and temperatere of a substanee.
Therefore, whenever pressure and temperature are independent properties, it is
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Critical point

Fig. 920 (B) Constant property fines on Mollier diagram

the practice to measure thern to deternine that state of the substance. This is done
in the compressed liquid region or the superhealed vapour region (Fig. 9.22),
where the measured values of pressure and temperature would fix up the state.
But when the substance js in the saturation state or two-phase region (Fig. 9.22),
the measured values of pressure and temperature could apply equally well to
saturated liquid point f, saturaled vapour point g, or to mixtures of any quality,
points x,, x, or xy. Of the two preperties, p and 1, only one is independent; the
other is a dependent property. If pressure is given, the saturation femperarure gets
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Fig. 922 Quality of liguid-vapour mizture

voiume, enthalpy or composition of the mixture (quality) is required to be known.
Since it is relatively difficult to measure the specific volume of a mixture, devices
such as calarimeters are used for determining the quality or the enthalpy of the
mixfure.

[n the measurement of quality, the object is always to bring the state of the
substance from the two-phase region to the single-phase or superheated region,
where both pressure and temperature are independent, and measured 1o fix the
state, either by adiabatic throttling or electric heating,

In the throttling calorimeter, a sample of wet sieam of mass m and as pressure
py is taken from the steam main through a perforated sampling tube (Fig. 9.23.
Then it is throtiled by the partially-opened valve (or orifice} lo a pressure p,,
measured by mercury manometet, and temperature #,, so that afier throtiling the
steamn is in the superheated region. The process is shown on the T—s and A—s

Sieam main

— Sampling tube
.

Insulation

Mercury
manomater

C.W. oul

.~——Candenser

Caoilng water in

Condenaate out
Fig. 9.23  Throttling calorimeter
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— Critical point

\ — Critical pomt

ﬁ _____ P

@) (v}
Fig. 924 Throitling process on T-s and h-5 plois

diagrams in Fig. 9.24. The steady flow cnergy equution gives the enthalpy afler
throtling as equal {0 enthalpy before throtling. The initial and final equilibrivm
states | and 2 are joined by a dotted line since throttling is irreversible {aditabatic
but not isentropic) and the intermediate states are non-gquilibrum states not
describable by thermodynamic coordinates. The initial swate (wet} is given by p;
and x,, and (he final state by p; and r, (superheated}, Now

sinee hy=h,
byt b = hy
h, — k
or x = =00
ﬁfﬂpl

With p, and #, being known, A, can be found out from the superheated steam
table. The velues of A and ki are taken flom the saturated steam tahle
corresponding to pressure p;. Therefore, the quality of the wet steam x| can be
caleulated.

To be sure that steam aller throtUing is in the single-phase or superhealed
region, aininimum of 5°C superheat is desired. So if the pressure afler thronling
is given and (he miaimum 5°C superheat js prescribed, then there is the minimam
quality of steam (or the mmaximem moisture content) at the given pressure g,
which can be measured by the throttling calorimeter. For example, ifp, =1 atm.,,
then £, = 105°C and the slale 2 after throttling gets [ixed as shown in Fig. 9.25.
From state 2, the eonstant enthalpy live intersects the consiant pressure p, line at
1, Therefore, the quality x| is the minimum quality that can be measured simply
by throttling. If the quality is, say, x) less than x|, then after throsling to p, = 1
atm., the superheat after throttling is less thau 5°C. If the quality is x*), then
throftling to ! aim. does oot give any superheat at atl.

When the steam is very wet and the pressure afier throtling is not low enough
to take the steam to the superheated region. then a combined separanng and
throtiling calorimeter is used for the measurement of quality. Steam from the
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c:;tm point

Fig. 927 Scparating and throtiling processe k-5 plot

it is separated, and m, kg is throtiled and then condens 3 water and collected,
thenm =m, + my, and ai state 2, the mass of dry vapour will be x; ;. Therefore,
the quality of the sample of steam at state 1, x; is given by

mass of dry vapour at state {
mass of liquid-vapour mixture at state 1

xn =

= X2y

m1 + mz
The quality of wet steam can also be measured by an electric calorimeter
(Fig. 9.28). The sample of steamn is passed in steady flow (hrough an ¢lectric
heater, as shown. The electrical energy input { should be sufTicient to take the
steam ta the superhested region where pressure p, 1 temperature 7, are
messured. If f is the current flowing through the heate  amperes and ¥ is the
v ge across the coil, then at steady state = FI % 10 - k. If m is the mass of
steam taken in ¢ seconds under steady flow condition, then the steady flow energy

equation for the heater {as control volume) gives

Sampling tube C.s.

; Insulation

¥

EOHHHH R

2

i1 hoater ¥

Y
- Sleam main | | Exhausi condensad and
Steam flow collected {m kg in | secs, say}

Flg. 9.28 Electrical calorimeter
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wih O =w by
where w, is the steam flow rate in kg/s (w, = % kgfs)
L =g,
i

With 4,, { and w; being known, &, can be computed. Now
by = By + Xl
Hence x, can be evaluated.

SOLVED EXAMPLES

Example 9.1 Find the saturation temperature, the changes in specific volume

and entropy during evaporation, and the lalent hest of vaporization of steam at
1 MPa.

Solution At | MPa, from Table A.1(b) in the Appendix
1y =179.91°C
v;=0.001127 m’/kg Ans.
1, =0.19444 m*/kg
vy = v, - b= 0.1933 m’/kg
5=2.1387kl/kg K
5, =6.5865 kl/kg K
By =5, - 5p= 44478 klkg K Ans.
A= by — he= 20153 klkg Ans.

Example 9.2 Saturated steam has an eatropy of 6.76 kl/kg K. What are its
pressure, temperature, specific volume, and enthalpy?
Solution In Table A.1(b). when s, = 6.76 klkg K

p=06MPa, 1=15885°C

o, = 0.3156 m*/kg, and /i, = 2756.8 kJ/kg Ans.

Example 93 Find the enthelpy and entropy of sleam when the pressure is
2 MPa and the specific vohume is 0,09 m™/kg.

Solution In Table A.1(b), when p = 2 MPa, ;= 0.001177 m’kg and 0, =
0.09963 m’/kg. Since the given volume lies between vrand v, the substance will
be a mixiure of liquid and vapour, aad the stale will be within the vapour dome.
When in the two-phase region, the composition of the mixture or its quality has to
be evaluated {urst. Now

D=ty
0.09 = 0.001177 + x {0.09963 — 0.Q01177)
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or x = 0.904 or H.4%
At 2 MPa, = 908.79 and kg, = 1890.7 kl/kg
5p=2.4474 and 5, = 3.8935 Kkg K
h= ’lr"‘ x ’lrs
=908.79 + 0.904 x 1890.7 = 2618.79 ki/kg Ans.
5 =5p+Xsg
=2.4474 + 0.904 x 3.8935
=5053d kikg K Ans.

Example 9.4 Find the enlhalpy, entropy, and volume of stcam at 1.4 MPa,
380°C.
Selution  Atp = 1.4 MPa, in Table A.1(b), «,,, = 195.07°C. Therefore, the stale
of stearn must be in the superheated region. In Table A.2, for propenies of
superheated steam,
at 1.4 MPa, 350°C  ©=0.2003 m*/kg

h=3149.5kl/keg

s=T.1360 kIkg K
and at 1.4 MPa, 400°C v=0.2178 m’/kg

h=3257.5 Wke

s =T7.3026 klkg K

. By interpolation
#t 1.4 MPa, 380°C 0 =0.2108 m*kg
h=3214.3 KJ/kg
5=7.2360 Kkg K Ans.

Example 9.5 A vessel of volume (.04 m® contains a mixture of saturated water
and saturated steam at a temperature of 250°C. The mass of the liquid present is
9 kg. Find the pressure, the mass, the specific volume, the enthalpy, the entropy,
and the internal energy.
Solurion From Table A.1{a), al 250°C Pau = 3.973 MPa
v;=0.0012512 m¥/kp, v, =0.05013 m¥/ke
he= 108536 kkg, A = 17162 k)/kg
se=2792TkAg K, s, =3.2802K1/kg K

Volume of liquid, Fr=rm v,
=9x 0.0312512
=0.01126 m’
Volume of vapour, V. =0.04-001126
=0.02874 m’
- Mass of vapour
oo Je 002874, kg

$" p,  0.05013
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.. Tolal mass of mixwre,

Quality of rnixture,

Also, at 250°C,

m=m+m=9+0575=9575kg

mg 0575 _

= 0.06
me+m, 9575

=
8
v =+ xv
=0.0012512 + 0.06 (0.05013 - 0.0012512)
=0.00418 m'/kg
h=hetxhy
= 108536 + 0.06 x 1716.2
=1188.32 kIkg
5 =5t Xy,
=2.7927 + 0.06 x 3.2802
=29895 Wikg K
u=h-po
= 1188.32 - 3.973 x 107 x 0.00418
= 1171.72 kl/kg
up=1080.39 and ug, = 1522.0 k/kg

v =gt ey

= 1080.39 + 0,06 x 1522
=1071.71 kVkg

Ans.

Ans.

Ans.

Ans.

Ans.,

Ans.

Example 9.6 Steam initially at 0.3 MPa, 250°C is cooled at constant volume,
{a) At what temperature will the sieam become saturated vapour? (b} What is the
quality at 80°C? What is the heat ransferred per kg of steam in cooling Fom

250°C w0 BO°C?

Solution At 0.3 MPa, 2, = 133.55°C
Since ¢ > 1,,,, the state would be in the superheated region (Fig. Ex. 9.6). From
Table A.2, for propenties of superheated steam, at 0.3 MPa, 250°C

v =0.7964 m’kg
h =2967.6 kl/kg

i

0.3 MPa
3\
=250 C

BpC 2 te?
I=80C

—_— =

Fig. Ex. 9.6
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v, =v; =0, = 0.7964 m¥/kg
. InTabie A.1

when v, = 0.8919, ¢, = 120°C

when y, = 0.7706, £, = 125°C
Therefore, when 7, = 0.7964, 1,,,,, by linear interpolation, would be 123.9°.
Steam would become saturated vapour at ¢ = 123.9°C Ans, (8}

At 80°C, o= 0.001029 m*/kg, v, = 3.407 m'/kg,
hy=334.91 kl/kg, A, = 2308.8 kI/Kg, py, = 47.39 kPa
vy =v, =0.7964 m'kg = Ymoee + TVpa0nc
= 0.001029 + x, (3.407 - 0.001029)
X = 0.79539
3.40597
Ay =334.91 +0.234 x 2308.8 = 875.9 kKJ/kg
Ay =2967.6 kl/kg
From the first law of thermodynamics
&4Q =du+ pdv
(4, =du
or Ga=w -4 = Uy -py v} - {h—py v
=(hy - )+ v, - py)
= 8759 — 2967.6) + 0.7964 (300 — 47.39)
=2091.7 + 201.5
=~ 1890.2 kl/kg Ans. (c)

=0.234 Anx. {b)

Example 9.7 Steam initially at 1.5 MPa, 300°C expands reversibly and.
adiabatically in a steam twrbine to 40°C. Determine the ideal work output of the
furbine per kg of steam.
Solution The sieady flow energy equation for Lhe contro! volume, 25 shown in
Fig. Ex. 9.7.1, gives {ather energy terms being neglected)

hl = kz + ¥

W= k] - ﬁz
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Work is done by steam at the expense of a fal in its enthalpy valug, The process
is reversible and adiabatic, so it is isentropic. The process is shown on the T-s
and A-s diagrams in Fig. Ex. 9.7.2. '
From Table A.1(a), at 40°C
P = 7.384 kPa, 5, = 0.5725, and 5, = 7.6845 kIkg K
hy=167.57, and Ag =2406.7 k/kg
Atp= 1.5 MPa, ! =300°C, from the tabulated propedies of superheated steam
{Table A.2)
5, =6.9189 KR K
h, =3037.6 Llkp
<

1.5 MPa 300°C

Fig. Ex, 9.7.2

Since 5 =5
6.9189 = 5+ x; 5 snec

=0.5725 + x, x 7.6845
_ 6.0464

7.6845
hy = Aparc + 33 hegaec

= 167.57 + 0.826 x 2406.7

=2152.57 kl/kg
W=h —h=3037.6-2152.57

= §85.03 kKikg Ans.

Example 9.8 Steam at (.8 MPa, 250°C and Nowing at the rate of | kg/s passes
into a pipe carrying wet steam at 0.8 MPa, 0.95 dry. After adiabatic mixinyg the
flow rate is 2.3 kg/s. Determine the condition of sieam afier mixing,

The mixture is now expanded in a frictionless nozzle isentropically to a
pressure of 0.4 MPa Delermine the velocity of the steam leaving the nozzle.
Neglect the velocity of steam in the pipeline.

X3 ={).826 or 82.6%

Sofurion . Figure Ex, 9.8.1 gives the (low diagram.
Wi =Wy — W) =23-10=123 ks.“s
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P =0.8MPa
T h=280°C g @

M= lkgh
S
T H"——‘\h‘___,.--”""_"____—
//.1I —T— - V“
£y 9 0.8 MPa -\~ (3 M= 23k's (4) Pi=04uPa
% =085 = N
iy = 1 ke 2
Fig. Ex. 9.8.1

The energy equation for the adiabatic mixing of the two streams gives
wi h twyhy = wy ks {(9.8.1)
At 0.8 MPa, 250°C, h; = 2950.0 kJ/kg
At 0.8 MPa, 0.95 dry
by = ket 095 g,
=T721.11 + 0.95 x 2048.0

=2666.71 kl/kg
=~ From Eq, (9.8.1)
1% 2950+ 1.3 x2666.71 =2.3 x A,
h; =2790 ki/kg
Since (Agde.s mpa = 2769.1 kifkg

and &, > A, the siate must be in the superheated region. From the steam tables,
when p= 0.8 MPa, t = 200°C
h=2839.3 Wkg

When P
=08 MPa, r,,, = 170.43°C

h, =2769.1 klkg
By linear interpalation
t, = 179°C
- Degree of superheat = 179 — 170.33 =8.57°C
- Condition of steam afler mixing = 0.8 MPa, 179°C Ans.
The energy equation for the nozzle gives
i
since V3 = — velocity of steam in the pipeline = 0
Steam expands isentropically in the nozzle to 0.4 MPa. By interpolation,
5=6T7087 kg K=1,
6.7087 = 1.7766 + 1, x 5.1193
X, =0964
A, =604.74 + 0.964 x 2133.8 = 2660 kl'kg
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VIx 102 =2 (hy~ hy) =2 x 130 = 260

V, =26 x 100 =509.9 m/s Ans.
The processes are shown on the s and T-s diagrams in Fig. Ex. 9.8.2.

Rg. Ex, 9.8.2

Example 9.% Steam [lows in a pipeline at 1.5 MPa. Afier expanding to
+ 0.1 MPa in a throttiing calorimeter, the temperature is found to be 120°C. Find
the quality of steam in (he pipeline. What is the moximwn moisture at 1.5 MPa
that can be determined with this set-up if at least 5°C of superheat is required
afier throttling for accurate readings? i

Solution At state 2 (Fig. Ex 9.9), when p = 0.1 MPa, ¢ = 120°C by inter-
polation

h,=2716.2 kVkg, andatp = 1.5 MPa
b= 844.8% and hp, = 1947.3 kl/kg

MNow FI, = ’l}
or B supat Fifigy supe = #2
B44.89 + 1, x 1947.3 = 2716.2
x= 18713 = 0.963 Ans.
19473

When p=0.1 MPa and + =99.63 + 5 = 104.63°C

Lulio
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\ ky = 2685.5 klkg
Since hy=h,
2685.5 = 844.89 + x, x 19473
- 1840.6
1947.3
The maximum moisture that can be determined with this set-up is only 5.2%.
Ans,

X =0.948

Exampls 9.10 The following data were obtained with a separating and

throttling calorimeter:
Pressure in pipeline 1.5 MPa
Condition after throttling 0.1 MPa, 110°C
During 5 min moisture collected in the separator 0150 fitre at 70°C
Steam condensed after throttling during 5 min 324 kg
Find the qnality of stcam io the pipeline

Sofution  As shown in Fig. Ex. 9.10,

at 0.1 MPa, 110°C  ky=2696.2 Kl/kg

Now by = By = ky s+ X2Higrsiama

or 2696.2 = 844.8% + x, x 1947.3

_ 185131
1947.3

={.955

I »1, = mass of moisture collected in separator in $ min and m, = mass of
steam condeosed after throttling in 5 min.

then i I
Ml + l'l"lz
AL70°C, 1, =0.001023 m*/kg
150 x107% m?

™= 103 x 1070 m/kg
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=0.1462 kg
m,=3.24 kg
X = 0.955 % 3.24 __3l
0.1462 + 324 33362
Example 9.11 A steam boiler initiaily contains 5 m’ of steam and 5 m’ of
water at | MPa, Steam is taken out at conslant pressure until 4 m® of water is lefi.
What is the heat transferred during the process?
Solution At | MPa,
vr=0.001127, and v, = 0.1944 mkg
hg =2778.1 kl/kg
uy=761.68, v, = 2583.6 kl/’kg
wy = 1822 kl/kg
The initial mass of saturated water and steam in the boiler (Fig. Ex. 9.11}.

=0.915 Ans.

Ny h_o s s 342
v v, 0001127 01944 ~ (#45x 107+ 25.700ke

a Initial Final
{a} (b}
Fig. Ex. 9.11

where suffix frefers to saturated water and suffix g refers to saturated vapour.
Final mass of saturated water and steam
= ; + 6
0.001127 01944
. Mass of steam aken out of the boiter (nr,}
= (445 x 107 + 25.70) - (3.55 x 10° + 30.80)
=090x10°-5.1=8%49 kg
Making an energy balance, we have: Inilial energy stored in saturated water

and steam + Heat transferred from the external source = Final energy stored in
saturated water and steam + Energy leaving with the steam.

or U+ @=U+mh,

=(3.55 x 107 + 30.80)kg
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assuming that the steam taken ouf is dey (x = 1)
or 4.45 % 107 x 761.68 + 25.70 x 2583.6 + 0
= 3,55 x 10¥ X 761.68 + 30.8 x 2583.6 + 894.9 % 2778.1
“or (@ =894.9%2778.1 - (0.90 x 10%) % 761.68 + 5.1 x 2583.6
= 2423000 — 685500 + 13176
= 1752,676 kJ = 1752.676 M1 Ans.

Example 2,12 A 280 mm diameier cylinder fitted with a fricrionless leakproof
piston contains 0.02 kg of steam at a pressure of 0.6 MPa and e temperature of
200°C. As the piston moves slowly outwards through a distance of 305 run, the
steam undergoes a fully-resisted expansion during which the steam pressure p
and the sicam volume ¥ are related by p "= constant, where n is a constant. The
final pregaure of ihe steam is 0.12 MPa. Determine (2} the value of v, {b) the work
done by the steam, and {¢) the magnitude and sign of heat transfer.

Sofution  Since the path of expansion {Fig. Ex. 9.12) follows ihe equation

prh=C
nhl=p¥7
1
L=
o pv¥n=¢
r 2
-
Fig. Ex. 9.12

Taking loganthms and arranging the terms

log 2
= ]
" o ﬁ
*y,
Now, at 0.7 MPa, 200°C, from Tables A.2
v, = 0,352 m¥kg

hy = 2850.1 kl/kg
. Total volume, ¥;, at state 1 = 0,352 x 0,02 = 000704 m*

Displaced volume = % d*i e
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= % % (0.26)° x 0.305

=0.0188 m’ ,
-, Total volume ¥, afier expansion = 0.0188 + 0.00704 = 0.02584 m®
0.6
log ——
= 0.12 log5  _
= = =1.24 Ans. (2
" kg 002584  1og 3.68 ns. (&)
0.00704

Work done by steam in the expansion process

_ 6x10° N/m® x 0.00764 m’ - 1.2 x 10° N/m* x 0.02584 m’
124 -1

4224 — 3100.8
=——— Nm
0.24
=468 Nm=4.68 kJ Ans, (5)
Now  V,=0.02584m’
_ 0.02584
0,02
Ageain U2 = Um.i2mpe + X2 Vg 120Ps
or 1292 = 0.0010476 + x; % 1.4271
129¢
=14 0.906
At0.12 MPa, uy = 439.3 kg, e = 25120 J/kg
A uy; =439.3 + 0.906 (2512 - 439.3)
=2314.3 k)kg
Again Ay = 2850.1 ki/kg

v, =1.292 m%kg

0.6 x 10% x 0.00704 x [0?
0.02

=k —-poy = 28501 -

=2850.1 —-211.2 = 2638.9 kl/kg
By the first law
O, :=U;- U+ Wy,
=m(uy- )+ W,
=0,02(2314.3 - 2638.5) + 4.68
=-6484 + 4.68 = - 1,804 kJ Ans. {c)

Example 9.13 A large insulated vessel is divided into twa chambers, one
containing 5 kg of dry satrated sicam at 0.2 MPa and the other 10 kg of sieam,
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0.8 quality at 0.5 MPa. [fthe partition betwecn the chambers is removed and the

sleam is mixed thoroughly and allowed w settle, find the final pressure, steam

quality, and entropy change in the process.

Solurion The vessel is divided into chambers, as shown in Fig. Ex. 9.13.1.

At 0.2 MPa, B, = v, = 0.8857 mkg

V,=mu =5 x 08857

= 4.4285 m’

Partlition

YOI IIIY DI YIIY,
L.

m=5kg m;=10kp
=10 X, = 0.8
b =0.2MPa Py =10.5 MPa

WO N NNNN
AR R

TP 7T 7777777777777
Fig. Ex. 9.13.1

AL 0,5 MPa, vy = ot XUy
= (0.001093 + 0.8 x 0.3749
=0,30101 m/kg
. ¥, =m,t,= 10 x 0.30101 = 3.010]1 m’
& Totel volume, Vo, =¥, + ¥, =7.4386 m® {of mixture)
Total mass of mixture, m,, =m, +my;=5+10=15kg
.. Specific volume of mixture

.

o e Vo _ 74385
" omg, 15
=0.496 m*/kg
By energy balance
m, u,; +M2H2:M3 Uy
At 0.2 MPa, "'s =h, =2706.7 Wikg
¥, =h —po, = 2706.7 ki/kg
At 0.5 MPa, Ay =he+x; by
=640.23 + 0.8 x 2108.5 ’
=2327.03 klikg
Uy =hy—p, vy = by =2327.03 KIkg
b=k 5% 2706.7 4+ 10 x 2327.03
37 A=
15
o =2453.6 klikg = u,
Now for the mixture

hy =2453.6 klkg = u;
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vy =0.496 m*/kg
From the Mollier diagram, with the given vafves of A and v, point 3 afier
mixing is fixed (Fig. Ex. 9.13.2).
x3=0.870 Ans.
5, =620k K

V3 = 0,496 mfkg
pa=3.5bar

Fig. Ex. 9.13.2

p1=3.5 bar Ans.
53 Isso_m =7.1271 Ufkg K
S3 = 5 spape + 085450 spapa
= 1.8607 + 0.8 x 4.9606 = 5.8292 klkg K
Enmropy change durning the process
=ry sy — (M 5t mys,)
=15x 86298 - (5 x 7.1271 + 10 % 5.8292)
=0.43 kg Ans.

Example 9.14 Sieam generated ai a pressure of 6 MPa and a lemperature of
400°C is supplied 10 a turbine via a throtile valve which reduces the pressure to
5 MPa. Expapsion in the turhine is adiabatic to a pressure of 0.2 MPa, the
isentropic e Miciency (actual enthalpy drop/isentropic enthaipy drop) being 82%.
The summoundings are at 0.1 MPa, 20°C. Determine the availability of steam
before and afler the throttle valve and at the hurbine exhaust, and calculate the
specific work output from the turbine. The K.E. and P.E. changes are negligibie.
Sofution  Steady Mow availability v is given by

V=(ﬁ—&n)‘To(5"0)+%vlz+8(z -Zy

where subscript 0 refers to the surroundings. Since the K.E. and P.E. changes are
negligible
W, = Availability of steam before throttling
= (hl _hn)— 70(5'1 —So)
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At 6 MPa, 400°C (Fig. Ex. 9.14)
Ay =3177.2 kg
5, = 6.5408 kIAg K

6 MPa, 400°C

5MPa ~— Throtle valve

Fig. Ex. 9.14

At 20°C
ko= 83.96 kl/kg
59 =0.2966 kIA&g K
W, = (3177.2 - 83.96) - 293 (6.5408 — 0.2966)
=3093.24 - 1829.54 = 1263.7 kJ/kg Ans.
Now k| = k,, for throtiling
Ath=3171.2 kl/kg and p = 5 MPa, from the superheated steam 1able
’ i, =390°C
£ =063 klkgK }by linear interpolation
w- = Availability of steam after throtiling
= (hy — Ay} — Tls; — 55)
=(3177.2 - B3.96) - 293 {6.63 ~ 0.2966)
= 3093.24 - 1855.69
= 1237.55 kltkg
Decrease in availability due to throttling
= gy — 4= 1263.7 ~ 1237.55 = 26.15 /g

Now
5y =53, = 6.63= 1.5301 + xy, (7.1271 — 1.5301)
x. = =20 _g0112
55970

by, = 504.7 + 0.9112 x 2201.9 = 2511.07 ki/kg
By = sy = 3177.2 - 2511.07 = 666.13 k/kg
Ry — Fry = ol — hs) = 0.82 x 666.13 = 546.2 Kl/kg
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hy = 2631 kl/kg = 504.7 + x; X 2201.7

21263
= 22405 _ 0966
BT 22017

83 = 1.5301 + 0.966 x 5,597 = 6.9368
v, = Availability of steam at turbine cxhaust
={hy — hg) — Tols; — Sy)
= {2631 - 83.96) — 293 (6.9368 — 0.2966)
=2547.04 — 1945.58
= 601.46 ki’kg
Specific work output from the turbine
=hy—k, =3177.2 - 2631 = 546.2 ki/kg Ans.
The work done is less then the loss of availability of steam between states 2
and 3, because of the irreversibility accounted for by the isentropic efficiency.

Example 9.15 A steam turbine receives 600 kg/h of steam at 25 bag, 350°C.
At a certain stage of the turbine, steam at the rate of 150 kg/h is extracted at 3 bar,
200°C. The remaining stcam leaves the turhine at 0.2 bar, 0.92 dry. During the
expansion process, there is heat transfer from the turbine to the summoundings at
the rate of 10 kI/s. Evaluate per kg of steam entering the wrbine {a) the
availability of steam enlering and leaving the turbine, (b) the maximum work,
and (c} the irreversibility. The atmosphere is at 30°C.
Solution At 25 ber, 350°C
A, =312587 klikg
. 5, =6.8481 kikg K
At30°C, hg =125.79 kiVkg
Sy = Spgee = 04369 Kkg K
At 3 bar, 200°C h; =2865.5 kVkg
§=73115k K
A102bar (0.92 dry) k. =251.4 Wikg
Ay, =~ 2358.3 kl/kg
5 =08320 kg K
5, = 79085 Wi/kg K
hy=2514+ 0.92 x 2358.3 = 2421.04 ki/kg
5, =0.8320 +0.92 x 7.0765 = 73424 kl/kg K
The states of steam are shown in Fig. Ex. 9.15.
()} Availability of steam entering the murbine
¥y =(h k) - Tp (s, —50)
= (3125.87 - 125.79) — 303 (6.848] - 0.4269)
= 300008 ~ 1942.60 = 1057.48 kJ/'kg Ans.

Availability of steam leaving the turbine at state 2,
¥y = (h; ~ by} — Tyls2 — %)
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(a) For water at 1 bar, 90°C
u =376.9 kikg, k =377 KJ/kg, v =0.001035 m*/kg
s=1193 kVkg K.
Since P=Pon
utpU-—Tps=u+pv—-Tys=h-Tys
=377-300x1.193
=191 kl/kg
Hence, ¢=3[19%1-{-5.3)]=3Ix 244
=732k Ans,
(b} At p =4 MPa, r= 50°C
u =3099.8, A = 3446.3 kl/kg, v = 0.08637 m¥/kg

5 =7.090 kJ/kgK
4+ pv - Tos = 3099.8 + 100 x 0.08637 — 300 x 7.090
=981.4 ki/kg
0=02[9814-(-5.3)}=197.34 &J Ans,

{c) At 0.1 bar, 0.85 quality,
u=192+0.85 x 2245 =2100.25 kg
k=192 +0.85x 2392 =2225.2 kVkg
s =0.649 + 0.85 x 7.499 = 7.023 kl/kpg K
v = 0.001010 + 0.85 x 14.67 = 12.47 m/kg
t+ pav — Tos = 2000.25 + 100 x 12.47 ~ 300 x 7.023
= 1240.4 kJ/kg
¢=04[12404 - (- 53)] =498.3 kI Ans.
{d) Since p = p,
$=U-UytplV -V -ToS-5)
. =H-Hy—¥lp-pg)-TylS- Sp)
- =m[(h — hy) — Fifs — 5]
At 100 kPa, — 10°C,
k=-3541kJkgand s = - 1.298 kT’kg K
¢=3[-354.1 -113.2 - 300 (- 1.298 - 0.0395)]
=81.2 k. Ans.

Example 9.17 A {low of hot water at 90°C is used to heat relatively cold water
a1 25°C to a temperature of 50°C ina heat exchanger. The cold water flows at the
rate of 1 kg/s. When the beat exchanger is operated in the parallel mode, the exit
ternperature of the hot water stream: must not be less than &0°C. In the counter{low
operation, the exit temperature of hot water can be as low as 35°C. Ccmpare the
second faw efliciency and the rate of exergy destruction in the two modes of
‘operation. Take T, = 300 K.

Sohition  Given: 4, =90°C, £, = 25°C, {, = 60°C,
m,=1kgfs, To=300 K.
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= 1§(209.33 - 104.89) — 300(0.7038 - 0.3674)]
=104.44 - 100,92 =3.52 kW

_ s
(fh])p 2038

Rate of exergy loss by hot waier:
= syl — by - To(s, — s2)]
= 0.833 [(376.92 - 251.13) - 300(1.1925 - 0.8312)]
=0.833 (125.79 - 108.39) = 14.494 kW
Rate of ireversibility or exergy destruction:
=14.494 - 3,52 = 10974 kW
If the hot water stream is not dumped to the drmin,

=0.172 0r 17.2%

Mup= % =0.243 or 24.3% Ans.
Counterflow:
At 35°C, h, = 146.68 Wfkg, 5, = 0.5053 klikg K
Rate of exergy gain of cold water = sty [(k, — Ay) - Ty(s; — 53)] = 1.52 kW
(samg as in parallc] low)

Rate of exergy input (if exiting hot water is dumped to the suwmoundings)
=0.454 (263.72 - 23925} = | L.i| kW

_ 352
e Tin

Rate of exergy 0ss of hot water;
= my[(k) - k) - Tols) — 5)))
= 0.454 [(376.92 - 146.68) — 300(1.1925 — 0.5053)]
=0.454 (230.24 - 206.16) = 10.94 kW

M= oy = 03217 or32.17% Ans.

=0.3168 or 31.68%

Rate of irreversibility or exergy destruction:
=10.94-3.52 =742 kW Ans,
The second law efficiency for the counterflow amangement is significantly

bigher and the rate of irreversibility is substantially lower compared to the
parallel flow armangement.

Example 9.18 A small geothermal well in a remote desenl area produces
50 kg/h of saturated steam vapour at 150°C. The enviromment temperature is
45°C. This geothenmal steam will be suitably used to produce cooling for homes
at 23°C. The steam will emerge from this system as saturated liquid at 1 atm.
Estimate the maximum ¢ooling rate that could be provided by such a system.
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REVIEW QUESTIONS

9.1
9.2
9.3
9.4
9.5
9.6
9.7
9.8
9.9

9.10
.11

9.12
.13

Yhat is a pure substance?

What are saturation states?

What do you understand by miple point?

Give the pressure'and temperature of water at its triple point.

‘What is the critical state? Explnin the terms critical pressure, critical temperature
and critical volume of water?

What is nermal bailing point.

Draw the phase equilibrium diagram on p~v coordinates for 2 subsunce which
shrinks in volume on melting and then for a subsiance which expands in valume
on melting. Indicate thereon the relevant constant property lines.

Diraw the phase equilibrium diagram for a pure substance on p—T coordinales.
Why does the fusion line for water have negative slope?

Draw the phase cquilibrium diagram for a pure substance on T-s plot with
relevant conslant property lines.

Draw the phase equilibrium diagram for a pure substance on A-s plot with
relevant consani property lines.

Why do the isobars on Mollier diagram diverge from one another?

Why do isotherms on Mollier diagram become heorizontal in the superhcated
region at low pressyres?

What da you undersiand by the degree of superhest and the degree of subcooling?
What is guality of steam? What are the different methods of measurement of

quality?

9.14 Why cannot a throtling calorimeter measure the quality if the steam is very wet?
How is the gualiry measured then?
.15 What is the principle of operation of an electrical calorimeter?
PROBLEMS
9.1 Complete the following table of propetties for 1 kg of water (liquid, vapour
or mixiure}.
P t v x Super- h 5
{Bar) °Cy (mkg) (%) hear (°C)  (Kikg) (kg K}
a - 35 15.22 - - - -
(b} - - 0.001044 - - 419.04 -
{c} - 212.42 - 90 - - -
W1 - - - - - 6.104
(e} 1o 30 - Lo - - -
ifr 5 - 0.4646 - - - -
(g 4 - 0.4400 - - - -
hy - 500 - - - 3445.3 -
W20 - - - 50 - -
) 15 — - - - - 7.2690

tlalria



9.2

9.3

9.4

9.3

9.6

9.7

9.8

9.9
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(a} A ngid vesse! of volume 0.86 m? contains ! kg of steam at a pressure of
2 bar. Evaluate the specific volume, temperature, drymess fraction, intemal
energy. enthalpy, and emiropy of steam.

(b} The steam is heared to raise ils temperature to 150°C. Show the processon e
skeich of the p-v dingram, and evaluale the pressure, increase in enthalpy,
increase in internal energy, increase in entropy of steam, and (he heal
mansfer. Evaluaie also the pressure at which the stenm becomes dry
saturated.

Ans, (2) 0.86 m*/kg, {20.23°C, 0.97, 2468.54 kg,
2640.54 K/kg, 6.9592 kK/fke K
{b) 2.5 bar, 126 kJ/kg, 106.6 )ikg, 0.2598 klkg K, 106.6 kK

Ten kg of water a1 43°C is heated at 2 constant pressure of 10 bar until it becomes

supetheated vapour at 300°C. Find the changes in volume, enthalpy, infermnal

energy and entropy.
Ans. 2.569 m’, 28627.5 W, 26047.6 kI, £4.842 k1K

Water at 40°C is cantinuougly spraved into a pipeline carrying 5 wonnes of stcam

at 5 bar, 300°C per hour. At a section downstream where the pressure is 3 bar,

the quality is to be 95%. Find the rale of water spray in kg/h.
Ans. 912.67 kghh

A rigid vessel containg | kg of a mixiure of saturated witer and satmrated steam

at a pressure of .15 MPa. When the migture is beated, the state passes theough

the critical point. Determine {a) the volume of vessel (b) the mass of liquid and
of vapour in the vessel initially, (¢} the wmperature of the mixture when the
pressure has risen $o 3 MPa, and {d) the heat iransfer required to produce the linal

state (e).

Ans. {a} 0.0D3155 m’. {b) 0.9982 kg, 0.0018 kg,
{¢1 233.9°C. {d) 581.46 kl'kg

A rigid closcd ank of volume 3 m? contains 5 kg of wet steam at a pressure of

200 kPa. The 1ank is heated uniil the steam hecomes dry saturated. Detemmine the

final pressure and the heat transfer to the wnk.

Ans, 304 kPa, 3346 kJ

Steam flows through a smail tuthine a1 the rate of 5080 kg/h entering at 15 bar,

300°C and leaving at 0.1 bar with 4% moisture. The stearn enters at 80 m/s at a

point 3 m above the dischurpe and leaves at 40 mfs, Compuie the shafi power

assuning that the device is adiabatic but consideting kinetic and potential energy
changes. How much error would be made if these terms were neglecied?

Calculate the diameters of the inlet and discharge tubes,

Ans. 765.6 kW, 0.44%, 6.11 cm, 78.9cm

A sample of steem from a boiler drum at 3 MPa iz put through a throttling

calorimeter in which the pressure and temperature are found to be .1 MPa,

120°C. Find the quality of the sample taken from the boiler.
Ans. 0.951

It is desired to measure the quality of wet steam at 0.5 MPa. The quality of stzam

is expected to be not more than 0.9,

{8} Explain why a throttling calorimeter to atmospheric pressure will not serve
the purpose.

{b) Will the usc of a seperating calorimeler, ahead of the throtiling calorimeter,
serve the purpose, if at best 5 C degree of superheat is desirable at the end of
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2.10

211

9.12

9.13

9.14

8.15

8.16

throttling? What is the minimum dryness fraction nequired at the exit of the
separating calorimeder W satisfy this condition?
The following observations were recarded in an experiment with a combined
separating and throtrfing calofimeler:
Pressure in the sieam main —15 bar
Mass of water drained from the separator —0.55 kg
Mass of sicam condensed after passing through the (urortle velve —4.20 kg
Pressure and temperature afier throttling —1 bar, 120°C
Evaluate tbe dryness fraction of the swzam in the main, and state with reasons,
whether the throttling calorimeser alone could heve been used for this test,
Ans. 085
Steam from an engine exhaust at §.25 bar flows steadily through an elecuic
calorimeter and comes ot at | bar, 130°C. The calorimeter has rwo | kW heaery
and the flow is measmed o be 3.4 kg in 5 min. Find the quality in the engine
exhaust. For the same mass [low and pressures, what i3 the maximum moisbure
that can be determined if the outlet temperemure s at least 105°C?
Ans. 0944, 0921
Sicam expands isenuopically in & nozzle from 1 MPa, 250°C 1o 10 kPa. The
steam ffow rate is 1 ka/s. Find the velocity of steam at (he exit from the pozzle,
and the exit area of the nozale, Negleot the velocity of steam at the inlet to the
nozzle.

The exhaust sweam from the nozzle flows into 2 condenser and flows out as
saturmled water. The cooling water eniers the condenser a1 25°C and [eaves at
35°C. Delermine the mass flow rate of cooling water.

Any, 1224 m/s, 0.0101 m”, 47.81 kg/a
A reversible polytropic proceas, begins with sicam at, = 10 bar, f; = 200°C, and
ends with p, = 1 bar. The exponent » has the value 1.15. Find the final specific
volume, the final emperature, and the heat transferred per kg of fluid.
Twuo gireams of sicam, one at 2 MPa, 300°C and the other at 2 MPa, 400°C, mix
m a sicady flow adiabatic process. The rates of Now of the wo sireams are
3 kg/min and 2 kg/min respectively. Evaluate the fina! temperamre of the
emetging stream, if there is no pressure drop due to the mixing process. What
would be lhe rae of increass in the entropy of the universe? This stream with 2
negligible velocity now expands ediabatically in a nozzle to & pressure of 1 kPa.
Determine the exit velocity of the stream and the exii area of the nozzle.
Ans. 340°C, 0,042 K/K min, 1530 m/s, 53.77 cm®
Buoiler steam at 8 bar, 250°C, reaches the engine control valve through a pipelime
at 7 bay, 200°C, v is throntled to 5 bar before expanding in the enging m 0.1 bar,
0.9 dry. Dererminc per kg of sicam (a) the heat loss in the pipeline, (b) the
terpetuture drop in passing through the tuonie valve, (¢) the wark output of the
engine, (d) the entropy change due o thronling and (e) the entropy change in
passing (hroogh i engine.
Ans. () 105.3 k/kg, (b) 5°C, {¢) 499.35 ke, -
(d} 0.5433 kg K, () 0.3657 kl/kg K
Tank 4 (Fig. P 9.16) has a volume of 0.1 m’ and contains steam at 200°C, 10%
liquid and 90% vapour by volume, while mnk B is evecuated. The valve is then
opened, and the 1anks evermually come to Lthe same pressure, which is found Lo be
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9.20

9.21
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%

A B

Fig. P 9.16

4 bar. During this process, heal is transferred such that the steam remains at
200°C. What i the volume of tank 57
: Ans. 4.89 m*

Caleulate the amount of heat which eniers or leaves 1 kg of steam wnitially at

0.5 MPa and 250°C, when it undergoes the following processes:

{2) U is conlined by a pistor in a cylinder apd is compressed to 1 MPa and
300°C as the piston does 200 kJ of work on the steam.

(b) It passcs in steady flow through a device and leaves at § MPa and 300°C
while, per kg of steam flowing through it, a shafi purs in 200 kJ of work.
Changes in £.E. and P.E. arc negligible.

{c) It Nows into an evecuated rigid container from a large source which is
vnajntained at the initia} condition of the steam. Then 200 & of shafl work is
transferred to the steam, so that 115 final condition is 1 MPa and 300°C.

Ans. (a) - 130 kJ (b) - 109 &1, and {c) - 367 kJ

A sample of wet sicam from a steem main flows steadily trough a partially open

valve into a pipeline in which is fired an elecmic coil. The valve end the pipeline

are well inpulated, The sieam mass flow mtes 0.008 kg/s while the coil wnkes

3.91 ampems et 230 volts The main pressore is 4 bar, and the pressure and

temperature of the steam downstream of the coif are 2 bar and 160°C respec-

tively, Steam velocities may be assumed to be negligible.

{a) Ewvaluate the quality of steam in the main.

(b) State, with reasons, whether an insulated throttling calorimeter could be
wsed for this test.

Ans. {a) 0.97, (b) not suitable

Two insulated ianks, A and B, are connccied by a valve, Tank A has a volune of

0.70 :? and coniains steam at 1.5 bar, 200°C. Tank B has a volume of 0.35 m?

antl conlains steam at & bar with 2 quelity of %0%. The valve is them opened, and

the two lanks come 0 a uniform siole. If there is no hea transfer during the
process, what is the final pressure? Compute the entropy change of the universe.
Ans. 322.6 XPa, 0.1985 LIfK

A spherical aluminium vessel has an inside diameter of 0.3 m and a 0.62 cm

thick wall. The vessel containg water at 25°C with a quality of 1%. The vessel is

then heated until the water inside is satrated vapour, Cansidering the vesse] and
water logether as a system, calculate the heat ransfer during ikis process. The

density of alumininm is 2.7 g/cin® and its specilic heat is 0.896 Wifkg K,

Ans, 2682.82 kI

Steam at 10 bar, 250°C Nowing with negligible velocity a1 the rate of 3 kg/min

mixes adiabatically with steam at {0 Bar, 0.75 quality, flowing also with

nepligible velocity at the rmte of $ kg/min. The combired stream of steam is
throttled to 5 bar and then expanded isentropically in a nozzle tn 2 bar, Determine

{a) the stme of sieam afler mixing, (b) the sicam afer shroatling, (c) the increase
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9.22

9.23

9.24

9.25

9.26

9.27

9.28

in entropy duc to throttling, (d) the velocity of steam at the exit from the nozzle,
and {c) the cxit area of the nozzle. Neglect the K.E. of steam at the inlet w the
nozzle.
Ans_ {a} 10 bar, 0.975 dry, (b} 5 bar, 0.5%4 dry,
(¢} 0.2669 kMg K. (d} 540 mv's, ie) 1.864 em®
Steam of 65 bar, 400°C leaves the bailer to enter a steam turbine Otied with &
throttle govemnar. At a reduced [oad, as the governor takes ction, the pressure of
sicam is redoced to 5¢ bar by throttling before it is admitied to the wrbine.
Evaluate the availabilities of steam before and afier the throtiling process and the
imeversibility duc to it ’
A mass of wet siearn at lemperature 165°C is expanded at constant quality 0.8 10
pressare 3 bar, [t is then heated at constant pregsure 1o a degree of superheat of
66.5°C. Find the enthalpy and entropy changes during expansion and during
heating. Daw the 7-s and A diagrams,
Ars, = 59 kJikg, 0.163 kikg K during expansion and 676 kl/kg,
1.588 kg K during heating
Steam enters a nurbing ot a pressure of {00 bar and a temperature of 400°C. At
ihe cxit of the turbing the pressure is 1 bar and the entropy is 0.6 I/g K greater
than that at inket. The process is adizbatic and changes in KE and PE may be
neglectad. Find the work done by the steam in Vg, What is the mass flow rate of
sigam required to prodluce a power output of 1| kKW?
Ans. 625 )ig, 1.6 ka/s
One kg of steam in a closed system undergoes a thermtnodynamic cycle composed
the following reversible processes: {1-2} The steam initially at 10 bar, 40%
quality is beated at constunt volume until the prossure fses to 35 bar; (2-3). 1t is
then expanded isothermally to £0 har (31} [t is finally cooled 2t constant
pressure back to its inilial state. Sketch the cycle on - coordinates, and
calculate the work done, Lhe heat iransferred, and the change of entropy for each
of the three processes. Whal is the thermal efficiency of the cycia?
Ans. 0; 1364 kJ; 2781 RJ/K, 367.5 KJ; 404.6 kd; 0.639 KI/K;
~200.1 kJ; - 1611 kJ; - 3419 VK 8.93%
Determine the exergy per unit mass for the steady flow of each of the following:
{2) steam at 1.5 MPa, 500°C
(b} air at 1.5 MPa, 500°C
{c) water at 4 MPa, 300 K
{d) air at 4 MPa, 300 K
(e) airat 1.5 MPa, 300K
Anr, (a) 1220 Kikg, (b} 429 k&g, {¢) 3.85 klkg;
) 318 k/kg, (2) 232 kiikg
A liquid {¢, = 6 kl/kg K) is heaed at an spproximately consiani pressurt: from
298 K to $0°C by passing it through 1ubes immersed in a furnace. The mass flow
rate is 0.2 kg/s. Determine {a) the keating load i kW, (b) the exergy production
rate in kW comesponding to the temperature nise of the fluid,
Ans. (a) 78 kW, (b) 7.44 kW
A NMow of hot water at E0°C is used to heat cold water from 20°C to 45°C ina
heat exchanger. The cold waser flows at the rate of 2 kg/s. When operated in
parallel mode, the exit iemperature of hot water stream cannot be less than 55°C,
while in the counserflow mode, it can be as low 2s 30°C. Assuming the
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surroyndings are at 300 K., compare the second taw efficiencies for the two modes
of operation.
Water a1 90°C is Nowing in a pipe. The pressure of the water is 3 bar, the mass
Mow rate is 10 kg/s. the velocity is 0.5 m/s and the elevation of the pipe is 200 m
abave the exit plane of the pipeline {ground level). Compute {a) the thermal
exergy flux, (b} the pressure exergy MNux, {c) the exergy flux from KE, {(d} the
exergy fux from PE, (¢} tomal exergy Nux of the stream.
Ans, (2) 260 kW, (b) 2.07 KW, (¢) 1.25 x 107 kW,
{(dy 19.6 kKW, {c} 282 kW
A cylinder fined witk a piston containg 2 kg steam at 500 kPa, 400°C. Find the
entropy change and the work Jone when the steam expands to a final pressure of
200 kPa in cach of the following ways: a} adiabatically and reversibly,
{b} adiabatically and ireversibly o an cquilibrium temperature of 300°C.
Ans. {a) 0, 386.7 1, (b} 0.1976 KI/K, 300.4 |}
Steam expands isenwropically in a nozzle from | MPa, 250°C to 10 kPa. The
steam Now rate is 1 kg/s. Neglecling the KE of steam at inie1 1o the nozzle, find
the velocity of steam at exit from the nozzle and the exit area of the nozzle.
Ans. 1223 m/s, 100 em”
Hot helium gas at 800°C is supplied ta a steam generator and is cooled ta 450°C
while serving as a heat source for the generation of sleam. Wafer enters the sicam
generaor at 200 bar, 250°C and leaves os superhested steamn at 200 bar, 500°C.
The wmperature of the surroundings is 27°C. For ! kg helium, determine (a) the
maximum work that coutd be produced by the heat removed from belium, (b} the
mass of steam genetaled per kg of helium, (¢) the actual wodk done m the sieam
cycle per kg of helium. {d) the net change for entropy of the universe. and (e) the
imeversibility. Take the average o, for helivm as 5.1926 kl/kg K and the
propetties of water al inlet to the steam penerator as those of saturated water at
250°C.
Ans. (a) 1202.4 kJ/kg He, (b) 0.844 kg H,O/kg He (c) 969.9 kJikg He, .
{d) 0.775 klikg He-K), {€) 232.5 kl/kg He






Properiiss of Gases ond Gas Mixiures - 320

If two of these properties of a gas are known, the third can be evaluated from
the equation of state.

It was discussed in Chapier 2 that gas is the best-bchaved thermometric
subslance because of the fact that the mtio.of pressure p of a gas at any
temperature fo pressure p, of the same gas at the friple point, as both p and p,
approach zero, approaches a value independent of the nature of the gas. The ideal
ras temperature T of the system at whose tanfaeramm the pas exerls pressure g
- {(Article 2.5) was defined as

+ T=273.16 lim £ (Const. ¥)
0 P,

T=273.16 lim — (Const. p)
pp—)(I f

The relation between pr and p of a gas may be expressed by means of a power
series of the form

: pr=A{l+Bp+Cp+..) (10.1)
where A, B, C', ¢tc., depend on the temperature and nature of the gas.
A fundamental property of pases is that; Iime pv)is independent of the nature
N R,

of the gas and depends only on T. This is shown in Fig. 10.1, where the productpv
is plotted against p for four different gases in the bulb (nitrogen, air, hydrogen,
and oxygen) at the boiling point of sulphur, at steam point and at the triple point
of water. In each case, it is seen that as p — 0, pv approaches the same value for
all gazes at the same temperature. From Eq. (10.1)
;llino pr=A

Therefaore, the constant 4 is a function of iemperature only and independent of

the nature of the gas.

p¥ _ limprv A
lim —(CDI:LBI Vy=lim~—=—""—="
2 P V lim (pv), 4,

—(Const) lim 2Y - limpv _ 4
¥ p¥, Lm{pv), A4
The ideal gas temperature T, is thus
lim pv
lim {pv},
. lim (pv) :i
i =|—==iT
tm (o) [ 27316
The term within bracket is cailed the universal gas constanr and is denoted by
R.Thus

T=273.16

B= lim ( po}),

10.2
273.16 (192)
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103 Ideal Gas

A hypothetical gas which obeys the taw pT = RT at all pressures and
temperatures is called in ideal gos.

Real gases do not conform to this equation of state with complefe accuracy. As
p = 0,01 T— -, the real gas approaches the ideal gas behaviour. 1n the equation
pB =RT,as T—0,ie., t = -273.15°C, if 0 remains constant, p — 0, or if p
remeins constan, T — 0. Since negative volume ot negative pressure is
inconceivable, the lowest possible temperarure is 0 K or - 273.15°C. T is,
therefore, known as the absolute 1emperature.

There is no permanent or perfect gas. At aimospheric condition oniy, these
gases exist in the gaseous siate. They are subject to liquefication or solidification,
as the temperatures and pressures are sulficiently lowered.

From Avogadro’s law, when p = 760 mm Hg = 1.013 % 10* N/m?, T =
27315 K, and ¥ = 22.4 m*/kgmol

R = L013x10° %224
273.15
=8314.3 Nm/kgmol K
= 8.3143 kikgmot K

Since T = ¥/n, where ¥ is the towl volurne and » the number of moles of the
gas, the equation of state for an ideal gas may be writlen as

pV=nRT (10.4)
Al =
50 ="
i
where fi is the molecular weight
pV=m -i-T
or pV=mRT {10.5)
where R = chemcteristic gas constant = % {10.6)

For oxygen.e.g.,

R, = % = 0.2598 kJ/kg K
For air,
83143
Ry =22 = 0287 IRkg K

There are 6,023 x 10 molecules in a g mol of a substance,
This is known a8 Avogadro's number (4).

A = 6.023% 10 molecules/kgmol
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In » kg moles of gas, the total number of molecules, ¥, are
N=nAd
or n = Ni4
pV=N~§—T (10.7)

=NKT
where X = Boltzmann constant
_R__ 8143
A 6.023x10%
Therefore, the equation of siate of an ideal gas is given by
pY =mRT
=nRT
=NKT

10.3.} Specific Heats, Internal Energy, and Enthaify
of an Ideal Gas

An ideal gas oot only satisfies the equation of siate pr = RT, but its specific heats
are constant also. For real gases, these vary eppreciably with temperature, and
little with pressure.

The properiies of a substance are related by

= 1.38 x 107" Vmolecule K

Tds = du + pdp
or ds=3 2y (10.8)
r T
The internal energy u is assumed to be a function of Tand v, i.e.
u=f(T,v)
du du
or du = (BT) dar + (av JTdn (10.9)
From Eqs {10.8) and {10.9)
du 1[f du
ds = _(F] aTr + ?[[E)T + p]dv (10.10)
Again, let
s =f(T,0) ‘
ds ds
ds = (BT) dT+(aD)Tdv (10.11)

Compering Eqs (10.10) and (16.11)

ds) _1fdu
(F), N T[afl, {10.12)
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os ) 1 { du )
— | ==||=—| + 10.13
( el M| = (10.13)
Differentiating Eq. {(10.12) with respect to v when T is constant
9% _ 1
= 10.14
o0Tdv T dTdv o1
Differentiating Eq. {10.13) with respect 1o T when v is conslant
3 2
s _1 _dw +_]_[§£J __IT(_a_E] -2 {10.15)
d00dT T ovdT T\dT) T*ldvj; T°
From Eqs (10.14) and {10.15)
1 & 1 o +L(3_P] _L(a_"J -2
ToTdw Tdvodl T\dT) T*l\oo); 7T
o), r=7l3F)
= tp=T| = 10.16
or ( % ). P, (1016
For an ideal gas
Po=RT
ap)
o|==| =R
(%)
dp R_p
Sy =8 _F 10.17
[31’ ., v T ; (10.17)
From Egs (10.16) and {10.17)
au) .
—| =0 10.18
[Bv i ( )
Therefore, 4 does not change when v changes at constant temperature.
Simtlarly, if # =f(7, p), it can be shown that [g—”) = (. Therefore, u does
P/t
not change with p either, when T remains constant.
u does not change unless T changes.
Then w=f(T) {10.19)
only for an ideel pas. This is known as Joule's law.
I u=f(T.o

e (ar)vdT+(av)Tdt

Since the Iast werm is zero by Eq. (10.18), and by definition
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«=(3),

du = c AT (10.20)

The equation dir = ¢, dT holds good for an ideal gas for any process, whereas
for any other substancs it is true for 2 constant volume process only.
Sinee ¢, is constant for an ideal gas,

Au=c AT
The enthalpy of any substance is given by
h=u+pv
For an ideal gas
A=u+RT
Therefore
A=f(D (10.21}
" only for an ideal gas
Now dir = du + RAT
Since R is a constant
Ak = Au+ RAT
=c¢, AT+ RAT
={r, + RYAT {10.22)
Since kb is a function of T only, and by definition
w=(3)
PoAdT ),
dt =c, dT {10.23)
or Ak = 5 AT {10.24)
From Eqs (10.22) and (10.23)
cp=c, + R
or -6, =R {10.25)

The Eq. d&t = ¢, dT holds good for an ideal gas, even when pressure changes,
but for any other substance, this is true only for a constant pressure change.

The matio of e /c, is of imporance in ideal gas computations, and is designated
by the symbal 7, i.e.

[ |u"
I

Y

or G =re,
From Eq. (10.25)
(T- 1) €y = R
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R
apd € = ——
Y-1 | wkgk (10.26)
cp:_& -
y-1

IfR= E is substituted in Eq. {10.26)

E‘, =He, = (Cv)mol = Ll
and 14 % ikgmol} (K} (10.27)
Ep=“‘p={cp)lml= Ty_!

¢, and &, are the molar or molal specific heats at constant volumne and at constant
pressure respectively.

Tt can be shown by the classical kinetic theory of gases that the values of ¥
are 5/3 for monatornic gases and 7/5 for diawomic gases. When the gax molecule
conteins more than two atoms (ie. for polyatomic gases) the valoe of ¥ may
be taken approximately as 4/3. The minimum value of yis thug 1 and the
maximum is 1.67.

The velue of y thus depends only on thc molecular structure of the gas, i.e.,
whether the gas is monatomic, diatomic or polyatomic baving one, two or more
atoms in a molecule. [t may be noted thatcr andc, of an ideal gas depend only on
¥ and R, i.e., the number of atoms in a molecule and the molecular weight of the
gas. They nre independent of temperature or pressure of the gas.

103.2 Ewtrofy Change of an Ideal Gas

From the general property relations

Tds = du + pdv

Tds = dh — mdp
and for an ideal gas, du = ¢, d7, ¢k = ¢, d7, and pv = &7, the entropy change
between any two states [ and 2 may be compuied as given below

dv=£+ £ 4y
T
dT d

_c"T v

sz—sl=c\,1n% +RIn 2 {10.28)

Also =228
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or sz—sl=cp|nI3-—Rln 13 (10.29)
L P
Since R =¢,-c,, Eq. (10.29) may be written as
sz—sl=cpln—7i——cpln& +r:‘,ln‘p—2
1 P P
or 5-$=cln—L +c,ln £L (10.30)
o P

Any one of the three Eqs (10.28), (10.29), and (10.30), may be used for
computing the entropy change between any two states of an ideal pas,

10.3.3 Reversidle Adiabatic Process

The general property relations for an ideal gas may be written as
Tds = du + pdo = ¢, dT + pdv

and Tds =dh-vdp=c,dT-vdp
For a revemible adiabatic change, ds =0

¢, dT =—pdo (10.31}
and ¢, T =vdp (10.32)
By division

i JPU. {7 )

£, Y pdv
or & + y-g-l-’- ={

P D

or d{lnp)+yd{lnv)=d(lnc)
where ¢ is a conslan.
Inpg+ylnv=Ine
pF=c (10.33)
Between any two slates | and 2 :
pol=rmof

o P [ﬂ]’
P v
For an ideal gas
pv=RT
From Eq. (10.33}
. p=ev?
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¢t tu=RT
ce' T=RT

Ty~ = constant (10.34)

Between any two siates 1 and 2, for a reversible adiabatic process in the case

of an iden gas
Tyl =T ol
¥-1
of L [ELJ (10.35)

H vy
Similarly, substituting from Eq. (10.33)

Ly
v= [LJ in the equetion pv = RT
P
e _
pim . =RT
T4 = constant . (10.36)

Between any two states 1 and 2
T p{-M = 1, pfi-m

-y
L =(ﬂJ (10.37
4 y-

Equations {10.33). (10.34), and {1 0.36) give the relations emongp, v, and Tin
a reversible adinbaric process for an ideal gas,

The internal encrgy change of an ideal gas for a reversible adiabatic process
is given by

Tiir=du+pdv=0

2 2
. [P P
1 17
where PP =poi=pol=c
P I R R e
r-1 r-1
= Bt — oY
r-1
_RG-T) _ RG (%
y-1  7-I\F,

Y-y
- :Tl[[!.;.z.] -1] (10.38)
- i
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The enthalpy change of an ideal gas for a reversible adiabatic process may be
similarly derived.

Tds = dh —vdp =0
2 2 Ly
= (e
o I dh = I vdp I P dp
where Pl”l Pz”z =c

b=k = 7-1 '—'m[P;{Hn‘P]‘H“]

(r—14r
=L (pol)" tm )‘*“”*[(‘:) —1}

-1 1

SZL [
r-i 2

r=1vr

- YR [&] -1 (10.39)

r-1|\a
The work done by an ideal gas in a reversible adiabatic process is given by
JQ=dU=aW=0
or dW=-dU

i.e. work is done at the expense of the internal energy.
Wi =U-Uy=mu -u)

’ -n
~mpy = py) MR -T)  mRT |-1_(p_2]T N (10.40)
-1 ¥-i r-1 I_ fo]
where m is the mass of gas.
In a steady How prucess, where both [low work and extermal work are
involved, we have from 5.F.E.E.,

: KT -T,
Wor oo v ghem b -hymg, (- = TR
- [k i 020 §
- T(Plt; IPZUZ) = Tylplvl[l'(f,_z) } (10.41)
- - 1

If K.E. and P.E. changes are neglected,

¥-1/y
Lyvofi-(2)
W = pll—| = {10.42)
x 7~ lPl l[ P ]
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10.3.4 Reversidle Isothermal Process

When an ideal gas of mass m undergoes a reversible isothermal process from
state | to state 2, the work done is given by

2 ¥.
jaw= fpdV
1 v,
Y mRT 7
or W= ff”—dV=mRr1n—2
w ¥ "
1
=mRTIn £L (10.43)
P

The heat transfer involved in the process
Q=U-U+ W,
= W,_,=mRT In V¥, = TS, - §)) (10.44)

10.3.5 Polytropic Process

An equation of the form pv™ = constant, where a is a constant can be used
approximetely to describe meny processes which occur in practice. Such a
process is called a pelytropic process. It is oot adiabatic, but it can be reversible,
It may be noted that y is a property of the gas, whereas n is not. The value of n
depends upon the process. It is possible to find the value of n which more or less
fits the experimental results. For two states on the process,

P} = pyo} (10.45)
2. )"
or [—Z—J =
o Pz
n= l°g A - IOg P2 (10.46)

log 7, —log 1,

For known values of p,, p;, ¥, and v,, 1 can be estimated from the above
rclation.

Twao other relations of a polytropic process, corresponding to Eqs (10.35) and

(10.37), are
n-I
% - (:—') (10.47)
| 2
n-1‘m
% = (%J (10.48)
1 1

{i} Entropy Change in a Polytropic Process In a reversible adiabatic
process, the entropy remains constant. But in a reversible polytropic process, the
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entropy changes. Substituting Egs (10.45), (10.47) and (10.48) in Eqs (10.28),
(10.29) and {10.30}, we have three expressions for entropy change as given below
.s'z—sl=1:",lrl£ +RIn 22
h o
=R 5 +—R 1 I
-1 & a-1 1
"

=Y gl (10.49)
(r-Din-1) 5
Relations in terms of pressure and specific volume can be similarly derived.
These are

ol T 3
Sy— = Rln (10.50)
TS VRS .
n-— .
and S5 =- T_Tl'mﬂv—f (10.51)

It car be noted that when # = 7, the entropy change becomes zero. If g, > p,
for # 5 7, the entropy of the gas decreases, and for » > ¥, the enlropy of the gas
increases. The increase of entropy may result from reversible heat ransfer to the
sysiemn fiom the summoundings. Entropy decrease 5 also possible if the gas is
covled

{li} Heat and Work in & Polytropic Process Using the first law to unit mass
of an ideal gas,

g-W=u-u
R(IL-T
=cdT-T)= m(r’_l )
= A% — A%
r-1

n-t/n n-1
_an (Y|l e [i) _1] 053
r—l[[p]) ] r—l[ v, (10.52)

For a steady flow sysiem of unit mass of ideal gas, the 8.F.E.E. Eq. (5.10),
gives

g= W,—A[z;—+gzj| =hy— by
YR - T)
7-1
- ;5 (P20, - 2y00) es3)
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For a polytropic process,
A 72 ] b 1a) [[ P2 Jn_m ]
-W, =4l —+gz]|= == -1
e-H [ 2 '8 T-1|\p
n—l
S .00 O R
7-1 [(Uz ) l] (10.54)

Equations (10.52) and (10.54) can be used io determine heat and work
quantities for a closed and a steady {low system respectively.

(ili) Integral Property Relatons in a Folytropic Process Ina pv" =

constant process,
) 2 R v 2 Y
Ipdv=l-—p'n' |:Il'.?=——-———pl 1 l+(—lJ
] L v n-1 7,
Y p u-lfa
AU _2)
"_l[ (pl (10.55)
Similarly,
2 np [ v a-1
/ n-1 | 7,
v [ o-l/n
=ZAN 1-(ﬁ) ] (10.56)
n-1 ] P
The integral of T'ds is oblined from the property relation
Tds = du + pdv

2 2 2
Jrde=[au+ | pdo
1 1 1

2
=u2-—ul+‘[pdv
1

Substituting from Eqs (10.50) and (10.53)

2 n=1in
- Y—n P2
Ts=— 1" poli-{22
! (—nu—npm[ (m) ]
e-1
I ST N N
w—uw—n“mb (%] ]

=Y AT _T 10.57
T-Dia-p 1 ) (1037
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Since R/(y— 1) = ¢, and putting AT = T, - T, the reversible heat transfer

2 -n
Qn=[ Rs=c, L= ar
1 n—1

=¢, AT (10.58)

Where ¢, = ¢, (¥—n)/(1 - n) is called the polytropic specific heat. For n >

there will be positive heat transfer and gain in entropy. For n < 7,. heat transfer
wiil be negative and entropy of the gas would decrease.

Ordinarily both heat and work are involved in a polylropic process. To

evaluate the heat iransfer during such a process, it is necessary to first evaluate

the work via either I pdvor— I tdp, depending on whether it is a closed or an

open steady lNow system. The application of the first law will then yield the heat
transfer.

The polytropic processes for various values of # are shown in Fig. 10.2 on the
p—vand T diagrams.

pr=C
On differentiation,
vdp+pnrt do=0
4 __ .2 (10.59)
dv v

The alope of the curve inereases in the negative direction with increase of a.
The values of » for some familiar procegses are given below
Isobaric process (p=c), n=0

LES T
n=-2 n=y n=teo {v=0c)
n=-1 p=-
=-05
B [N a=0(p=¢
T n=o T n=1
n=1(T=¢)
n=y(s=c}
—_— ——

Fig. 102 Proero in which o = constant

Isothermal process (T=¢),n =1
Isentropic process (s=c), A=7
Isometric or isochoric process (D=c), n = e,
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10.4 Gas Compression

A gas compressor is a device in which work is done on the gas to raise iz pressure,
wilth an appreciable increase in its density. Being a steady [low device the external
waork done, in absence of K.E. and P.E, changes, would be
F
We=-[ovdp=h -k,
L [
For a reversible polytropic compression process, pu" =c :

{a=-1)n
W= - P:UJ[(p_ZJ - 1]
n—1 I

Fox reversible adiabatic compression, n is substituted by 7. For reversible
isothermal compression, the work of compression becomes

- P2
F,.=pvyln—=
x AT Pu
Figure 10.3 shows Lhe three reversible compression processes. From
Eq. (10.59), the slope at state | is given by
EE_ =_ ”&
de 7
For > n> 1 and for the same pressure ratio p+/p,, the isothermal compression
needs the minimum work, whereas adiabatic compression oeeds the maximuom
work, while the polytropic compression needing work in between the rwo. 1t may
be woted in Fig. 10.3, that in process 0-1 the gas is sucked in 2 reciprocatiug
compressor, in process 1-2 (24, 2, or 2, as the case may be) the gas is
campressed, and in process 2-3 ithe gas is discherged, The clearance volums is
here neglected. The work of compression is the area included in the diagram as
shown, ’

M

—— —_— 5

Fig. 10.3 Revrrsible comprecsion procemes
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10.4.1 Multistage Compresrion

By staging the compression process with intermediate cooling, the work of
compression can be reduced. In an idesl two-siage comnpressor, as shown in
Fig. 10.4, the gas is firsi compressed isentropically in the low pressure (L.P.)
cylinder, process 1-2, it is cooled in the inlercoaler at consiant pressure to its
original temperature (ealled perfect intercooling), process 2-3, and it is then
compressed isentropically in the high pressure (H.P.) cylinder, process 3—4.
The total work of compression per wiit mass in the two adiabatic ¢ylinders is
W, = (k- )+ By — &) {10.60)
If the working {luid is an ideal gas with constant specific heats,
W, =c, (T, - T)) + cl(Ty - Ty)

-2
| Second stage
-+
| Indatenoker |
——
Clrnuny
waler —+-x
First stage
1
Flow Dlagram w{, p——g
(@ (b)

Fig. 10.4 Two-stagr compression with inlereooling
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T T
“on{F ) on{ 3
(y-14y ry-14y
=T, (ﬂ) - 1] + cprs[("—‘) - 1]
P M

with perfect intercooling, ) = T, and p, = p,

(=13t {7-1)4¢
W, = c,,‘r,[(ﬂz—J + (p—‘) - 2] {10.61)
P P
For minimum work

a7 [T—l " [1‘}’) 1-21/¢ w-mf]
=T = + P P =0
R A e L

o qurm ={pp, ‘)(T'IW

P2= PPy (10.62)
Thus, for minimmm work the inlermediate pressure p, (ot p) is the geometric
mean of the suction and discharge pressures,
From Eq. (10.62) it follows that

P2 = Pa = Ps (10.63)
A P M
T (Y -ty (r—10y
Since U [&] L [ﬂ_]
1 P Iy Lps
and T] = T3, S T4 = Tz
Also, B_pnp
Pi - -

2 2 vz
A P

For a 3 stage compressor, the pressure ratio per slage is:

11
2 _[p]
P J

Thus, the intermediate pressure that produces minimurn work will also result
in equal pressnore ratios in the two slages of compression, equal discharge
lemperatures, and equal work for the two slages.

For ideal two-stage adiabatic compression, the minimum work, using
Eqgs (10.61) and (10.63), becomes

Y-y
W, _—.ML[[P_Z] _ l] (10.64)
Y-1[\nm
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Similarly, for reversible polywopic compression, pv™ = ¢, with perfect
intercooling, the same expressions given by Eqs (10.61) and (10.62) can be
obtained by substituting » for ¥, and the minimum work becomes

&-1/n
W, = ﬂ[["—z] - 1] (10.65)
n=1 |4 p
The heat rejected in the intercooler is
O 3=, (I-T3)

[f there are N stages of compression, the pressure ratio in each slage can be
shown to be

discharge pressure \'"
P (_L) (10.66)
B suction pressure .
The total work of compression for ¥ stages is
o n=1}/KNn
w, = 20 KL (P ] -1 (067
n-1 Poocoon

In the case of gas compression, the desirable idealized process is often a
reversible isothermal process. The isothermal efficiency, 7, of a compressor is
defined as

P In £

1 i

h====

W,

1+3

10.4.2 Velumelric Efficiency

The ratio of the actual volume of gas taken into the cylinder during sucrion stroke
to the piston displacement volume is called volumerric efficiency. If m is the
mass flow rate of gas and o, is the specific volume of gas at tnlet to the
compressor, and PD is the piston displacement per cycle, then volumetric
efficiency is given by

W,

= m
Mvor PD
Lt us imagine an idealized reciprocator in which there are no pressure losses
and the processes 3—0 and 1-2 are reversible polytropic processes (Fig. 10.5),
with cqual value of a, The clearance volume {(CF) is the voiume F; of the cylinder
and the process 3—0 represents the expansion of the air in the CV. The volumeuric
efficiency is then given by

(10.68)

h-h
H-h

Rval =

/
/
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Fig. 105 Processes in an idreliged reciprocating comprasor

kR
=t-y—p (10.69)
Clearance C is defined as

Clearance volume

C=
PD
&
= 10.70
V-V, ( }
¥ v n
Now -0 =—"=(£’—] (10.71)
h oo Py
it
Vs(&} -
nvcl =1- ..__EI_.___.-_C
¥y

S (R

1fn
=1 +c-c{&) (10.72)
p

Equation (10.72) is plotted in Fig. 10.6. Noting that (p/p; )" is always greater
than unity, it is evident that the volumetric efficiency decreases as the clearance
increases and as the pressure ratio increases.

In order to get maximum flow capacity, compressors are built with the
minimum clearance. Sometimes, however, the clezrance is deliberately increased
as a means of controlling the flow through the compressar driven by a consiant
speed molor.

It is evident from Fig. 10.6 that as the pressure matio is mcreased, the
volumetric efficiency of a compressor of fixed clearance decreases, eventually
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becoming zerc. This can also be seen in an indicator diagram, Fig. 10.7. As the
discharge pressure is increased, the volume ¥), taken in atp,, decreases. At some
pressurep,, the compression line intersects the line of clearance volume and there
is no discharge of gas. An attemnpt to pump to p,, {or any higher pressure) would
result in compression and re-expansion of the same gas repeatedly, with no [low
in or out, The maximam pressure ratio attainable with a reciprocating compressor
1§ thus limited by the clearance, The clearance cannot be reduced beyond a cerlain
value, then to attain the degired discharge pressure, multisiage compression is to
be used, where the overall pressure ratio is the product of the pressure ratios of’
the stages.
The mass flow rate of gas from Eq. (10.68) then becomes

lia
; =f£nvol=_’£ 1+c_c[£1...J (10.73)
oy 7 4]
19
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10.5 Equations of State

The ideal ges equation of state pT = R T can be established from the positulates
ol the kinetic theory of gases developed by Clerk Maxwell, with two important
assumptions that there is little ot no attraclion between the molecules of the pas
and that the volume occupied by the molecules themselves is negligibly small
compared to the volume of the gas. Wheo pressure is very small or temperature
very large, the intermolecvlar attraction and the volume of the molecules
compared to ihe total volume of the gas are not of much significance, and the real
gas obeys very closely the ideal gas equation. But as pressure increases, the
intermolecutar forces of arraction and repulsion increase, aod also the volume of
the molecules becomes appreciable compared to the gas volume. So then the real
gases deviate considerably from the ideal gas equation. van der Waals, by
applying the laws of mechanics to individual molecules, introduced two
correction terms in the equation of ideal gas, and his equation is given below.

(p+;-al,—](v-b)=RT (10.74)

The coefficiewt & was introduced to account for the existence of mutual
attraction betweeu the molecules. The term a/t? is called the force of cohesion.
The eceflicient b was intorduced to account for the volumes of the molecules, and
is kuown as co-vofume.

Real gases conform more clasely with the van der Waals equation of state thap
the ideal gas equation of siate, particularly at higher pressures. But it is not
abeyed by a real gas jo all ranges of pressures and temperatures. Many more
cquations of state were later intradueed, and notsble among these are the
equations developed by Benhelot, Dicterici, Beattie-Bridgeman, Kammerlingh
Onues, Hirshfelder-Bird-Spotz-McGee-Sutton, Wohl, Rediich-Kwong, and
Mariin-Hou,

Apart from the van der Weals equation, three two-constant equations of sfate
are those of Berthelot, Dieterici, and Redlich-Kwong, as given below:

RT d
Berthelot: = -— 10.75
o 70 ™ (16.75)
S RT w1y
Diet : = - 10.76
ieterick r m——s e { }
Redlich-Kwong; p= RT a {1077

v—-b T”zv(v+ b)

The constanis, a and & are gvaluated from the critieal data, as shown for van
der Waals equation in article 10,7. The Berthelot and Dieterici equations of state,
like the van der Waals equation, are of limited accuracy. But the Redlich-Kwong
equation gives good results at high pressures and is fairly accurate for
temperatures above the critical value.

Another two-constant equation which is again of limited accuracy is the Saha-
Base equation of state given as follows.
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RT v ( v-2b )
=——¢ In|—— 10.78
i 25 v { )
It is, however, quite accurate for densities less than about 0.8 times the critical
density.
One more widely used equation of state with good accuracy is the Beaflie-
Bridgetnan equation:

_ RT(;z— € w+ By A (10.79)

where

b c
cafi-g)snfi-2)e-
There are five constants, 4y, B, a, &, and ¢, which have o the determined
expetimentally for each gas. The Beattie-Bridgeman equation does hot give
satisfactory resulis in the critical point region.
Ali these cqualions mentioned above reduce Lo the ideal gas equation for large
volumes and temperatures and for very small pressures.

10.6 Vidal Expansions

The relation betweenp? andp in the form of power series, as given in Eq (0.1},
may be cxpressed as

PU=A(l+Bp+C A+ p +..)
For any gas, from equation (10.3)

lim pT =4=RT

2l

%=1+Ep+cp’+1yp’+... (10.80)

An alternative expression is

po _ B, C D _

T 1+ = + = + = + {10.21)
Both expressions in Eqs {10.80) and (10.81) are known as vinal expansions or

viral equations of sfate, first inroduced by the Dutch physicist, Kammerliogh

Onnes, &, C, B, C, ctc. are called virie! coeflicients. B and B are called second

virial coefficients, C and C are called thrid viral coefficients, and so on. Fora

given gas, these cocfTicients are functions of femperature ontly.

The ratiopT /R Tis called the compressibility factar, 2. For an ideal pas 2= 1.
The magnitude of Z for 2 cenain gas at a particular pressure and temperature
gives an indication of the extent of deviation of the gas from the ideal pas
behaviour. The virial expansions become
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z=1+B’p+C"p2+Up3+... (10.82)
and z=1+§+%+-_‘%—+-" (10.83)
TR L

The relations between B’, ', and B, C, ... can be derived as given below

LR N N o 7 L
& p+Cp+Dp

=1 +5'[-"‘:T-(1+£+_—Cz+---)}
T T v

—~ 2 2
+c‘[(¥) [Hg+g+...+)]+m
U_ v v

B'RT B BRT+CYRTY
Ot i

+ BRTC+ C’(ﬁz')2 +DRTY | (10kay

=1

v
Comparing this equation with Eq. (10.81) and rearranging
_p?
N et
RT {(RT)
,_D-3BC+28°
= T, and s0 on
Therefore

Z= =1+Bp+Cpit...

3%

B C- >

T Ept = + .. 10.85
%rF Ry p { }
The terms B/T , (/5 ® etc. of the virial expansion arise on account of molecular

inteactions. If no such interactions exist {at very low pressures) #=0, C=10,

ete.!Z=1andpd = RT.

10.';' Law of Corresponding States

For a cemain gas, the compressibility factor Z is a function of pand T
[Eq.‘(l(].BS)], and so a plot can be made of lines of constant temperature on
codgdinates of p and Z (Fig. 10.8). From this plot Z can be obtained for any value
of pand T, and the volume can then be obtained from the equationpe = ZRT. The
advantage of using Z instead of & direct plot of v is a smaller range of values in
plotting.

For each substance, there is a compressibility factor chari. It would be very
convenient if one chart could be used for all substances. The general shapes of the
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vapour dome and of the consiant tetnperature lines on the p—v plane are similar
for all substances, although the scales may be different This similarity can be
explaited by nsing dimengionless properties called reduced properties. The
reduced pressure is the mio of the existiog pressure to the critical pressure of the
substance, and similarly for reduced tempemure and reduced volume, Then

pr .Pc ot Ié . UC
where subscript 7 depotes the reduced propenty, and subscript ¢ denotes the
property at the eritical state.

At the same pressure and temperature the specilic or molal volumes of different
gases ere different. However, it is found fram experimental data that at the same
reduced pressure and reduced temperaiure, the reduced volumes of different gases
are appraximately the same. Therefore, for all substances

o, =f(p, T (10.36)
Now,

v, = v _Zp, _Z T (10.87)

v. ZRLp 2. p,
where Z, = ;‘—:f, This is calied the critical compressibility facior. Therefore
e

from Eqgs (10.86) and {10.87),

Z=fp, T, Z) {10.88)

Experimental values of Z, for most substances fall within a norrow range
0,20—0.30. Therefore, Z, may be taken to be a constant and Eq. (10.88) reduces
10
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Z=f(p.T) (10.89)

When 7. is plotled as a funclion of reduced pressure and Z, a single plot, known

as the generalized compressibility chart, is found to be satisfactory for a great

variety of substances, Although necesgarily approximate, the plots are extremely

useful in simtions where detailed data on a particular gas are lacking but its
critical properties are available.

The relation among the reduced properties, p,, T, and v,, is known as the law

of corresponding states. 1t can be derived from the various equations of siate,

such as Lhose of van der Waalg, Berthelot, and Dieterici. For 2 van der Waals gas,

[p +;—2)(U—b)=RT

where g, b, and R are Lhe characteristic constants of the particular gas.

p=-RL _4
v—b O
or P - (b +RD VP +a—ab=0

It is therefore a cubic in © and for given values of p and T has three roots of
which only ooe need be real. For low temperatures, three positive real roots exists
far a cerlain range of pressure. As the temperature increases the three real roos
approach one another and at the critical temperature Lhey become equal. Above
this temperature only one real root exists for all values of p. The critical isotherrmn
T, &t the critical state on the p—o plane (Fig. 10.9), where the Lhree real roets of
the van der Waals equation coincide, not only has a zero slope, but also ils slope
changes at the critical state {point of inflection), so that the first and second
derivatives of p with respect to v at T'= T, are each equal io zero. Therefore

L= R L

i
Fig. 10.9 Criticaf properties on p-v diagram

JEES—— |

(3_;7) =_R_Tcl+2_f=o (10.90)
dv =T, (v.-b) v,

2 X
[_3___;;] __2RT.  _6a _, i (10.91)
du T=T,
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From these two equations, by rearmenging and dividing, & = %v:‘
Substituting the value of b in Eq. {10.90)
- 8a
9To,
Substituring the values of b and & in Eq. {}0.74)

a V2 - 8a T
(ro+ &) 20) =5 T

15

a=3p,0}
Therefore, the vaiue of R becomes
8 p.v
R= 2ie ¢
1T

The valucs of a, b and R have thus been expressed in terms of critical
. propeties, Substituting these in the van der Waals equation of state

2
p+ 228 (o Ly ) 820 £
v 3 T

o P 3 L_L)= 8T
’ p. v- v 3] 3T
Using the reduced parameters,

(pr +%)(3v, - 1) =87, (10.92)
"’r

In the reduced equation of state (10.92) the individual coefficients a, b and R
for a particular gas have disappeared. So this equation is an expression of the faw
of corresponding states becaues it reduces the properties of all gases to one
fortnula. It is a *law” to the extent that real gases obey van der Waals equation.
Two different substances are considered to be in ‘comespording states’, if their
pressures, volumes and temperatures are of the same fractions {or muitiples) of
the critical pressure, volume and temperatures are of two substances. The
generalited compressibility chant in 1erms of reduced properties is shown in
Fig. 10.10, [t is very useful in prediciting the properties of substances for which
more precise data are not available. The vaive of Z at the critical state for a

Pele

<
approaches unity, as a real gas approaches the ideal gas behaviour. Equation
{10.92) can also be writien in the following fonn

van der Waals gas is 0.375 (since R =% ] At very low pressures £

[prv, N i](sz-,— 1) = 87w,
vl’
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Figure 10.11 shows the law of corresponding states in reduced coordinates,
(p,v,} vs. p,. Differentiating Eq. (10.93) with respect to p, and making it equal (o
zeto, it is possible to determine the minima of the isotherms as shown below.

ar
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Fig. 10.11 Law of corresponding states in reduced coordinates

33, -1y’ 3
or —-—‘U'?——‘=8Tr='|:pr+‘g:|(3ﬂr—l)
Simplifying
(nor"""r)2 - gcplvr) + 6Pr =0

This iz the equation of a parabola passing through the minima of the isotherms
(Fig. 10.9).

When =0 *

Py =09

_ 2
Again = 9(P;"r)6 (7))
dp
I =9-2(pv)=0
d(p,v;)
py, =45
2
p= 2% 4.5: (CE)

The parabole has the vertex at v, = 4.5 and p, = 3.375, and it intersects the
ardinate at 0 and 9.

Each isotherm up to that marked Ty has a minimum (Fig. 10.11). The Ty
isotherm has an initial horizontal portion {p,p, = constant) so thet Boyle's law is
cbeyed fairly accurately up to moderate pressures. Hence, the corresponding
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temperature is called the Boyle remperature for that gas. The Boyle temperature
Tp can be determined by making

[a(prvr)
dp,

Above the Boyle temperature, the isotherms slope upward and show no
minima.

As T is reduced below the eritical (i.e. for T, < 1), the gas becomes liquefied,
and during phase transition isotberma are vertical. The minima of all these
isotherms lie in the liquid zone.

Van der Waals equation of state can be expressed in the virial form as given
below

] =0 whenp,=0
T, =Tp

(p+$)(u-—b)=RT

2 3
= T[l+£+b—2+b—3+---] (whcrcgl-:l)
v v v v
) _ a )l 8 ¥
. po RT[1+[b 2l b ] (10.94)

.~ The second vinial coefficient B = b — a/RT, the third virial coefficient
C=8, etc.
From Eg. (10.85), on mass basis

pv=RT(l+_ip+gpz +)

RT RT
To determine Boyle temperature, Ty
dm| Ly B
dp |T-C RT
=0
B=0
or Tn=i.becausc8=b——a—
&R RT

The point at which B is equal to zero gives the Boyle temperatnre. The second

virial coefficient is the most impertant. Since [&_(a;;ﬂ] =8, when 8 is known,
p=0

the behaviour of the gas at moderate pressures is completely determined. The
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terms which contain higher power (C/?, D/t?, ete.) become significant only a1
very high pressures,

10.8 Other Equations of State

van der Waals equation is one of the oldest equations of state introduced in 1899,
where (he constants a and b are related to the critical state properies as found
earlier,

22

0=3Pc'72=2—7 R ,bz.l.v’::.l.R];
&4 p 3 8 p.
The Beattie-Bridgeman equation developed in 1928 is given in Eq. 10.79,
which has [ive constants. It is essentially an empirical enrve At of data, and is

reasonably accurale when velues of specific volume are greater than v,.
Benedict, Webb, and Rubin extended the Beattic-Bridgeman equation of state

to cover a broader range of states as given below:

p=ﬂ+[m¢r A-Tj—l-— GRT—a) |

a2
T 7’ 7° [k

sirr{t ) (-3

It has eight constants and is quite successful in predicting the p-v—T behaviour
of light hydrocarbons.

The Redlich-Kwong equation proposed in 1949 and given by Eq. 10.77 has
the constants @ and & in rerms of critical properties as follows:

2 p2.5
BT , b =0.0867 — RT.
Pe Pe

The values of the constants for the van der Waals, Redlich-Kwong and
Benedict-Webb-Rubin equations of state are given in Table 10.1.1, while those
for the Beattic-Bridgeman equation of state are given in Table 10.1.2. Apart from
these, many other multi-constant equations of sate have been proposed. With the
advent of high speed computers, equations having 50 or more constants have been
developed for representing the p—v—T behaviour of different substances.

a=04275

10.9 Properiies of Mixtures of Gases-Dalton’s Law
of Partial Pressures

Let us imagine a homogeneous mixture
of inert ideal gases at a temperature T,
a pressure @, and 4 volume V. Let us
suppose there are m; moles of gas 4,
ny moles of gas 4,, ... and upto n, moles
of gas A (Fig. 10.12). Since there is no Fig. 10.12  Mixture of gass
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Table 10.1.1  Conrstanis for the pan der Waals, Redlich-Kwang, and
Bemedict-Webb-Rubin Equations of Seate

1. van der Waals and Redlich-Kwong: Constants for pressure in bars, specific volume

in msfkmol, and lemperature in X

van der Waals

Redlich-Kwong

a b a b
3y 3 3 3 3
Suhstance bar( m ] L (—-3‘—-—] J S
kmol kol kmol bomol
Air i.368 0.0367 15.989 0.0254!
Buiane {C,H ) i3.86 01162 289.55 0.08060
Carbon dioxide {CO;) 1647 0.0428 64.43 0.02963
Carbon monoxide (CO) 1.474 0.0395 i7.22 402737
Methane (CH,) 2293 0.0428 21l 0.02963
Nitrogen (Ny) 1.366 0.0386 15,53 0.02677
Dxyger (0;) 1.369 0.0317 17.22 0.02197
Propane (C;Hy) 9.349 0.0901 182.23 0.06242
Refrigerant 12 10.49 0.0971 208.59 0.06731
Sulfur dioxide (S0,) 6.883 60,0569 144.80 0.03945
Warer (H,0) .53 0.0305 142,59 002411

Source: Calculated from critical data

2. Benedict-Webb-Rukin: Constants for pressure in bars, specific volume in m3/k mol,

mnd tempetatare in K

Substance a A b B

4 C a Y

CHg 19073 10218 0039998 012436 3206 x 10° 1.006x 10° 1101 % 10° 0.0340
o, 0.1386 27737 0007210 0.04991 L.5i2x% 10° 1404x10° 847 %107 0.00539

co 0.0371 1.3590 0.002632 0.05434 1.034 x 10* 8676 % 107 1.350% W™ 0.0060
cH, 0.0500 1.8796 0.003380 0.04260 2.579x 10° 2287 x 10* 1.244 x 10" 0.0060
N, 0,0254 1.0676 0002328 004074 7,381 x 10® 8166x 10' 1272x 107 Q0053
Source: A.W. Cooper, and J.C. Goldfrank, Hydrocarban Processing, 45 (12); 141 (1967),

Table 10.1.2

(a) The Beattic-Bridgeman equaricn of state is
P ‘f"—f(i - Y54 B -2 aherea =40(1 —%)mdhso(l- ”)
v v g

o

5]

When P is in kP, T is in /K mol, Tis in X, and R, = 8,314 kPa-m*/(kmol- K}, the
five consants in the Bearlic-Bridgeman cquation are as follows:

{ras Ay B, & ¢
Air 131.8441 001931 004611 -0.001101 434 x10°
Argon, Ar 130,7802  0.02328 003931 0.0 5,99 x 10"
Carbon dioxide, CO, 507.2836 0.07i32  0.10476  0.07235 6.60 x 10°
Helium, He 21886 005984  0.01400. 0.0 40
Hydrogen, H, 200117 -0.00506  0.02096 -0.04359 504
Nitrogen, N, 1362315 0.02617 0.05046 000601 4.20 x 1¢'
Onygen, O, i51.0857 0.02562 0.04624  0.004208  4.80 x 10*

Source: Gordon J. Van Wylen and Richard E. Sonntag, Fundamepials of Classical
Themodynamics, English/S1 Version, 3d ed., Wiley New York, 1986, p. 46, Table 1.3,
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chemicat reaction, the mixture is in a sute of equilibrium with the equation of
slate

p¥=(m+m+..n)RT

where K =8.3143 kl/kg mol K
m ET HZET HCET
= + +et
V V 14
P ﬂkET .
The expression represents the pressure that the K'th gas would exert if

it occupied the volume ¥ alone al temperarwre T, This is called the parriai
pressure of the Kih gas and is denoted by pg. Thus

_ mRT n,RT n RT
2= v sp2=_"'}'_""'Pc= V
and
P=ptpt..tp, (10.95)

This is known 83 Dalton 's law of partial pressures which states that the total
pressure of a mixture of ideal gases is equal to the sum of the partial pressures.

Now V=(nl+52+...+n‘._)£
P
RT
= z" * —
* P
and the partial pressure of ihe K'th gas is
a KT
- 2L
Substituting the value of ¥
_ ngRT p _ M
Px EHK ‘ET E"K P
Now Ing=m+m+..+n,
= Total number of moles of gas
The matio £ E_ i5 called the mole fraction of the Kth gas, and is denoted by |
Ax
Xy.
Thus
="M =t LR
i In, Pz In,’ » e In,

and T 5p:=0np P TP
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ar Px=Igp {10.96)
Also nt+n+..+r=1 (10.97}
In a mixture of gases, if all but one mole fraction is determined, the 1ast can be
calculated from the above equation. Again, in tenmg of masses
p¥V=mRT
PV = maR,T
. PV =mRT
Adding, and uging Dalton’s law
pF=(mR,+mR, + ..+ mRIT (10.98)
where PPt Y. tp,
For the gas mixture
py={m+my+ .. +m)R,T (19.99)
where & is the gas constant for the mixture. From Eqs (10.98) and (10.99)

R = MIRI+M2R2 +"'+f'!'|‘.'.RE (IOIOO)
" L A

The gas constant of the mixture is thus the weighted mean, on a mass basis, of
the gas constants of the components.

The total maas of gas mixture m is

m=m+ .. +m

If it denowes the equivalent molecwiar weight of the mixture having # tolal

number of moles.
At =apl Y miy Ll

- H=X iy ¥ Xppty + o+ x
ar H=Zxguy, (10.101)

A guantity calied the partial velume of s component of 8 mixture is the volume
that the component alone would occupy at the pressure and temperature of the
mixwre. Designating the partial volumes by V|, ¥, efc.

PVI = M]er,pyz = MZRET, iney ch = m,_.Rcr

or P+ ¥+ V) =(mB, +mRy+ ... +mR)T (10.102)
From Eqgs (10.98), (10.99) and (10.102)
V=V + ¥+ .. + ¥, (10.103)

The total volume is thus equal to the sum of the panial volumes,
The specific volume of the mixture, v, is given by

v V

Y= —_———m——
Mmoo Wyt Myt m,
m+mytetm
or 1l _m+m c
v V
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mmom
14 Vv Vv
or l=L+l+...+_!__ {10.104)
v v o 7,

where ©,, v;, ... denote specific volumes of the components, each component
oceupying the total volume.

Therefore, the density of the mixture p= g, +p, + ... + p, {10.105)

10.10 Internal Energy, Enthalpy and Specific
Heats of Gas Mixtures

When gases at equal pressures and temperatures are mixed adiabatically without
work, as by ipter-diffusion in a constant volume container, the firut law requires
. that the internal encrgy of the gascous system remains constant, and cxperiments
show that the temperature remains eonstant. Hence the internal energy of a
mixture of gases is equal to the sum of the intemal energies of the individual
camponents, each 2ken at the iempenature and volume of the mixture {i.e. sum of
the ‘parual’ intemal energies). This is also true for any of the thecmodynamic
propedics like A, C,, €, 5, F and G and is known as Gibbs theorem, Therefore,
on 2 mass basis '
mu, =muytomau L, o

_ miy + mgliz -+ mMoH

{10.106)
mtm et m,
which is the average specfic internal energy of the mixture,
Sirnilarly, the total enthalpy of a gas mixture is the sum of the ‘parual’
enthalpies
mh, = b+ mby L mA,
mhy +moh 4+ mh

and h, = (10.107)
mtmy et m,

From the definitions of specific heals, it foliows that

o = mlc‘,l + m:c\,2 + -+ M‘.Cvc (10 108]
s by bt m, '

- mlcpl + mZCPZ +---+ m.c

and L (10.109)

[
e mi+my +etm,

10.11 Entropy of Gas Mixtures

Gibbs theorem states that the total eniropy of a mixture of gases is the sum of the
partial entropies. The partial entropy of ene of the gases of a mixture is the entropy
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that the gas would have il it occupied the whole volume alone at the same
temperature. Let us imaginge a number of inert ideal gases separated from one
anptier by suilable partitions, all the gases being at the same temperature T and
pressure p. The total eutropy (initial)

Si=ms tas+ .. +ny,
=an_s.;
From property relation
Tds=d.k—vdp=c dT - vdp
ds =g, a _ ;‘i!fllcl
T
The entropy of 1 mole of the Xih gas at Tandp

- ar _ 5 =
"K'JIEpKT_RI'nP-'-sOK
whiere sy, is the conslant el integration.
Si=§EnK( Icp —+——lnp]
=1z 4T S
Let o= o TR

then §;=RLIny (0y —In p) (10.1i0)

Afler the partitions are removed, the gases difTuse imo one another at the same
temperature and pressare, and by Gibbs theorem, the entropy of the mixture, 5, is
the sum of the pariial entropies, with each gas exerting its respective panial pres-
sure. Thus

S;= RIng(oyx - Inpy)

Since Px =P
8;= RZnyog~Inx —Inp) (10.111)
A change in enropy due to the diffusion of any nurober of inerl ideal gases is
S~ 8§ =-EInglnxg {(10.112)
or S8 =-R(mlnx,+nln+...+1.l0x)

Since the mole fractions are less than unity, (S, — ;) is always posilive,
conforming to the Second Lavw,
Apgain

Sf—Si=—§(ni ln %+ n ln% «+n, in ":‘] (£0.113)

which indicates that each gas undergoes in the diffusion process afree expansion
from total pressure p to the respective pariial pressure at constant temperature.
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Similarly, on & mass basis, the entropy change due to diffusion

§;- 5, =-Zmy Ry In -‘;L

——(m1R| In % + myR, n£2 4.4 m.E. In %)

10.12 Gibbs Funcon of a Mixture of Inert

Ideal Gases
From the equations
dk =7 4T
a5 =z, 9 g2
T T p

the enthalpy and entropy of 1 mole of an ideal gas at temperature T and pressure
p are

=k +jc dT

="'I

Jc —+sa—RInp

|
]

Therefore, the molar Gibbs function

k-Ts5

—hD+Jc dT-T7[z, ——Tsa—RT]np
Now Jd(w)=Judv+Jvdn=uU
Let u=%,u=jcpdr
Then Tl =] L edr+ J'cpdT(—%JdT

¢, dT
=jl.:,,d:r-jjlfjz dr
jc dr - rjc = jICdT

Therefare

&_’=JTO—TJI?:TdT—Ts°+§T1np
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jcdr
=Rl =& - dr -5 41
J 1 P)
Lzt
¢=£’—-ijjs"dr 'Y (10.114)
RT R‘Y T2 R ’
Thus E=RT(¢+Inp) (10.115)

where ¢is a function of temperature only.
Let us consider a number of inert ideal gases separated from one another at the
same T andp

G;=Iny g
=RTEng (¢ +inp)
After the partitions are removed, the gases will diffuse, and the partial Gibbs

function of a particular gas is the value of G, if that gas occupies the same volume
at the same temperature exerting a partial pressure pg. Thus

Gy= RTEng (¢y + Inpy)
= RTEng(¢y +Inp +Inxy)
Therefore
Gy~ G;= RTEnglnxg (10.116)

Sinee xy < 1, {G¢— (7)) is negative becauese & decreases due to diffusion.
Gibbs function of a mixture of ideal gases at T and p is thus

G=RTEng(y +1lnp+inx) (10.117)

SOLVED EXAMPLES

Example 10.1 Two vessels, 4 and B, both containing nitrogen, are connected

by a valve which is opened to allow the conients tp mix and achieve an -
equilibrivm ternperature of 27°C, Before mixing the following information 15 °
known about the gases in the two vessels. :

Vessel A Vessel &
p =1.5MPa p =0.6 MPa

¢ =50°C t =20°C
Contents = 0.5 kgmol Contents = 2.5 kg

Calculate the final equilibrium pressure, and the amount of heat iransferred to
the swrroundings. If the vessel had been perfectly insulated, calculate the Rinal
lemperature and pressure which would have been reached. Take ¥ = 1.4,

Solution For the gas in vessel 4 (Fig. Ex. 10.1)
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Fig. Ex. 10.1

PVy=n, R T,
where ¥, is the volume of vessel A
1.5 % 10" x V,=05%x83143 x 323
V. =0.895m’
The mass of gas in vessel A
Pl = HaHy
=0.5 kg mol x 28 kg/kgmol
=14kg
Cheracteristic gas constant K of nitrogen

_ B3143
28

R =0.297 kifkg K

For Lhe vessel B
Pa¥n =my RTy
0.6 x 10> x ¥y = 2.5 x 0,297 X 293
Vg =0.363 m’
Total volume of A and B
V=V, + Vy=0895+0.363

=1258m’
Total mess of gas -
m=m,+my=14+25=165kg
Final ternperature afler mixing
T=27+273=300K
" For the final condition after mixing
pV=mRT

where p is Lhe fipal equilibrium pressure
px 1258 =16.5x0,297 x 300
_ 16.5%0.297 x 300

1258
= 1168.6 kPa

= 1.168 MPa

— 367

h17lona
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oo R _0297
Yor-1 04
=0.743 WAg K

Since there is no work tfansfm', the amount of heat transfer
{ = change of internal energy
=U,-U
Measuring the internal energy above Lhe datum of absolute zero (at T=0K,
u=0kl/kg}
Initial internal energy L/, (before mixing)
=ppc,Tp + mpe,Tp
=(14x323+2.5x293) % 0.743
=3904.11J
Final internal energy ¥/, (aRer mixing)
=mc, T
=16.5x 0.743 x 300
=3677.9 K]
@=36779-394.1=-2262 kI Ans.

If the vesels were tnsulated
u=ut,
M,e, T, + mpc Ty = me, T
where T would have been the final temperature.
7= M T, +mpTy

m
_14x323+2.5%293
16.5
of 1=45.5°C Angs,

The final pressure

=3I185K

_ mRT _ 165x0.297 x 3185
v 1.258

=1240.7 kPa

=1.24 MPa

Example 102 A cerlain gas has ¢, = 1.968 and ¢, = 1.507 k)/&g K. Find its
molecular weight and the gas consiant. .

A constant volume chamber of 0.3 m” capacity contains 2 kg of this gas at 5°C.
Heat is transferred 1o the gas until the temperature is 100°C, Find the work done,
the heat transferred, and the changes in intemnal energy, enthalpy and entropy.

Solution Gas constant,
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R=c,~c,= 1968 - 1507

=0.461 Wkg K Ans.
Molecular weight,
_R_83143 _
u= R~ 046l 18.04 kg/kgrool Ans,

At constani volume

Gra=me,(h-1)
=2 x 1.507 (100 - 5)

=286.33 K Ans.
Change in internal energy
2
W2~ [ pdo=0 Ans.
1 .
Uz - Ul = Q|_2 =286331J Ans,

Change in enthalpy
Hy-Hy=me,{t;-1)

=2 1.968 (100~ 5)=373.92kJ “Ans.
Change in entropy
T
85,5, =mc,In =L =2 1.507 ln 222
4 278
= 0.886 /K ARs.

Example 103 (a) The specific heats of a gas are given by ¢, = a+ kT and
¢, = b+ kT, where a, b, and & are constants and T is in &. Show that for an
isentropic expansion of this gas
T &T = constamt
(b) 1.5 kg of this gas occupying a volume of 0.06 m® at 5.6 MPa expands
isentropically wmfil the temperature is 240°C. If o = 0.946, b = 0.662, and
k=107, calculate the work done in the expansion.

Solution
(a) -, =a+kI-b-ikT

=a-b=R
Now dszcvd—T-+R—d-'-”-

T v
=+ N o= T parr -
T v T v

For an isentropic process

bIn T+ kT + (a - b} In v = constant
TP.0"* &7 = constant (QE.D)
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{b) R=a-b=0946—0.662 = 0,284 kg K
T,=240+ 273 =513K

7, = ¥ _ 5.6x10% x0.06
mR 1.5x 0.284
. TdS=dU+ ¢ W=0
_'[‘2
W= Imc\,dT
T
789
1.5 [ (0.662 + 0.0001T)dT
513
= 1.5 [0.662 (789 - 513) + 107! % 0.5 {(789)2 - (513)%)]
= 1.5 (182.71 + 19.97) :
=304 J Ans,

Example 10.4 Show that for an ideal gas, the slope of the constant volume line
on the T—¢ disgram is more than thet of the constant preasure line.

=188 713 K=T89K

v=C

p=c

T

——

Fig. Ex. 10.4

Solurion  We have, for 1 kg of idea) gag
Ty = du + pdv
=¢,dT+ pdv

(a_T] =L
as ), e,
Also Tds =dh—odp
=c,dT—wdp
(F) -L
as ), ¢
T T

Since e, — >

P ¥r
€ &
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(&)%),

This is ahown in Fig. Ex. 10.4. The slope of the constant volume line passing
through point A4 is steeper than that of the constant pressure line passing through
the same poinL (Q.E.D)

Example 10.5 0.5 kg of air is compressed reversibly and adiabatically from
80 kPa, 60°C to 0.4 MPa, and is then expanded at constant pressure to the original
volume, Sketch these processes on the p—r and T—s planes. Compute the heat
transfer and work transfer for the whaole path,

Solution The processes have been shown on the p—v and T-s planes in
Fig. Ex. 10.5. At state |

iV =mRT,

_‘.p
_,_T

Fig. Ex 105

F| = volume of air at state 1

_ mRT _ 1x0.287 %333
T 2x80

Since the process 1-2 is reversible and adiabatic

=0.597 m’

(r=1)
£ _ [P_z) -0y
h 2
_T2_ - (ﬁ)(l‘-i-l]-‘l.‘! _ (5)1”
7, \80

T,=333x (57 =527K
For process 1-2, work done
_bah-ph _mRI-T0)
r-1 r-1
_ 172 x 0.287(333 - 527)
04

W,




For process 2-3, work done
W, 3 =pa (F; — V1) = 400 (0.597 - 0.189)

=1632 1!
. Total work transfer
W=W_+W,,
=—-69.6+163.2=93.6 7 Ans.
For states 2 and 3
nY: _ ph
n T

T3=T;-::3 =527x3.162=1667 K
2
Total heat wansfer
@=Qu¥ Q= y=mc, (- T)
=12 x 1.005 {1667 — 527)
= 527851 Ans.

E:nmple 10.6 A mass of air is initially at 260°C and 700 k.Pn, and occupies
0.028 m’. The air is cxpanded at constant pressure to 0.084 m’. A polyiropic
process with & = 1.50 is then carried out, followed by a constant temperature
process which completes a cycle. All the processes are reversible. (a) Sketch the
cycle in the p—v and T—-s planes. (b) Find the heat received and heat rejected in the
cycle. (c) Find the eFiciency of the cycle.

Solution  (a) The cycle is sketched on the p—v and T—s planes in Fig. Ex, 10.6,

Given p =700kPa, T,=260+273=533K =T,
=0.028m’
¥, =0.084 m’
From the ideal gas equation of state
AV, =mRT
_ 700x0.028 _ 0.128 kg

0.287 % 533
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/_ pvi.s =0

— »p

Fig. Ex. 10.6

Now h_mh 00084 =3
L mh 0028

I, =3x533=1599K
. p T nfa-1) 1509 \-5/© 5 ~ _
Ao n(2) () e
Heat transfer in process 1-2
Ga=me(-T)
=0.128 x 1.005 (1599 - 533)
=137.13 kJ

Heat transfer in process 2—3
Q3= AU+ [ pdp

=me, (T;-T) + mR(L-T)

n—1

=m\,-";?li (T,- Ty
n—

1.5-14
15-1

=0.128 x 0.718 %

(533 - 1599)

=0.128 x 0.718 x %(- 1066)

=-19.59k)
For process 3—1
d0=dU+ aW=awW
' Z
Qs =Wy, = [ pdV=mRT, In —L
3 L

=mRT, In £2 =0.128 x0287x 533 In [L)
D 27
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=-0.128 x 0.287 x 533 % 1.295%

=—- 6453 kI
{b} Heat received in the cycle
e, =137.13 I
Heat rejected in the cycle
0, =19.59+ 6453 = 84,12 kJ Ans,
(c) The efTiciency of the cycle
e 1!:;.1123 =1-08l
=0.39, or 39% Ans,

Example 10.7 A mass of 0.25 kg of an ideal gas has a pressure of 300 kPa, a
temperature of 80°C, and a volume of .07 m. The pas undergoes an imeversible
adiabatic process to a final pressure of 300 kPa and final voleme of 0.10 m®,
during which the work done on the gas is 25 kJ. Evaluate the ¢, and ¢, of the gas
and the increase in entropy of the gas.

Solution From

¥y =mRT|
R=—20x007 4055 5imgK
0.25x (273 + 80)

Final temperature

_mVy 300x01
L= R “oasxozs 0K
Now
Q=(W,-U)+ W=me,(-T)+ ¥
0 = 0.25 ¢,(505 — 353) - 25
o328
0.25x 152
Now oy = R
¢, = 0.658 +0.238 = 0.896 Kikg K

=0.658 kg K

Entropy change

5-8 =me, In £2 +mce, fn 22
P| o

=mc, m—l-ozsxossesln 0.10
0.07

=0.224 x 0 3569 =0.08 kJ/kg K Ans.

Example 10,8 A two-slage air compressor with perfect inlercopling takes m
air at § bar pressure and 27°C, The law of compression in both the stages 18pv
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= constant. The compressed air is delivered at 9 bar from the H.P. cylinder to an
air receiver. Calculale, per kilogram of air, (a} the minimum work done and (b)
the heat rejected to the intercooler.

Solution The minimwun work required in a two-stage compressor 18 given by

Eq. (10.65),
W e 2J'I'RT; _'E;_‘ n-1)n 1
C -1 [\p

2x1.3x0.287 x 300
— o3 [(3}0.3“.] . l]

=26 0.287 > 100 x 0.287 =214.16 kl’kg  Ans.(a}

Pr=ppy =J1%x9 =3 bar

Lo _ (2" o
% = (—) = 3% = 128856
E \p
T,=38656 K
Heat rejected to the intercooler
= 1005 (386.56 - 300)

= 86.99 Wikg ) Ans.(b)

Exnmple 10.9 A single-acting two-stage air cornpressor deals with 4 m’/min
of air at £.013 bar and 15°C with a speed of 250 rpm. The delivery pressure is 80
bar. Assuming complete intercooling, find the minimum power required by the
compressor and the bore and stroke of the compressor. Assume a pistong speed of
3 mvs, mechanical cfficiency of 75% and volumetric efficiency of 80% per stage.
Assume the polytropic index of compression in both the stages tobe s =1.25 and
neglect clearance.

Solution

Pa=pps = V1013 X 80 =9 bar
Minimum power required by the compressor

. 2 |;-1!n 1
W=—""p¥ [&) ~1|x
n-1 P Thech

0.25¢1.1%
2x125  1L013x100 4[( 9 } —1]

025 0.75 60|\1.013
= JO3x4 0548 = 49,34 kW  dns.
If L be the stroke length of the piston,

2L-é%~=3m.’s
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90 x 100
L= _3 ‘
250 36 cm dns

Effective LP swept volume = 4/250 = 0,016 m’
%(Du,)’ x 0.36 X 1, = 0.016

Do~ [ 0016x3
Ly ax036%08

=0.266 m=26.6¢cm Ans.
¥ = Bt
H n
h_p
1 P3
b3
2 Ol _lo13
R oo g
— Dy L
2 (273
Dy = 0.266 J L ':;13
=0.0892 m=8.92cm Ans,

Example 10.10 A single cylinder reciprocating compressor has a bore of
120 mm and a stroke of 150 mm, and is driven at a speed of 200 rpm. It is
compressing CO, from a pressure of 120 kPa and a temperaiure of 25°C to a
temperature of 215°C, Assuming pelytropic compression with #1 = 1.3, no
clearance and a volumetnic efficizency of 100%, calculate {a) the pressure ratio,
{b) indicated power, {c) shall power, with a2 mechanical ef'ﬁclency of B(%6,
{d) mass Mow rate.

If a second siage of equal pressure ratio were added, calculate (e} the overall
pressure ratio and () bore of the second stage, if the same stroke was maintained.

Solution {a) With respect to Fig. Ex. 10.10, ’

o] 488 1.3%0.3
piloy = (Tt = (BB )T g4 Ans. @)
298
(b V,=V,= £(t).lz)zx0.15=|J.t|i:.u?' m?

W= n_1P1V1 [(Pz"P:) -1]

'i x 120 x 107 x 0,0017 [(8.48)>¥1F — 11 =563.6 J

Indicated power = 563.6 X % 11.27 kW Ans. (b
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3 2
Y L pv"=c
N

14
Fig. Ex. 10.10
(¢) Shaft power = % = 14.1 kW Ans. (5)

(d) Volumetric flow rate = 0.0017 x % =0.034 m¥s

gy p¥ _ 120 10° x 0.034
RT, ~ (8314/44)x 298

(¢) If a second stage were added with the same pressure ratio, the overall pressure

=0.0725 ky/s Ans. {d)

ratio would be

n

[&] = [&J = (8482=71.9 Ans. (€}
Pt/ ovenall B
{) Yolumetric delivery per cycle is F.
Since Py =Py,
Vo 1413
V= ﬂ-) X ¥y = [L] x 0.0017
) 8.48
= 0,00033 m’,

If the second stage would have a swept volume of 0.00033 m?, with the same
stroke,

%cﬁ x 0.15 = 0.00033

d=53mm Ans. (D

Example 10.11 A mixture of ideal gases consists of 3 kg of nitrogen and 5 kg
of carbon dioxide at a pressure of 300 kPa and a temperature of 20°C_ Find (a) the
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moie fraction of each constituent, (b) the equivalent molecular weight of the
mixture, {c} the equivalent gas constant of the mixture, (d) the partial pressures
and (he partial volumes, () the volume and density of the mixture, and (1) the ¢,
mad c, of the mixture.

If the mixture is heated at constant volume to 40°C, find the changes in intemnal
energy, enthalpy and entropy of the mixture. Find the changes in internal energy,
enthalpy and entropy of the mixture if the heating is done at constant pressure.
Take yfor CO, and N, to be 1.286 and 1.4 respectively.

Solution

{a) Since mole fraction x; = En‘*

2
= 28 =
Xy, = ——28 _ =0.485
3,5
28 44
3.
44
Xop, = 5 ¢~ = 05135 Ans.
1 3,35
28 M
(b} Equivalept molecular weight of the mixyure
M= xyp) + Xy
=0485x28+0.515x 4
=36.25 kg'kg mol Ans.

{c) Total mass,
m=mN2+mm2=3+5=8kg
Equivalent gas constant of the mixture
MN; RN; + MODZ RCU:
m

83143 . 83143
XX T 0894094

8 8
=0.229 kg K Ans.
(d) Ph, = Xnyp = 0.485 x 300 = 145.5 kPa
Pco; = ¥co, P = 0.515 % 300 = 154.5 kPa
£.3143
Ix X293
MNI RHZ T = 28 =0.87 m3
P 300
83143
5x X293
T
- ey Reo, T 77 =0.923 m?
P 300

R=

Pa, =

Ans.

¥eo,
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(e) Towal volume of the mixfure
mRT _ My, R, T _ Mmoo, Reo, T
P P, Pro,
_ 8x0.229 x 293
300

V=

v =1.719m®

Density of the mixture

= 4.46 kg/m’ Ans.
(D CpN, = vty = By,
Ry, 83143
y-1 28x(14-1)

=0.742kl/kg K

con, = 1.4 X 0.742

= 1.039 kJ/kg K

For CO,, y=1.286

e = Fooy 83143
YOy 1 44x0.286
Epco, = 1.286 X 0.661 = 0.85 kikg K

=0.661 kikg K

For the mixture

+
e = Mng Sen; + Meo, Speo,
P

J'.H"N2 + MCOZ
=3/8x 1.039 + 5/8 x 0.85
=0.92klkg K

mNz c\"Nz + MCOJ C\'COZ
m

=38 x 0.742 + 5/8 x 0.661 = 0.69 Wkg K Ans.
If ihe mixture is heated at constant volume

V- Uy=me, (T,-T)
=8x0.69 % (40 -20)
=1104kJ

Hy~ H =me,(T,-T))
=8x092x20=14721

5,-8, =mc\,ln£ +miIn k.

T |

e, =

=MC\,1I1£ z8x0.69x1n£

T 293
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=0.368 kl’kg K Ans,

If the mixture is heated at constant pressure, AU and A will remain the same.
The change in entropy will be

SZ—S|=mcplnI3-—le.n£2—

5 B
=me,In 2 =8x 0921 312
L 293
=049 kJkg K Ans.

Example 10.12 Find the increase in entropy when 2 kg of oxygen at 60°C are
mixed with 6 kg of nitrogen at tbe same temperature. The initial pressure of each
congtituent i3 103 kPa and is the same as that of the mixture.

Solution
2
Po, 32
Ap, = — 2 = =],225
Ty 2,6
3z 28

Entropy increage due 1o diffusion

AS=—pmgo, Ro, ln% ~ my, Ry, In P:*

=2 ( 83143 ) n0.225—6 ( 83143 ) 10 0.775
12 28 -

=1.2314 kg K Ans.

Examaple 10,13 The gas neon has a molecular weight of 20.183 and its critical

temperature, pressure and volume are 44.5 K, 2.73 MPa and 0.0416 m*/kgmol.

Reading from a compressibility chan for a reduced pressure of 2 and a reduced

temperature of 1.3, the compressibility facior Z is 0.7. What are the corresponding

specific volume, pressure, temperature, and reduced volume?

Solution Atp,=2and T, = 1.3 from chart (Fig. Ex. 10.13), 2= 0.7
pP=2x273=546MPa Ans,

=13

&~

T=13x445=5785K Ans.
pv=ZRT
y= 07x83143 x 57.85
20183 x 5.46 x 107
=3.05x 107 m’/kg
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2=07

T.=13

2 ——p

Flg. Ex. 10.13

o _ 3.05X107° X20.183

T p, 416 x 1072
1.48 Ans.

[

Example 10.14 For the Benthelot equation of stale

_ RT _ . a
v-b T
show that {a) lim (RT—pv) =0
p—a
Tom
im D _ R
b Th—l;n-T - P

(c) Boyle temperature, Iy = ’b_a- .

» . 1 [ZaR 3a
d) Critical properti =~——1/—, =3b.Tc=J .
(d) Critica SPTTapy 36 276

(e} Law of corresponding states

[mﬁ){svr—lwsr,
O

r r

Solution

(a) p=
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o £=U+—a-——b— a?
P peT T
b
RT-po=-"L _pp- 22
e TP YT
li"c'» {(RT-pw) =0 Proved {a)
;—on t
RT a ab
{b) Now p=—- +b+
p puT AT
L_R. e ,b, "f;
r p pT T pv'T
v _ R
Tl_’un-F-— . Proved (b}
b
¢ =RT- 2 +hp+ 22
© i ol ? v'T

The last three 1erms of the equation are very small, except at very high
pressures and small volume. Hence substituting v = RT/p

ap abp?
=RT-—L_+pp+
7 Py T
[a(W)] - p4 220
dp |y RT R'T
when p =0, T'= Ty, the Boyle temperature
[
=b
RT;
or Ty = bLR Proved (d)
RT a
d = ——
o Pm3 % 2
[_@f_) _ RT, 2a -0
v, (-8 Tov
(32_13) =_2RL, _ 6a__,
00" Jray, (0. -8 T3

o’

[ -

[pc + i—)(vr— b)=RT,

By solving Lhe three equations, as was done in the case of van der Waals
equation of state in Article 10.7
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1 2aR Ba
=_— = and T, = Proved (d
Pe= gy 3p Ve T30 T R roved (d)

{e) Solving the above three equations

12
a:BU—prc_ =3pc‘vi‘rc

b="'—3¢.x=% P}"= (so that Z, = 3/8)

Substituting in the equation

{p+#)(vmb)=RT

1
o 2P0 L (U_E’L)= 8P:0: o
Tv* 3/ 3T

(p, + T::F ](3::,4 1)=87,

This is the law of corresponding states. Proved (&)

REVIEW QUESTIONS

10.1
10.2
10.3
10.4
10.5
10.6
187
10.8
102

10.10
[0.1%
10.42
10.13
10.14
[0.15

10.14
10.17

10.18

What is a mole?

What is Avogadro®s law?

‘What is an equation of state?

What is the fundemental property of gases with respect to the product pv?
What is universal gas constant?

Define an ideal gas.

What is Lhe characteristic gas constant?

What is Boltzmann constant?

Why do the specific heats of an ideal gas depend only on the atomic structure of
the gas?

Show that for an ideal gas the internal energy depends only on ils wmpernmre,
Show that the enthalpy of an ideat gas is a function of temperamre oniy.

Why is there no lemperaturc change when an idea) gas is throhled?

Show that for an ideal gas, c,~¢c, = R.

Derive the equations used for computing the entropy change of an ideal gas.
Show that for a reversible adiabatic process executed by an ideal gas, the
following relations hold good: (i) pv" = conswnt, {ii) 7v™' = constant, and
(i) 7p'**YY = constant.

Express the changes in internal energy and enthalpy of an ideat gas in a reversible
adiabatic process in terms of the pressure ratio,

Derive the expression of work transker for an ideal gas in a reversible isolhermel
process.

What is a polytropic process? What are the relations emong p, v and T of an ideal
gas in a polytropic proccas?
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19.19 Show that the entropy chonge between states | and 2 in a polytropic pracess,
pv° = constant, s given by the following relations:

. n-v 5
i} 5,—8§=—-——+"——RIln—>
P G ey
. A-Y P
gy=—"1 ppfr
(@) 523, Ay -1} 0
L _ _a-f o
{iif} 8,-35 oy Rln 2,

18.20 What are the expreasions of work transfer for ap ideal gas in a polytropic process,
if the gns is: {1} a closed system, and {ii) a steady [low syslem?

10.21 Denive the expression of heat oansfer for an ideal pas in a polywopic process,
Whet is the polytropic specific heat? What would be Lhe direction of beat transfer
ifayn>yand®)r<y?

P

10:22 Why is the external work supplied to a compressor equal to — f vdp?

P

16.23 Why docs isothenpal compression need minimuem work and adiabatic
compression maximum work?

10.24 Whai is Lhe advantage of staging the compression process?

19.25 What is meant by perfect intercooling?

19.26 Show that the optimum iptermediswe pressure of a two-stage rociprocating
compressor for minimum work is the geometric ean of the suction and
discharge pressures.

14.27 Eaxplain how the use of intermediate pressurc for minimum work resulis in equal
pressire ratios in the two stages of compression, equal discharge temperanures,
and equal work for the two steges.

10.28 What is Lhe isolhermel e(Ticiency of a compressar?

10.29 Define volumetric efficiency of a compressor.

13.30 Why does ihe volumetric cfficiency of a compressor decrease: {a) as Lhe clcarance
increases for the given pressure ratio, (b} as the pressure ratio increases for the
given cleamance?

10.3'  Write down the van der Waals equation of state. How does it differ from the ideal
gas equation of elate. What is force of cohesion? What is co-volume?

10.32 What are the twe-consiant cqualions of suate?

10.33 Give the viral expansions for pv in terms of p and v.

10.34 What arc virial coefficients? When do they become zem?

10.35 What is the compressibility factor?

14,36 What are reduced properiies?

10.37 What is the generalized compressibility chart?

10.38  What is the law of cormesponding states?

10,39 Express the van der Waals constants in terms of critical properies.

15.40 Draw the disgram rcpresenting the law of comresponding states in reduced
coordinates indicating the isothcrms and the Yiquid and vapour pheses.

16.4)  Define Boyle temperature? How is it compinied?

10.42 Stawe Dalum's law of partial pressures.
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How is the panial pressure in a gas mixrure related 1o the mole fraction?

How are the charaeteristic gas constant and the molecular weight of a gas mixture
compuled?

What is Gibb's theorem?

Show that in a diffusion process a gas undergoes a free expansion from the total
pressure Lo the relevant partial presaure.

Show that in & diffusion process at constant temperature the entropy increases
and the Gibbs function decreasss.

PROBLEMS

0.1

10.2

10.3

10.4

10.5

16

10.7

10.83

10.9

010

What it the mass of air conlained in a room 6 m % 9 m X 4 m if the pressure is
10£.325 kPa and the trmperature is 25°C?
Ans. 256 kg
The usual cooking gas (mostly methane} cyclinder is about 25 em in diameter
and 80 cm in height. It is charged m |12 MPa at room femperature {27°C).
(2} Assuming the ideal gas law, find the mass of gas Flled in the cyclinder.
(b} Explain how the actual cyclinder containa nearly 15 kg of gas. {c} If the
cylinder is 10 be protected against excessive pressure by means of a fusible plug,
a1 whar ternperature should the plug melt 1o fimit the maximum pressure to 13
MFPa?
A cettain gas has ¢, = 1.913 and ¢, = 0.653 kl/kg K. Find the molecular wejght
and Lhe gas constant R of Lhe gas.
From an experimental determination the specific heat mtio for acetylene (C;HS)
is found to 1.26. Find the two specitic heats,
Find the molal specific heats of menatomice, diatomic, and polyalomic gases, if
their specific heat ratios are reapectively 5/3, 7/5 and 4/3.
A supply of natural gas is required on a site 808 m above storage level. The gas at
= [50°C, [.) bar from storape is pumped steadily to 2 point og the site where its
pressuce is 1.2 bar, its wmperature 15°C, and ils low cate 1000 ra/he. IF the
work transfer to the gas at the pump is 15 kW, find the heat ransfer w the pas
between Lhe two points. Neglect the change in K.E. and assum that the gas has
the properics of methane (CH,} whick may be trealed as an ideal gas having
= 1.33 (g =9.75 m/s).

Ans. 63.9 kW
A constani volume chamber of 0.3 m* capacity contains | kg of air at 5°C". Heat
is ransferred to the air until the temperature is 100°C. Find the work done, the
heat transferred, and the changes in intenal energy, enthalpy and eastropy.
One kg of air in a closed system, initiglly at 5°C and occupying 0.3 m? volume,
umdergoes 2 constant pressure beating process to LO0°C. There is no work other
ten pdv work. Find (a) the work done during the process, {b) the heat
transfetred, and (¢) the entropy change of the gas.
0.1 m* of hydrogen initiatly at 1.2 MPa, 200°C undergoes a revessible isothermal
expandioo to 0.1 MPa, Find {a} the work done during the process, (b} the heat
transferred, and (c) the entropy change of the gas.
Ait in a closed stationary system expands in a reversible adiabalic process from
0.5 MPA, §5°C to 0.2 MPa. Find the [(ina} temperature, and per kg of air, the
change in enthalpy, the heat transferred, and the work done.
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10.11

£0.12

10.13

10.14

10.15

1016

10.17

10.18

IF the gbove process occurs in an apen steady from system, find the final
temperature, and per kg of air, the chenge in inlemal cacrgy, the keat transferred,
and the shafi work, Neglect velocity and elevatinn changes.
The indicator disgram for 2 cenain water-cooled cyclinder and pistoa air
compressor shows that during compression pt.’u = constant. The compression
siares at 00 kPa, 25°C and ends at 500 kPa. If the process is reversible, how
much heat is transferred per kg of air?
An ideal gas of molecular weight 30 and y= 1.3 occupies a volume of 1.5 m® at
100 kPa and 77°C. The gas is compressed according fo the law pp! ¥ = constant
1o a pressure of 3 MPa. Calculate the voiume 2nd temperature at the end of
compression and heating, work done, heat transferred, and the total change of
entropy.
Calculate the change of entropy when 1 kg of air changes from a temperature of
330 K and & volume of 0.15 m" w a temperanue of 550 K 20d 2 volune of 0.6 m®.
If the air expands according to Lhe law, pt® = constant, between the same end
siates, calculate the heat given to, or extracted from, the air during the expeasion,
anud show thal it is approximately equai o the change of entropy multiplied by the
mean absolutle temperature.
0.5 kg of air, initially at 25°C, is heated reversibly at constant pressure until the
volume is doubled, and is then heated reversibly ar constanl volume until the
pressust is doubled. For the total path, find the work transfer, the heat mansfer,
and the change of entropy.
An ideal gas cycle of three processes uses Argon (Mol wi. 40) as & working
substance, Process 1-2 i3 a reversible adiabatic expansion from 0.014 m’,
700 kPs, 280°C to 0.056 m". Process 2-3 is 3 reversible isolthermal process.
Process 3-1 is a consiant pressure process in which heat transfer is zero. Sketch
the eycle in the p— and T-s planes, and find {a) the work wansfer in process 1-2,
{b) the work transfer in process 2-3, and {c) the net work of the cycie. Take
= 1.67.

Ans. (2) B85 W (b} 8.96 kJ (e) 5.82 k!
A gas cccupies 0.024 m’ at 700 kPa and 95°C, It is expanded in the non-Mow
process according to the law pu'* = consant to a pressure of 70 kPa afier which
it is heated at constanl pressure back to ity original temperature. Sketch the
process on the p—v and F-s diagrams, and calculate for the whole process the
warlz dong, the heat ransferred, and the change of entropy. Take ), = 1.047 and
¢, =0.775 W/kg K for the gas.
0.5 kg of mir a1 600 kPa receives an addiiion of heat at constant volume s0 that ils
temperaure nises from 110°C to 650°C. ft then expands in 2 cyclinder
polytropically to its onginal temperature and the index of expansion 15 1.32,
Finalfly, it is compressed isnthermaly to is eriginal volume. Calculate (a) the
change of entropy during each of the three steges, {b) the pressures at the end of
conslant volume heat addilion and at the end of expansien. Sketch the processes
on the p-v and T-s disgrams.

10.19 0.5 kg of helivin and 0.% kg of nirogen arc mixed ac 20°C and at a total presswe

of 100 kPa. Find (a) the volume of the mixture, (b) the partial valemes of the

compaments, {¢) the pantial pressures of the componenis, {d) the tnole fraclions of

the components, {e} the specific heats £, and £, of the mixture, and (f) the gas
consiamt of the mixture,

Ans. (2) 3481 m® (b) 3.045, 0.436 m® (¢) 87.5, 12.5 kPa

(d) 0.875, 0.125 (&) 3.11, 1.92] kI/k (f) 1189 kI/kgK,
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A passous mixture conaisis of 1 kg of oxygen and 2 kg of nitrogen at a pressure of
150 kPa and a temperature of 20°C. Determine the changes in intermal eoergy,
enthalpy and entropy of the snixture when the mixture is heated 10 a leniperature
of 100°C {a} at censtmnt volume, and (b} at constant pressure.
A closed rigid eyclinder i3 divided by a diaphragm inte nwo equal companmants,
each of volume 0,1 m*, Each compariment contains air at a temperature of 26°C.
The pressure in ope comparimeat is 2.5 MPa and in the other compartment is |
M Pa. The diaphragm is ruptured so that the air in both the comparmments mixes
w0 bring the pressurc to a vniform valuc throughout the cylinder which is
insulated. Find the net change of entropy for the mixing process.
A vessel is divided into three compariments (z}, (b), and (c) by two peritions,
Pari (a) contains oxygen end has a volume of 0.} m”, (b} has a veleme of 0.2 m”
and contains nitrogen, while {c} is 0.05 m® and holds CO,. All three parts are at
a pressure of 2 bar and 2 lemperature of 13°C. When the partitions are removed
ond the gases mix, determine the change ¢f enwropy ef each constituent, 1he final
pressure in the vessel and the panial pressure of each gas. The vessel may be
laken as being completely isplated from its surroundings.

Ans. 0.0875, 0.0783, 0.0680 kI/K; 2 bar; 0.5714, 1,1329, 0.2857 bar,
A camod cyele uses 1 kg of air as thc working [lv.d. The maximum and minimum
temperatures of the cycle are 600 K and 300 K. The maximum pressure of the
cyele is 1 MPa and the volume of Lthe gas doubles during the isothermal heating
process. Show by calculation of net work and heat supplied that the efficiency is
the maximur possible for the given maximum and minimum temperatures,
An ideal gas cycle consists of three reversible processes in Lhe following
sequence: {a) constant velume pressure rise, {b) isentropic expansion to # times
the initial volume, and {¢) conslant pressure dectease in velume. Skeich the cyele
on the p—v and T—s diagrams. Show that the efficiency of the cyele is

T =I-y(r—-1)

Mepcle =
cp [

Evaluate the cycle efficiency when r=% and r=8.

Ans. (1 =0.378)
Using the Pieterici equation of state

__RT . a
P= s “p[ RTv)

(a) show that

a a
=, =2bT,=
P et e © 4R

{b) expand in the form
pu= RT(] +£'+£2+ )
v P

{c) show tha
=4

bR
The number of moles, 1he pressures, and the temperatures of gases &, b, and ¢ wre
given as follows

Ta
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i0.27

10.28

1029

10.30

10.31

10.32

Gas m (kg mol) p (kPa) 1 °C)
N, 1 350 100
co 3 420 200
0, 2 700 300

If dre conainers are connected, allowing the gases to mix freely, find (a) the
pressure and tempetature of the resulting mixture at equilibrium, and (b} the
change of enitropy of each conshiuent and that of the mixture.
Calculate the volume of 2.5 kg moles of steam at 236.4 atm. and 776.76 K with
the help of compressibility factor versus reduced pressirre graph. At this volume
anrd the givea pressure, what would the wmperature be in K, if steam beheved
like a van der Weaals gas?
The critical pressure, volume, and temperature of steam are 2[8.2 awm,
57 om'/kg mole, and 647.3 K respectively,
Two veszels, 4 and 8, zach of volume 3 m’ may be connected togelher by a tube
of negligible volurme. Vessel A comains air st 7 bar, $5°C while 8 contams air at
3.5 bar, 205°C. Find the change of tnuropy when A is conoecied w 5. Assume the
mixing to be complets and adiabatic.

Ans. (0.975 kg K)
An idesl gas at wmperature T, is heated at constamt presswre to T, and then
cxpanded reversibly, according io the law p0” = consiant, until the lemperature is
once again T,. What is the required value of #, if the changes of eptropy during
the separate provesses are equal?

Ans. (n: 2y ]
¥+l

A certain mass of sulphur diexide (SO;) is conwined in a vessel of 0.142 m
capacity, at & pressure and emperature of 23.1 bar and 18°C respectively. A
valve is opened momentarily and the pressure falls immediately to 6,9 bar.
Sometime later the temperature is again 18°C and the presswre is observed to be
9.1 bar. Estimare the value of specific heat ratio.

Ans, 1.2%
A geseous mixture comains 21% by volume of aitrogen, 50% by volume of
hydrogen, and 29% by volume of carbon-dioxide, Calculate the molecular weight
of the raixture, the characieristic gas consmnt R for the mixrure aad the value of
the reversible adiabatic mdex y. (At 10°C, the ¢, values of nitrogen, hydrogen.
and carbon dioxide are 1.039, 14.235, and 0.828 k)/kg K respectively.)
A cyclinder cantains 0.085 m* of the mixture at 1 bar and 10°C. The gas
updergoes a reversible non-flow process during which its volume is reduced 1o
one-fifth of ils origing) value. [f the law of compression is po'? = constant,
determine the work and heai transfers io magnitude and sense and the change in
enlryy.
Ans. 19.64 kp/kg mol, 0.423 kl/kg K. 1365, - 16 k), - 724 kJ, - 031 kikg K
Two moles of an ideal gas at temperature T and pressure p are contained in a
comparunenl. In an adjacent comparnment is one mole of an ideal gas at
temperature 27 and pressure p. The gases mix adiabatically but do not react
chemically when 2 panition separating the comparuments is withdrawn. Show
that the entropy inercase due to the mixing process is given by
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an31+ ? lnéi]
4 y-1
provided that the gases are different and that the ratic of specilic heat yis the
same for both gases and remains constant.
What would the entropy change be if the mixing gases were of the same species?
ny moles of an ideal gas af pressure py and temperature Tare in one compariment
of an insulmed conlainer. [n an adjoining compartment, separated by a parition,
are mr, motes of an idewl gas at pressure p; and femperature T. When the partition
is removed, calculate {a} the [ine] pressure of the mismute, (b) the entropy change
when {he gases are jdenticzl, and (c) the entropy change when the gases arc
dilferent. Prove that the entropy change in () is the same s that produced by two
independent free expangions.
Assume that 20 kp of steam are reguired at a pressure of 600 bar and a
temperature of 750°C in onler 1o conduct a pamicular experiment, A {d0)-litre
heavy duty lank is available for storage.
Predict if this is an adequate storage capacity using:
{a) the ideal gas theory,
(b} the compressibility faclor chan,
(c) the van der Waals equation witha = 5.454 (lime)® amvigmal)’. b =0.03042
Intres/gmo] for steam,
{d) the Mollier chan
{e) the steam tables.
Estimate 1fe error in each.

Ans. (a) 157,75 1,¢b) 132.51 7, {c) 124.94 1 () 13729/
Estimate the pressure of § kg of CO, gas which occupies a volume of 0,70 m* at
75°C, using the Beattie-Bridgeman equation of state.
Compare this reault with the value obtained using the generalized compressibility
chart. Which is more accurate and why?
For CQ; with units of atn, litrcy’§ mo) and K, 4, = 30065, 2 = 0.67132,
By = 010476, b= 007235, C x 107" = 86.0.
Measurements of pressure and temperature at various swges in an adiabatic ai
turbine show that the states of air lie on (he line pﬂus = ¢onstent. If kioetic and
gmavitational potential energy are neglected, prove that the shaft work perkg asa
function of pressure is given by the following relation

15
w=3jpp11-[££]
1]
Teke yior air as .4,

Air MMows sleadily inlo a compressor a1 a lempertwne of 17°C end a pressune of
1.05 bar and leaves at a temperaiure of 247°C and a pressure af 6.3 bar. There is
o heat wansfer to ar from e air as it flows through the compressor; changes in
elevation and velocity are negligible. Evaluate the exiernal work done per kg of
air, assuming air as an ideal pas for which § = 0.287 kMg K and y= 14
Evaluate the mininum external work required to compress the air adiabatically
from the same initial state to the same final presgure and the isenuopic efficiency
of the compressor,

Ans. — 225 klikg, — 150 klkg, 84.4%
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19.45

A slow-speed reciprocating air compressor with a warer jacket for cooling
appreximares e guasi-static compression process foilowing 2 path p'v]'3 = canst.
1§ air eoters at a temperauce of 20°C and a pressure of 1 bar, and is compressed
to 6 bar at a rate of 1000 kg/h, determine the discharge temperature of air, the
power required and the heat transferred per kg.
Ans. 443 K. 51.82 KW, 36 kifkg
A single-acting two-siage rociprocating  air compressar  with  complete
mtercoling delivers 6 kg/min at 15 bar pressure. Assume an intake condition of
I bar and 15°C and that the compression and expansion processes are polytropic
with a = 1.3, Calcalate: {a) the power required, (B) the isothermal eflicicncy.
Ans. (8} 26.15 KW {b) 85.6%
A Two-stage air compressor receives §.238 m*s of air at I bar and 27°C and
discharges it at 10 bar. The polytropic index of compresston is 1.35. Determine
(a) the minimum power vecessary for compression, (b) the power needed for
single-stage compression to the same pressure, (¢} the maximum emperature for
{2} and (b}, and {d} the heat removed in the interegoler.
Ans. () 63.8 KW, (b) 74.5 kW. () 404.2 K, 544.9 K, (d) 28.5 kW
A mass of an ideal gas exists imitially at a pressure of 200 kPa, temperature
300 K, and specific volume 0.5 m’fkg‘ The value of ¥is 1.4. (a) Detennine the
specific heats of the gas. (b) What is the change in entropy when the gas is
expanded 1o pressure 100 kPa sccording to the law pv! 3 = const? (¢} What will
be the entropy change iFthe path is po' * = const. {by Lhe application of 2 cooling
jocket duting the process)? (d) What is the inference you can draw from this
example?
Ans. {a) 1.166, 0.833 I/ke K, {b) 0.044 kikg K (c} - 0.039 kl/kg K
{d) Entropy increases when n < yand decteases when n > y
{a) A closed system off 2 kg of air initially at pressure § ann and temperature
227°C, expands reversibly fo pressure 2 atm following the jaw p‘ul"25
= const. Assuming air as an ideal gus, determine the work done and 1he heat
transferred
Ans. [93 kT, 72 k1
{b) 1f the sysiem does the same expansion in a steady flow process, what is the
work done by the system?
* Ars. 241 kJ
Air conlained in a cylinder finted with & piston is compressed reversibly according
1w the law pv'? = const. The mass of gir in the cylinder is 0.1 kg. The inirial
pressure is 100 kPz and the initial wmperature 20°C. The Gnal volume is 1/8 of
the mitial voluwne. Determing the work and the heat ransfer.
Ans —225k),-8.71J
Airis conlained in o cylinder fined with a frictioniess piston. Lnitially the cylinder
contains 0.5 m® of air at 1.5 bar, 20°C. the air is then compressed reversibly
according to the law pr" = constent until the final pressure is 6 bar, at which
poim he temperature is 120°C. Determine: (a) the polytropic index #, {b) the
final volurme of air, {c} the work done on the air and the heat transfer, and {d} the
net change in entropy
Ans. (8) 1.2685, (b) 0.1676 m* (&) - 95.3 kI, - 31.5 1J, {d} 0.0153 k/K
The specific heat at constant pressure for air is given b
;= 0.9169 + 2577 x 107 T~ 3974 x 107 13 Krkg K
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Determine the change in intemal epergy and that in entropy of air when it
underpoes o change of state from 1 atm and 298 K to a temperatuce of 2000 K a1
the same pressure.
Anms. 14704 klfkg, 21065 kifkg K
A closed 5?'514:111 allows nitrogen to expand reversibly from a vojume of 0.25 m’
to 0.75 m’ along the path pv' ™ = cons. The originai pressure of the gas is
250 kPa and its initial temperature is 100°C. (a) Draw the p—p and 71 diagrams.
(b) What are the final tempemture and the final pressure of the gas? (¢) How
much work is done and how nmch heat is wransferred? (d) What is the entropy
change of nitrogen?
Ans. (b} 262 44 K, 58.61 kPa. (¢} 57.89 kJ, 11.4 kJ, (d) 0,0362 kI/K
Methane has a specific heat at constent pressure given by ¢, = 17.66 + 0.06188 T
Iikg mol K when § kg of methane is heated at consiant volume from 27 to
500°C. If the initial pressure of the gas is 1 amm, calculars the final pressare, the
heat transier, the work done and the change in entropy.
Ans, 2,577 atm, 1258.5 kl/kg, 0, 2.3838 kWikg K
Air i8 compressed reversibly according to the law pu}” = const. from an initial
pressure of 1 bar and volume of 0.9 m* to a final volume of 0.6 m”. Determine the
final pressure and the change of entropy per kg of air.
Ans. .66 bar. - 0.0436 k/kg K
In a heat enginc cycle, air is isothermally compressed. Heat is then added ai
constant pressare, after which the air expands isentropically to ils origival state,
Draw the cycle onp—v and T-5 coordimetes. Show that the cycle eliciency can be
expressed in the foliowing form
p=1- {r-lnr
e =)
where ¢ is the pressure ratio, p/p,. Determine the presswre ratio and the cycle
eflicicncy if the inital temperature is 27°C and the maximum temperature is
327°C.
Ans. 13.4,32.4%
What is the minimum amount of work required to sepamtz 1 mole of air at 27°C
and | atm pressure (assumed composed of 1/5 O, and 43 N,) into oxygen and
nitrogen each at 27°C and 1 atm pressure?
Ans. 1250
A closed adiabatic cylinder of volume 1 m® is divided by a partition into two
cowmpariments 1 and 2, Compartment 1 hss a volume of 0.6 m* and conuins
methane at (.4 MPa, 40°C, whilz companmynt 2 has a volume of 0.4 m* and
cantzing propane at 0.4 MPa, 40°C. The partiiion is remaved and the gases are
allowed 1o mix. (a) When the equilibrivm siate is reached, find the enropy
change of the universe. (b} What are the molecular weight and the specific heat
ratio of the mixtre?
The mixture is now compressed reversibly and adizbatically to 1.2 MPa.
Compute (¢} the final tempevature of the moixture, {d) the work required per unit
mass, and {€} the specific entropy change for each gas. Take ¢, of methane and
propane as 35.72 and 74.56 kl/kg mol K respectively.
Ans. (2) 0.8609 KI/K (b} 27.2, 1.193 {c) 100.9°C (d) 396 kJ (=) 0.255 kl/kg K
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An ideal gas cycle consists of the following reversible processes: (i) isentropic
compression, (i) constant volume heat addition, (jil} isentropic expansion, and
{iv} constant pressure heat rejection. Show that the ¢Miciency of this cycle is

given by
I
n=1 _%{rta T—n]
n a-1

where #, is lhe compression ratie and a is the ratio of pressures after and before
heat addition.
An engine aperating on the abave cycle with 3 compression mtio of 6 starts the
compression with air ai | ber, 300 K. If the ratio of pressurcs afer and before heat
nddition is 2.5, calculate the efficiency and the m.e.p. of the cycle. Take y= 1.4
amd ¢, = 0.718 kg K.

Ans. 0.579, 2.5322 bar
The relation between u, p and v for mapy gases is of the form i = a + bpw where
a and b are toustants, Show that for a reversible adiabatic process, o' = constant,
where y=(b + 1)/b.
(a) Show that the slope of a reversible adiabatic process on p-v coondinates is

dp 1 l(av]
o2 P aherek=— |
& kve, dp /v

(b} Hence, show that for an idea} gas, pv" = conslant, for a reversible adiabatic
process.
A certain gas obeys the Cleusius equation of state p{v - b) = RT and has its
irternal energy given by u =c, T. Show that the equation for a reversible adiabatic
process is p(v — 537 = cons@nt, where ¥ = efe,
{a) Two curves, one representing a reversible adiabatic process undergone by an
ideal gas and the olther sn isothermal process by the zame gas, intersect at the
same point on the p—v diagram. Show that the ratio of the slope of the adiabatic
curve to the slope of the isothermal curve is equal to ¥, {b) Determine the ratio of
work done during a reversible adiabatic precess to the work done during an
isothermal process for a gas having y= 1.6, Both processes have a pressure ratio
of 6.
Two continats p and ¢ with rigid walls contain two different monatomic gases
with messes m, and m, gas constants R, and R_, and initail temperanres 7, and
T, respectively, are brought in contact with each other and allowed w exchange
epergy untl oquilibrium is achieved. Determine: (2} the Gnal temperature of the
two gases and (b) the change of entropy due to this energy exchange.
The pressure of a certain gas {photon gas) is a function of temperawure only and is
related to the energy and volume by p(7) = {£/3) {U/V). A system consisting of
this gas conlibed by a cylinder and a piston undergoes a Caruiot cycle between
wo pressures py and p,. (a) Find expressions for work and heat of reversible
ismhermal and adiabatic proceases. (b Plot the Carnot cycle on p—v and T-5
diagrams. {c) Determine the elficiency of the cycle in terms of pressures. {(d)
What is the functional relation between pressure and temperature?
The gravimetric analysis of dry air is spproximately: oxygen = 23% nitrogen
= 77%. Calculate: {a) the volumetric analysis, (b) the gas constant, {c} the
malecular weight, {d} the respective parial pressurcs, {¢} the specific volume at
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1 atm, 15°C , and (f) How much oxygen must be added to 2.3 kg air to produce a
mixture which is 50% oxygen by volums?
Ans. (2) 21% Oy, 79% N., (b) 0.288 Wig K, (d g 21 kPa far O,
(e) 0.84 m'/kg, () 1.47 kg
A vessel of vilume 2¥ is divided into two equal compartments, These are filled
with the same ideal gas, the temperature and pressure on one side of the partition
being {py, T}) and on the other (p;, T,). Show that if the gases on the two sides are
allowed to mix slowly with no heat entering, the final pressure and 1emperature
will be given by

p=pitp r=Thintp)
2 AT +pT
Further, show that the entropy gain is

AS= V[[ ]{pl ln—+pIz In }—ﬂlni-ﬁln—i]
R)AL T L L I R S

A single-acting air compressor has a cylinder of bore 15 em and Lhe pisten stroke
is 25 em. The crank speed is 600 rpm. Air waken from Lhe atmospherc {1 atm,
27°C) is delivered at 11 bar, Assuming polytropic compression pv'~* = const.,
find the power required to drive the compressor, when its mechanical eficiency
is 80%6. The compressor has a clearance volume which is 1/20th of the stroke
volume. How loog will it take to deliver | m® of air at the compressor outlet
conditions. Find the volumeltric efMiciency of the compressor.
Ans. 12.25 kW, 3.55 min, 72%
A multistage air compressor compresses air from 1 bar to 40 bar. The nuximum
temperature in any stage is not to exceed 400 K., {a) If the law of compression for
all the stages is pv'~ = const., and the initial temperature is 300 K, Find the
oumber of slages for the minimum power inpul. (b) Find the intermediate
pressurcs for optimum compression as well as the power needed. (¢) What is the
heat transfer in each of the intercooler?
Ans. {a) 3 (b) 3.48 bar, 12,1 bar, 3731 W/kg {c) 100.5 kikg
Amn ideal gas with a constant vohime of ¢ =29.6 J/gmol-K is made 1o underge a
cycle consisting of the following reversible procesres in a closed system:
Process [-2: The gas expands adiabatically from 5 MPa, 550 K to 1 Mpa;
Proceys 2-3: The gas is heated at copstant volume until 550 K; Process 3-1: The
gas i3 compressed isothermally back to its initial condition.
Calcuwlate the work, the heat and the change of emiropy of the gas for each of the
three processes. Draw the p— and Ty diagrams.
dns. W,_,=4260 ligmol, @, =0, &s, , =0,
W,y =0, {5y = 4260 lgmol, As, . = 9.62
Jginol-K, 1¥,_, = - 5290 Jimol = ;-
Asy = -9.62 Jigmol-K, W, — 0, =— 1030

Jg/gmol, § dS =0

Air in a closed symem expands reversibly and adiabatically from 3 MPa, 200°C

1o two times its initial volume, and then cools at constant volume uatil the

pressure drops to 0.8 MPa, Calenlate the work done and beat transferred per kg
of air. Use ¢, = 1.017 and ¢, = 0.728 kl/kgk.

Ans, 82,7 Wkg, - 78.1 kg
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A vessel is divided into three compartments (a), (b) and (¢} by two partitions.
Parl (a) contains hydrogen and has a volume of 0.1 w , part (b) conlains nitogen
apdhasa volume of 0.2 m* and part {c) conlains carbon dioxide and has 4 volume
of 0.05 m’. All the three pans are a1 a pressure of 2 bar and a tempetature of
13°C, The paritions are removed end the gases are allowed w mix. Determine
{a) the motecutar weight of the mixture, {b) the characteristics gas constant for
the mixture, (c) the partial pressures of each gas, (d} the reversible adiabatic
index ¥, and {e} the entropy change due to dilfusion. The specific heaw of
hydrogen, nitrogen and carbon dioxide are 14.235, 1.039 and 0.528 kikgK
respeciively.
The above gas mixture is then reversibly compressed to a pressure of 6 bar
according to the law pv'? = constant, (f) Determine the work and hept
interactions in magniude and scnse, and (g} the change in entropy.
Ans. (a) 22.8582 (b) 0.3637 k1kgK (¢) pyy, = 0.5714, Py, = 11428,
Pco, = 0.2858 bar (d) 1.334 () 0. 3476 klgK (D) - ';‘0 455 kJ,
-33,772 kJ (g) - 01063 kI/K,
A four cylinder single-stage air compressot has 2 bore of 200 mm and s stroke of
300 mm and runs a1 400 rpm. At 2 working pressure of 721.3 kPa it delivers
3.1 m” of air per min at 270°C. Calulate {a) the mass flow rate, (b) the free air
delivery (FAD) (¢) elfective swept volume, (d) volumenic eficiency. Take the
inlet condition as that of the free aiv at 101.3 kPa, 21°C.
Ans. (2) 0.239 kg/s (b) 0.199 m¥/s (c) 0.299 m?, {d} 79.2%
A single stage reciprocating air compressor has a swept voiume of 2000 ¢m® and
runs at 800 rpm. It operales on a pressure ratio of 8, with a clesmrance of 5% of the
swept volume. Assume NTP room cenditioms, and at inlet, and polytropic
compression and expansion with » = 1.25. Calculate {a} the indicated power,
{b) volumatric efficiency, (c) mass flow rate, {d} the free ait delivery FAD, ()
isothermal efficiency, ([) actual power veeded to drive the compressor, il the
mechanical efficicncy is D.85.
Ans. {a) 5.47 kW {b) 78.6% (c) 1.54 kg/mir (d) 1.26 m’/min,
(€} 80. 7%, (1} 6.44 kW
A two-stage single-acling reciprocating compressor tekes in air at the rate of
0.2 ms. Iniake pressure and temperature are 0.1 MPz and 16°C respectivety,
The air is compressed 1o 2 final pressure of 0.7 MPa. The intermediate pressure is
ideal, and inwrcooling is perfect. The compression index is 1.25 and the
compressor mns at 10 rps. Neglecting clearance, determine {2) the intermediate
pressure, (b} the total volume of each cylinder, {¢) the power required to drive the
compressor, (d) the rate of heat ghsorpticn in the intercovler.
Ans. (a) 0.264 MPa (b) 0.0076 m” h.p. and 0.02 m? Lp cylinder
{c) 42.8 kW (d) 14.95 kW
A 3-slage single-acting air compressor nuning in an atmosphere at 1.013 bar
and 15°C has a free air delivery of 2.83 m*/min. The suction pressuse and
temperalure are 0.98 bar and 32°C respectively. The delivery pressure is ta be
72 bar, Calculate the indicate power required, assuming complete intercooling,
fi= 1.3 and that the compressor is designed for minimum work. What wiil be the
heat loss to the intercoolers?
Ans. 25.568 kW, 13,78 kW
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10.70 Predict the pressure of nitrogeq gas at 7 = (75 K and v = 0.00375 m*/kg on the

19.71

10.72

basis of {a) the idea] gas equation of siare, (b) the van der Waals equation of stew,
{c} the Beattie-Bridgeman equation of siate and (d) the Benedici-Webb-Rubin
equation of state. Compare the values obwined with the experimentaily
determiined value of 10,000 kPa,

Ans. (a) 13,860 kPa (b) 9468 kPa (c) 10,110 kPa (d) 10,000 kPa
The pressure in an automobile tyre depends on the temperature of the sir in the
tyre. When the air iemperaiure is 25°C, the pressure gange reads 210 kPa, If the
volume of the tyre is 0.023 m*, determine the pressure rise in the tyre when the air
temperature in the tyre rises to 50°C, Also find the amount of air that oust be
bled off 1o restore presgure 10 i onginal value at this tempetatore, Take
atmosgpheric preasure as 100 kPa.
Two tanks are connected by a valve. One tank canlains 2 kg of CO gas st 77°C
and 0.7 bar. The other 1k holds 8 ke of the same gas at 27°C and .2 bar. The
valve is opened and the gases are allowed to mix while receiving energy by heat
transfer from the surroundings. The final equilibrium temperature is 42°C. Using
the ideal gas model, determine (a) the final equilibnum pressum, (b} the heat
transfer for the process.

dns. () 1.05 bar (b) 3715 |J
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one of x, y, and z may be regarded to be a function of fand any one of x, y, and z.
Thus, if

x=x(f,y)
ox dx
= (af) (35

y=y(f2)

v (af]‘w{ )

(3] af( )[(snw(zzm
() -E)E) 33
- (3—de+( )
{a=] (g_J (_J
5G] at

Theorem 3 Among the variabies x, y, and 2, any one varable may be
considered as a function of the other two. Thus

x=x(y,2)

() ()

Similarly, if

Similarly,
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5 &E)
" [g_ﬂ [3:)[3);) -1 (113)

Among the thermodynamic variables p, ¥, and T, the following relation holds

T mem -

11,2 Maxwell’s Equations

A pure subsiance existing in a single phase has only two independent variables.
Of the eight quantitics p, ¥, 7, S, U, H, F (Helmholz funclion), and G {Gibbs
function) amy one may be expressed as a function of any two others.,

For a pure substance undergoing an infinitesimal reversible process

(8) dif=Td5-pd¥V

(b) dEf=dU+pdV+ Vdp = TdS + Vdp

{c) dF =d¥U - TdS - 5dT = - pd¥ - SdT

(d} dG=dH - TdS — SdT= Vdp — SdT

Since U, H, F and (7 are thermodynamic properties and exact differentials of

the type
dr = M dx + N dy, then

(5).-&)

Applying this to the four equations

a7 _ (dp
[WL_ [as)v (11‘4}'

@
)42

22
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These four equations are known as Maxwell 's equations,
113 TIdS Equatons

Lzt eniropy § be imagined as a function of Tand V. Then

(3] ()
s3] )

Since T {g—i) = C,, beat capacity at constant volume, and
v

(ﬁ) (ap ] Maxwell’s third equation,

of a7
TdS-CvdT+T{Q) dv
ar )y
This is known as the first TdS equation.
fS=5(T. p)
08 as
=37 (3 )
ds das
Tds = T(BT) dT+ ap)dp
. a5y _ a5y L_(ov
Since E)n_<:,,,;m.1(‘_)\p] (ar)
4
then TdS = C,dT - T(arldp

This is known as the second TdS equation.

11.4 Difference in Heat Capacities

Equating the first and second 7dS equations

av dp
Tds = CdT T( aT)de C,dT+ T(ar)vd}’

ap BV)
(C -C)dT= T( ]dV 37 dp

—= 399

(11.8)

(11.9)
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G, 15
LR o7 dp

¢, -C, c, - C,

. ar o7
Apain dT= (BV) dV+(ap) dp

%),

G ~C,
Both these equations give

cr) (¥
ComCv T(ar]‘,(arl
dp) (T (V) __
Bt (BTJ [ar][ﬁl !

. _ av ap
o G-C=-T (a'?'} (aV} (1110}

This is a very imporiant equation in thermodynamics, It indicawes the following
important facts,

d7=

T a_V
) w5 o

v

2
(a) Since (_Q_’:] is always positive, and (-a-f-} for any substance is nega-
ar J, v ),

tive, (C, — C,) is always positive. Therefore, C, is aiways greater than (..
(b) AsT 0K, C,— C, orat absolute zero, &, = C,.

g—:] ={) (e.g., for waier at 4°C, when density is maximum, or
P
specific volume minimum}, €, = C,.

{d) For an ideal gas, p¥ = mRT

{c) When (

(3_*’) MR _V
ar s P T
. )
av ); v
C,-C,=mR
or o, =R

Equation (11.10} may also be expressed in terms of volume expansivity (8),
defined as
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=L(£J
v\or .

and isothermmnal compressibility (47}, delined as

__ 1w
k- V(GT)T
1{d¥v !
C-C. = n’[_‘;(ﬁ)P]
P _L[ﬂ]
Vidp T

ids
ky

&G -G (11.11}

115 Rato of Heat Capacities

At congtant S, the two TdS equations become

(v
CAT,= T[E)pdps
C‘,dT,——T[ o) gy

Since y> 1,

(5,655,

Therefore, the slope of an isentrope is greater than that of an isotherm on p-v
diagram (Fig. 11.1). For reversible and adiabatic compression, the work done is
28

W,=hy—h = | vdp
1
= Area 1-25-34-]
For reversibie and isothermal compression, the work done would be
2T
Wr=hg—h = | odp
1

= Area 1-2T-3-4-1
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Fig. 11.0  Comprestion work in different revavnidls processes

Fr<W,

For polytropic compression with § < r < 7, the work done will be between
these two values. So, isolhermal compression requires minimum work {See Sec.
10.4).

The adiabatic compressibility {k,) is defined as

—_1{¥
b= V(ap)s

oF }‘ﬂ—T (11.]2)

11.6 Energy Equation

For a system undergoing an infinitesimal reversible process between two
equilibrium siates, the change ol internal energy is

dU=TdS - pdV
Substituiing the first T'dS equation

- 3_:’) -
dv C,dT+r(aT VdV pdV
=c,dr+[r(g—?lr - p]dV (11.13)

i U=ummn
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U a7
duy= [ar) d“[ar] av

au dp
(a_VJ _T(arJ -p (11.14)

This is known as the energy equation. Two applications of the squation are
given below:

(a) For ao ideal pas, p= Hf’T
[a_P] _nR_»p
ar vV T

: W) e,

) [BV} Trr=0

T
[gﬂ [arJ =(g_u) -0

i w) o5
Sioce (aV T:O. ap i 0

{7 does not change either when p changes at T = C. So the infema! energy of an
ideal gas is a function of temperature only, as shown earlier in Chapter 10.
Anocther imporiant point to note is that in Eq. {11.13), for an ideal gas

pV=nRTand T[-g—‘;l -p=0
Therefore
dU=C AT

holds good for an ideal gas in any process (evenr when the volume changes). But
for any other substance

dai=C, 47T
is true only when the volume is constant and d¥ =0,
Similarly
dH = TdS+ Vdp

a¥
and TdS = C,dT - T(aT]pdp
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_ A
d.H—CFdT+ {V ar)p]dp (11.15)

aH v
[3) -y r[ar) (11.16)

As shown for inlernal energy, it can be similarly proved from Eq. {11.16) that
the enthalpy of an ideal gas is not a function of ¢ither volume or pressure

() o ()

but 2 function of iemperature alone.
Since for en ideal ges, pV=rR T

and y- r[a") =0
or /,

the relation dff = C, dT'is true for any process (even when the pressure changes).
However, for any other substance the relation df = €, dT holds good only when
the pressure remains constant or dp = 0.

(b} Thermal rediation in equilibrium with the enclosing walls possesses an
energy Lhat depends only on the volume and terperature. The energy density (&),
defined as the ratio of energy to volumc, is a function of temperature only, or

== —f(T) only

The electromagnetic theory of radiation states that radiation is equivalent to a
photon gas and it exerts a pressurc, and that the pressure exerted by the black-
body radiating in an enclosure is given by

3

Black-body tadiation is thus specified by the pressure, volume, and
temperanue of the rdiation.

Since U=uVandp=§

LA i&) _1du
(GV)T “md[ar v 3dr

By substituting in the energy Eq. (11.13}

_Tdu u
34T 3
..d_u=4.g£
u T

ot nu=lnT*+Ink
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or u =51
where b is a constant. This is known as the Stefan-Beltzmann Law.
Since Us=uV=¥br
( aU} =C,=4VpT

o7 Jy
and [gf_’.] “1ldi 4,

or), 34dT 3
{rom the first TdS equation

7dS = C, AT + T(QP—J ar
ar ),

= 4VBT dT + -g-bT‘-dV

Far a reversible isothermal change of volume, the heat to be supplied reversibly
10 kcep temperature constant

= %bl’" N%
For a reversible adiabalic change of volume

%bl’" dV = - 4VBTaT

i v _ 4T
" 3 T
or FT* = const.

If the iemperature i one-half (he originzl temperature, the volume of black-
body radiation is to be increased adiabatically eight times its original volume so
that the radiation remains in equilibrium with matter at that temperature.

1.7 Joule-Kelvin Effect

A gas is made to undergoe continuous throtiling process by a valve, as shown in
Fig. 11.2. The pressures and temperatures of the gas in the insulated pipe
upstream and downsireemn of the valve are measured with seitable manometers
and thermometers.

t Vakie 7

t
AR IR < H{a}#ﬂmﬁ .
i ELJIEII‘ I }3 mmﬁ—

“l I P
3\
Inauation

Fig. 11.2 fouls-Thomson expgnsion



406 —— Basic and Applied Thermodynamics

Let p, and T; be the arbitrarily chosen pressure and temperature before
throttling and let them be kept constant. By operating the valve manually, the gas
is throtiled successively to different pressures and temperatares g, Ty Py Ty
Prv Ty, and so on. These are then plotied on the 7=p coordinates as shown in
Fig. 11.3. All the points represent equilibrium states of some constant mass of
gas, say, 1 kg, at which the gas has the same enthalpy.

Sttes after tarolting
- 7
P ,/’ ~. f /Jr
[ !
p ¥ hEN - Siata befors
5y X T
~F s ng
y yi
b / \"“-..
“h=C

Fig. 113  Luenthalpic states of 0 gas

The curve passing through ail these points is an isenthalpic curve or an
isenthalpe. It is not the graph of a throtling process, but the graph through points
of equal enthalpy.

The inilial tamperature and pressure of the gas (before throtlling} are then set
1 new values, and by throtiling to different states, a family of isenthalpes is
obtained for the gas, az shown i Figs i].4 and 11.5. The curve passing through
the maxima of these isenthalpes is called the inverzion curve.

The numerical value of the slape of an isenthalpe on a T—p diagram at any
point is called the Jowie-Kelvin coefficienr and is denoted by y,. Thus the locus of
all poinits at which i1, is zero is the inversion curve. The region inside the inversion
curve where y; is positive is called the cooling region and the region outside
where g, is negative is called the hearing region. So,

Inversion “__—"""-\k _____
. —»— Constant enthalpy

T /ﬁ?\ tutved {inandhalpes)
Cooling [ -
fugion !

+ iy ; Heating region
Critical S
painty TT Tl
&-4" tversian curve (i = 0)

p ——— O

Fig. 114 lenthalpic curves and the inrersion curve
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e Irwersion =0
- /\ curve (= 0)
1 .
: __~— Constant enthalpy
TN - aurvea
;r‘\ Critica!l point
/’/ —— Satmation curve
Liqud Vapour
reghon

—_—

Fig. 1135 Innervion and saturation curves an T-5 plot

Hy = [EJ
ap /y
The dilTerence in enthalpy between two neighbouring equilibrium states is
dh = Tds + vdp
and the second TdS equation {per unit mass)

_ dv
i = (.'p dr-T [‘a—r)pdﬂ

dv
dh=cPdT-{T[ﬁ]p—vj|dp

The second term in the above equation stands only for a real gas, because for
en ideal gas, dh =¢, dT.

~(91) _Lp(9)
"’_(ath'cP[T{ar]P v] a1y

For an ideal gas

There is no change in femperature when an ideo’ gay is made to undergo a
Joule-Kelvin expansion (i.e. throttling).

For achieving the effect of cooling by Joule-Kelvin expansion, the initial
temperature of the gas must be below the point where the inversion curve
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intersects the temperature axis, i.e. below the maximum inversion temperature.
For nearly all substances, the maximum juversion temperatuce is above the
normal ambient temperature, and hence cooling can be obmined by the Joule-
Kelvin eflect. In the case of hydrogen and helium, however, the gas is 1o be
precooled in heat exchangers below the maximum inversion temperature before it
is throttled. For liquefaction the gas has to be cooled below the critical
temperature.

Let the initial state of gas before thronling be at 4 (Fig. 11.6). The change in
temperature may be positive, zero, or negative, depending vpon the final pressure
after throttling, If the final pressure lies between A and B, there will be a rise in
lemperature or heeting effect. If it is at C, there will be no change in temperature.
If the final pressure is below p,, there wilf be a cooling effect, and if the final
pressure is py,, the femperatare drop will be (T, — Tp).

Maximum temperature drop will occur if the initial state lles on the inversion
curve, In Fig. 11.6, it is {Tg — T}

The vnlume expansivity is

19w
P v(aT)p

So the Joule-Kelvin coeflicient 4, is given by, from Eq. (11.17)

Far an ideal gas, B= % and g, = 0

There are two inversion temperatures for each pressure, eg. T, and T; at
pressure p (Fig. 11.4).

Isenthalpe

€]

Fig. 1.6 Maximur cooling by joule-Kelvin expannien
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11.8 Clausius-Clapeyron Equation

Druring phase wansitions ke melting, vaporization and sublimation, the
temperature and pressure femain constant, while the eniropy and volume change.
[fx is the fraction of initial phase i which has been transformed into final phage £,
then

= (1 —xps® + 26D -

v=(1-x) v" + xo!?
where s and v are linear funclons of x.

For reversible phase trensition, the heat transferred per mole (or per kg) is the

- latent heat, given by

I= T{sm _Stil}
which indicates the change in entropy.
Now dg = - T+ vdp
- s=_(3_g]

T/
op jz

A phase change of the first order is known as any phase change that satisfies
the following requirements:

{a) There are changes of entropy and volume,

{b} The first-order derivatives of Gibbs function change discontinuously.

Let us consider the firsi-order phase ransition of one mole of a subsiance from
phase i to phase /. Using the first TdS equation

Tds=c, dT+ T[-a!i] do
oT )y

for the phase transition which is reversible, isothermal and isobaric, and

integrating over the whole change of phase, and since a_p is independent of
a7 Jy

v
{0 s = r%- (o - )

£ sli] !
Fraar i o™ — o)
The above equation is known as the Clausius-Clapeyron equatian.
The Clausius-Clapeyron equation can also be derived in anothet way.

For a reversible process at constant T end p, the Gibbs function remains
constant, Therefore, for the first-order phase change at Tand p

{11.18)
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g9 =g®

and for a phase chenge at T+ dTand p + dp (Fig. 11.7)

Critical point

Y
b b TedT
Lo

T —T

Flg. 11.7 Fst erder phase fransition

20+ dg =g+ g

Subiracting
"= dg”
or — D a7+ o dp
=50 4T+ v dp
@ 00 !
: 9r SO0 T — 0]
For fusion

Iy
% T(»"-v")

where I, is the latent heal of fusion, the first prime indicates the saturated solid
state, and the second prime the saturated liquid stale. The slope of the fusion
curve is determined by (& — '), since [, and T are positive. If the substance
expands an meidting, #” > o', Lhe slope is pesitive, This is the usual case. Water,
however, contracts on melung and has the fusion cirve with a negative slope
(Fig. 11.8).

For vaporization

dp__ lw
ar  r@” -v")

where /., is the latent heat of vaporizaticn, and the thrid prime indicates the
saturaled vapour state,

dB
lnp"-rdr(u - ')

At temperatures considerably below the critical temperature, v™ >> v'* and
using the ideal gas equation of state for vapour
v"’ = £
P
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/ Fusion curve

Eor walar I'. _. For any alher substance
—_— [posiive slopa) Critcal poin
\ s Critical t
{ma 1
810pa) .l‘
a Salid ‘~| / Ligquiad Vaporization curve
T [ “""""""""‘:"' T T dp
\ or’
Sublimation 3 v
curva -. o Yapour
Triple paint
—=T T

Fig. 11.8  Phaye diagram for walsr and any other substance or p-T coerdinates

I = 4p RT
WS dr p
RT? dp
or hap = = gr (11.19)

If the slope dp/dT at any state (c.g. point p;, T, in Fig. 11.8) is known, the
latent heat of vaporization can be computed from the above equation.
The vapour pressure curve is of the form

lnp=A+%+ClnT+DT

where 4, B, C and D are constants. By differentiating with respect to T

ld__B8 . C.p (11.20)
p dT R
Equations (11.19) and {11.20) can be used to estimate the latent heat of
vaporization,
Clapeyron’s equation can also be used to estimate approximately the vapour
pressure of a liguid at any arbitrary temperature in conjunction with a relation for
the latent heat of a subsiance, known as Trawton 's rule, which states that

Ay
—= = B8 ki/kgmol K
Ts

where A 13 I8 the latent heat of vaporization in kl/kgmol and ATj, is the boiling
point at 1.013 bar. On substituting this into Eq. {11.19)

dp _ 887,

ar _ Rz ¥
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B
o Foap ss:r,,j
wias P
m—P - 8B%1_1
101.325 4 T T
#-1)

p=101.325 —= 11.21
lﬂq:'[ R ( T ( )

This gives the vapour presaure p in kPa at any temperature 7.
Far sublimation
dP by
dT T (v™ —v")
where {, is the latent heat of sublimation.
RT
B

Since v’ > ¢, and vapour pressure is low, v =

dp _ b
dr r. BT — RT
P
or 1, =—2.303 g 3408 P)
A/

the slope of logp vs. 1/T curve is negative, and if it is known, /,,, can be estimated.
At the triple point (Fig. 9.12),

D= b+ Iy (11.23)
()58

dr /., RT:
(d_p) - Plplluh

dT Jp RTZ

Since [y, > I, at the triple point

().,

Therefore, the slope of the sublimation curve at the triple point is greater than
that of the vaporization curve (Fig. 11.8).

11.9 Evaluation of Thermodynamic Properties from
an Equation of State

Apart from calculating pressure, volume, or wemperature, an equation of stale can
aiso be used to evaluate other thermodynamic properties such as intemal energy,
enthalpy and entropy. The property relations to be used are:
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du=c,dT+ [T[%Jv - p]dn (11.24)
di=c dT+|v—-T ﬁ] dp {11.25)
P ar ),
1 ap
ds r[c‘,df+ T(arld"]
_1 (3
_?[cpdf r[ ar]pdv] {11.26)

Integrations of the differential relations of the properties p, v and T in the
above equations are carried out with the help of an equation of state. The changes
in properties are independent of the path and depend only on the end states. Letus
consider that the change in enthalpy per unit mass of a gas from a reference stare
0 atp,, T having enthalpy, k; to some other state 8 atp, T with enthalpy 4 is to be
calculated (Fig. 11.9). The reversible path 08 may be replaced for convenience
hy either path 6—a—8 or path 0——8, both also being reversible.

Path 0—a-8:
From Eq. 11.25,

T
ha-ho= [ c,dT
Ty

h-hy= J’P[v— r(%ur dp

Po

{p.To) p=C

8(p.T)

pl Teue Va TaC

T
O Tl ApeT}

T
Flg. 11.9  Proceries connecting staies (py, Ty) and (b, T)
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On addition,

By = L}:p d'r]po + [j‘J:v - {%Jp]dp}r (11.27)

Similarly, for
Park 0-b-B:

—hy= [i[u- 7(_3%}’] dpL + [r}ocp dT:|p ©(11.28)

Equation (11.27) is preferred 1o Eq. (11.28) since ¢, at lower pressure can be
conveniently measured. Now,

g v P
[dwm=[pav+ [ vdp

PoVve ¥ Po

fvdp=pv—pov.—{fpdv] (11.29) -
T

[:44

Va

(S I[3]
(2] -{2][2]

Substituting in Eq. (11.27),

k—k,,=[}cpdf] + pv— ppt, —I:_‘I:pdv]
Po T

() () e

T
=| Je,dT| +po=pov, - [I{p T(ap} ]dv} {11.30)
To Yo or T
Po

To find the entropy change, Eq. (11.26) is integrated 1o yield:

o] i3]

Again,
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T dT] [ [ J[Bv }
=l te,—| —-|- dp
ISR GG
|t ar dp
_[i%-F]p+[j(ar)de (11.31)

11.10 General Thermodynamic Considerations on
an Equation of State

Certain general characteristics are commen to all gases. These must be clearly
obgarved in the developing and testing of an equation of state. [t is edifying to
discuss briefly some of the more important ones:

(1) Any equation of state must reduce to the ideal pas equation as pressure
approaches zero at any temperature. This is clearly seen in a generalized
compressibility factor chart in which all isothetrns converge to the pointz =1 at
zero pressure. Therefore,

lim[£]=latan temperature
p=0L RT Y pe

Also, as seen from Fig. 10.6, the reduced isotherms approach the linez=1 as
the temperature approaches infinity, or:

I!I_I;n-[%] =] at any pressure,

{it} The critical isotherm of an equation of state should have a point of
inflection at the critical point or p-v coordinates, or

[%] “oe “[avzl -

(iii} The isochores of an equanon of state on a p~T diagram should be
essentially straight, or:

ar aT?

An equation of stale can predict the slope of the critical isochore of a Muid.
This slope is identical with the slope of the vaporization curve at the critical
point. From the Clepegron equation, dp/dT = As/Ap, the slape of the vaporization
curve at the critical point becomes:

de _ [_ai] [ap ] {by Maxwell’s equation)
T:

[Q] —coustnnt,[ap] =0asp—0,oraa T — e,

dr Lov ar

Therefare, the vapour-pressure slope at the cnncal point, dp/dT, is equal to the
slope of the eritical isochore (dp/d T, (Fig. 11.10).
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T
Fig. tL10 Presure-umpreoture diggram with imcharde lines

(iv) The slopes of the isotherms of an equation of state on a Z-p compressibility
factor chart as  approaches zero should be negative at lower temperatures and
positive at higher temperatures. At the Boyle temperature, the slope is zero as p
approaches 2ero, or

lin [ﬂ] =0aT=T,
0 ap T
An equation of state should predict the Boyle temperature which is about 2.34

T, for many gases.

An isotherm of maximum slope on the Z - p plot as p appreaches zero, catled
the foldback isotherm, which is about 5T, for many gaseg, should be predicted by
anh equation of state, for which:

tim [3_21
p—=0| aT-dp
where T is the foldback tempemture (Fig. 10.10 2). As temperature increases

beyand T;; the slope of Lhe isotherm decreases, but always remains positive.
{¥) An equation of state should predict the Joule-Thomson coefficient, which

[y ]
b €y [T(ar), v]— Pe, (ar]_,

]=OatT=T,.-

is
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For the inversion curve, y; = 0,
dz) _
ar, [ 3 T) 0
11.11 Mixtures of Variable Composition

Let us conzider a sysiem conlairung a mixture of substances 1,2, 3., K. Il some
quantities of a substance are added to the system, the energy of the system will
increase, Thus for a system of variable compaosition, the internal energy depends
not oaly on § and ¥, but also on the number of moles (or maess) of various
constituenis of the sysiem.
Thus

U= U(S‘ V, LT ”K)
where n), n,;, ..., g are the pumber of meles of substances 1, 2, ..., X. The
canposition may change not only due to addition or subtraction, but also due to
chemical reaction and inter-phase mass transfer. For a small change in U,
assuming the function to be ¢cootihuous

) 14
@), o
o5 LA T .PREN. 73 o¥ 8,8, -4 1y

K

BU) [ v J
+| = dn, + | dn
(a": 8, V,ny e 0g I a"Z §¥.n.ny g ‘

+__.+(3_U

a"'l‘. Js.v 0y Oz 40K,

o auv
or dU = [as)“ d.5'+(aV]sn*dV E[a" JS‘W dn;

dmy

=1
where subscript i indicates any substance and subscript i any other subsiance

except the one whose number of moles is changing.
If the composition does not change

dU=Td5 - pd¥
U wy
(EJV \ay T and (aV )S.rli -k
dU = TdS - pd ¥ + 2( J dnm (11.32)
o, 5 Via,

Molal chemical potential, jt, of component i is defined as

e
l a"i 5V
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signifying the change in internal energy per unit mole of component i when S, ¥,

and the number of moles of all other comporents are constant.

K
dU=TdS-pdF+ ¥, jt;dn
i~
K
or TaS=dU +pd¥V -3 pdn
i=1
This is known as Gibbs entrapy equation.
In a similar manner
G= G(p Tﬂ],ﬂl,. . K)
or dG= ( ] (
ap Tni aT
X
= Vdp— SdT+ ):[95]
iml a p,nl
Since G=U+pV-TS
4
U+ pV-TS) = ¥dP - 5dT + 2( )
i=1 Tp.n

or dU + pdV + Vdp — Td5 - SdT

=Vdp - 54T+ Z( JTN‘

i=]

or dU = TdS - pd¥ + ?_:(an,] dn;

T.poj
Comparing this equaticn with Eq. (11.32)

- Equation (11.34) becomes

K
dG= ¥dp- SdT+ 3, pdn,

i=l

Similar equations can be obtained for changes in /f and F.

Thus

K
dU = TdS - pdF + Y piidi;
: i=1

K
4G =Vdp-SdT+Y ydn,

irl

)MI df + Z(an )-r.p,.. dn,

[au) (BGJ
alll'i 5.V, LT a" T. RO, Fl

(11.33)

(11.34)
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K
dHf =TdS+ Fdp+ 3 pdn, (11.35)

K
dF = - SdT-pd¥ + 3 pdn,
i=]

where

_ aU] (BG] [ah’] [BF]
= 2Y =& =| 2L === {11.36
# [a"i 5.V, 1 dn; T b; on; S,p dn; TV.n ‘

Chemical potential is an intensive property.
Let us consider a homogeneous phase ef a multi-component system, for which

K
dU=TdS-pdV + 3 pydn;
i=1
If the phase is enlarged in size, U, §, and V will increase, whereas T, p and u
will remain the same, Thus
AU =TAS — pAV + LpAn;
Let the system be enlarged to -times the original size, Then
AU=KU-U=(K-hU
AS=KS-S=(K-1)§
AV =(K-1)F
Am;=(K - 1)n,
Substituting
K-DU=T(K-1S-p(K-DF+Iu (K-
U=TS-pV+Iun,
Gr =Ly {11.37)
Let us now find a relationship if there is a simullaneous change in intensive

property. Differentiating Eq. (11.37)

dG = In; dp, + Eugdn, (11.38)
at conslant T and p, with only yr changing.
When T andp change

4G =— ST+ ¥dp + L, (11.39)
Combining Equations {11.38) and {11.39)

—SAT+ Vdp-Znd ;=0 (11.40)

This is known as Gibbs-Duhem equation, which shows the necessary
refationship for simultanecus changes in T, p, and y.
Now

Gr. =L in;=pym + fhng... + gy
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For a phase consisting of only one constituent
G=un
G
or p=-—-=g
n
i.e. the chemical potential is the moelar Gibbs funciion and is a function of T andp
only.

For a single phase, multi-component system, g; is a function of T, p, and the
mole fraclion x;,

11.12 Conditions of Equilibrinm of a
Heterogeneous System

Let us consider a heterogeneous system of volume ¥, in which several
homogensous phases { ¢ = a, b, ..., r) exist in equilibrium. Let us suppose that
each phase consista of i(= 1, 2, ..., C) constituents and that the numpber of |
constitutents in any phase is difTerent from the others.

Within each phase, a change in intemal energy is accompained by a change in
entropy, valume and composition, sccording to

C
AU, =T, dS, —p, d¥, + 21 (3 dn)y
i-

A change in the intermal energy of the entire system can, therefore, be
expressed as

E du, = E T,dS, - Ep,dv,+ E E (idm)y (11.41)

=t $=2 =g =l

Also, a change in the intemnal energy of the entire system invelves changes in
the internal energy of the constituent phases.

- [
dU = dU, +dU, + ...+ dU = ¥ dU,
: &

Likewise, changes in the volume, entropy, or cherical composition of the
entire sysiem resull from contributions from cach of the phases

a¥ = dV, + d¥Fp + .. +dV,=§, a7,
45 =dS, + dS, + ... +dS, = E ds,

dn=dn +duy + ...+ dn = ’E dng
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In a closed sysiem in equilibrium, the internal energy, volume, entropy, and
mass are constant.

dU=dV=d5=dn =0

of dU, =—-(dUp+ ... +dU)=- ¥ U
;
dv,=-7% d¥,
j
‘ ds, =-Y ds, (11.42)
i
dn,=—z dn;

i
where subscript j includes all phases except phase o.

Equation (11.41) can be written in terms of j independent variables and the
dependent variable a (Equation 11.42)

[r.df. + ):ndsj] -[p.d*'. + ):p,-dV,-J
i i

i

+ [Z(Fid”i). +3 3 (Hydn, )j] =0
b} i

Substituting from Eq. (11.42)

(-nEes S5 |-{-nTon+ Eryan)

] 1 ] ]

+ [2,’ ?”hd"ij +§ ?(”idul)j] =0

where subscript i a relers to component / of phase a.
Rearranging and combining the coefficients of the independent variables, dS;,
d¥) and dn;, gives

p) m—mq——; EEIALIADY T (5 — p ) = 0
1 ]

But since dS, d¥}, and da; are independent, their coefficients must each be
equal to zero.
o Tj = TI’ P = Poe My = iy (] ]-43)

These equartions represent conditions that exist when the system is in thermal,
mechanical, and chemical equilibrium. The temperature and pressure of phase a
must be equal to those of all other phases, and the chemical potential of the ith
component in phase o must be equal to the chemical potential of the same compo-
nent in alt other phases. -
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11,13 Gibbs Phase Rule

Let us consider a heterogeneous system of C chemical constitrents which do not
combine chemically with one another. Let us suppose that there are § phases, and
every constituent is present in each phase. The constituerts are denoied by
substripts and the phases by superscripts. The Gibbs function of the whole
heterogeneous system is

c o c
Grp=3 A u+ T 2@ @4 + 3 n® @
i) i=l i=1
G is a function of T, p, and the #'s of which there are C¢p in number, Since there
are no chemical reactions, the only way in which the a’s may change is by the
transpon of the constituents from one phase to another. In this case the total
number of moles of each constituent will remain constant.
ngl) + 5(12) +..+ nf’) = constant
i+ a2+ L+ i = constant
ﬂél] + "EJ.] +...+ néw = ponstant
These are the equations of constraint.
At chemical equilibrium, G will be rendered a minimurn at constant T and p,
subject o these equations of constraint. At equilibrium, from Eq, (11.43}.

By = My
=g = p®
g = p® = = W (11.44)

B = = .~ ¥

These are known as the equarions of phase equilibrium. The equations of the
phase equilibrium of one constituent are (¢ — 1} in number. Therefore, for C
constituents, there are C{¢ - 1) such equations.

When equilibrium has been reached, there is no tanspon of matter from one
phase to another. Therefore, in each phase, Zx = 1. For ¢ phases, there are ¢ such
equations available.

The state of the system at equilibrinm is determined by the temperature,
pressure, and C mole fractions. Therefore

Total number of vaniables = Ci¢ + 2.

Among these varinbles, there are ({¢— 1) equations or phase cquilibrium and
o equations of Lx = | rype, Therefore

Total number of equations = (¢~ 1) + ¢

if the number of variables is equal to the number of equations, the system is
romvgrignt. 1F the number of variables exceeds the number of equations by one,
then the system is called menovariant and is said to have a variance of 1.

The excess of variables over equatioos is called the varfance, f. Thus
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S={Co+2)-[Clp-1)+4¢]
or f=C-¢+2 (11.45)

This is known as the Gibbs Phase Rule for a non-reactive system. The vanance
" is also known as the degree of freedom.

For a pure subsiance existing in a single phase, C =1, ¢= 1, and therefore, the
variance js 2. There arc two propertics required to be known to fix up the suate of
the system at equilibrium.

I C=1, ¢=2,thenf =1, i.e. only one propeny is required to fix up the state
of 4 single-component two-phase systern.

IfC=1, ¢=3, then /= 0. The state is thus unique for a subsiance; and refers
to the triple point where all the three phases exist in equilibrium.

11.14 Types of Equilibrinm

The thermodynamic poteantial which controls equilibrium in a system depends on
the parnticular constraints imposed on the system. Let d Q be the amount of heat
transfer involved between the system and the reservoir in an infinitesimal

irrcversible process {Fig. 11.11). Let :
dS denote the entropy change of the (@J
system and dS; the eotropy change of
the reservoir. Then, from the entropy da
principle systom
dS +dS>0
Fig. 1111 Heal inieraciion betwem

Since dSp=- a0 ot tystem ond £ surronndings

T

a d_Q +dS>=0

T

or dQ-TdS <0

During the infinitesimal process, the internal eoctgy of the system changes by
an amoumt d ¥/, and an amount of work pd ¥ is performed. So, by the first law

dQ =dU+pdV
Thus the inequality becomes
dU +pdV - Td5 <0 {11.46)
if the consiraints are constant I/ and ¥, then the Eq. (1! 46) reduces to
ds>0

The condition of constant U/ and V refers to an isolated sysiem. Therefore,
entropy is the critical parameter 1o determine the swate of thermodynamic
equilibrivmm of an isolated system. The entropy of an isolated system always
increases and reaches a maximum value when equilibrinm is reached.
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If the constraints imposed on the systemn are constant 7 and ¥, the Eq. (11.46)
reduces to
dU-d(I5) <0
or AU-TS) <0
" dF <0
which expresses that the Helmholtz function decreases, becomming a minirum

at the final equilibrium state.
If the consiraints are constant T and p, the Eq. (11.46)} becomes

AU + d(pV) - p(T5) < 0
dU+pV-T5) <0
dG <0

The Gibbs function of a system at constant 7 and p decreases during an
irreversible process, becoming a minimum at the finai equilibrivm swate. For a
system constrained in a process 1o constant T and g, (7 is the crilical parameter 1o
determine the state of equilibrium.

The thermodynamic polential and the corresponding constrained variables are
shown below.

s U ¥
H F
P G T

This trend of G, F, or S eslablishes four types of equilibrium, namely (a) stable,
(b) neutral, (¢) unstable, and {d) meLastable.

A system is said (o be in a siate of stwble cquilibrium if, when the sate is
perturbed, the system retumns to its original slate. A system is not in cquilibrium if
there is a spontaneous change in the state. [{ there is a spontaneous change in the
system, the entropy of the gystern increases and reaches a maximum when the
equilibrium condition is reached (Fig. 11.12). Both 4 and B (Fig. 11.13) are
assumed to be at the same temperature I. Let there be sume spontanecus change;
the temperature of 4 riges to T+ 47T, and that of B decreases wo T — d7,. For

—= 5

7

Equillbrium :

Isclated syatam
—_ 7
Fig. 11.12  Possible process for an Fig, 15.43 Sponrancous changes in 4

wolated sysiem and B doe ta Aeat interacion




Thermodyramic Relations, Equilibrium and Thind Law =~ ——= 425

simplicity, let the heat capacities of the bodies be the same, so that dT, = dT,. If
d O is the heat interaction involved. then the entropy change

as, =39 g5, 9Q0_

A :

T+dr '’ T-dT
1 1 2dT
=dS, +dSg=4d - =
45 =dS, + dSy E{T+c|r T—dT] a0

So there is a decrease in enropy for the isolated system ol A4 and B together. It
is thus clear that the variation in temperature dT cannot (ake place, The system,
therefore, exisis in a siable equilibrium condition. Perturbation of the state
produces an absurd situation and the system must reverl to the original stable
state. It may be observed:

If for all the possible vanations in state of the isolated system, there is a
negative change in entropy, then the system is in stable equilibrium.

Sy y > 0 Spontaneous change
(dS)yy=0 Equilibrium (11.47)
(dShyy < 0 Criterion of stability
Similarly
; (dGhy <0, (dF}yy <0 Spontaneous change
(dGY 1 =0, {dF)yy=0 Equilibrium (11.48)
(dGY 1 > 0, (dFpy > 0 Critecion of stability

A system is in a siate of stable equilibrium if, for any finite variation of the
system at consiant T and p, G increases, i.e. the stoble equilibrium state
corresponds to the minimum yalue of G.

A systemn is said o be in a state of neurral equilibrium when the
thermodynamic critenion of equilibnum (G, F, 8§, [/ or H) remains al constant
value for 2fi possible variatipns of finite magnitnde. If perturbed, the system does
not reverl to the onginal state.

For a system at constant T and p, the criterion of newiral cquilibrium is

JGT' P =0
Similariy
SFT.V = 0, SHS. P = 0, SUS_V = 0, SSU,V =0
A systern is i & state of wunstable equilibrium when the thermodynamic
criterion is neither an extremum nor a constant value for ail possible variations in
the system. If the system is in unstahfe eqmllbnum. there will be a spontaneons

change accompanied by
Gy, <0, 6F1y <0, 8Ugy <0, ‘5Hs,p <0, 85;y>0

A system is in a state of metastable equilibrium il it is stable to small but not
1o larpe disturbances. A mixture of oxygen and hydrogen is in a metastable
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equilibrium. A littie spark may start a chemical reaction. Such a mixwire is not in

its most stable state, even though in the absence of a spark it appears io be stable.
Figure 11.14 shows different types of equilibrium together with their

mechanical analogies. 5 has been used as (he criterion for equilibrium.

fw/@\
1/\1’ .

Sigble Unslable Neutral Compositon

Matasiable
Fig. 11.14  Types of equilibrinm

11.15 Local Equllibrium Conditions

Let an arbitrary division of an isolated system be considered, such that
§=5+8,U=U+l,
Then {or equilibrium, it must satisfy the condition
@Sy =0
1o Firss order in smail displacements (otherwise 85 could be made positive
because of higher order terms). Now to the first arder in a very small change

a5 9 ] as s
55= [BUIL:SU, [auz 8U, + [au)”‘ (Bi’zl,”’
Now HdS=dU +pdV
(3_5 21 é‘i) -2
v ), T\ov), T

JS=—5UI+—6U2+ ;: sv,+£2 A 2 5p,

Aga.i.l] 6Ul——6U23nd 6V1——6V2

618={L—L sU, + -pl—-P—z]ﬁVl+Secondorderrems
L . I n

When 8,5 =0, at equilibrium

=N p=p;
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11.16 Conditions of Stability

Atequilibrivm, §= 8., F=F ., G=G_,. and §5=0, §F =0; §G = 0; these
are necessary but not sullicient conditions for equilibdum. To prove that Sis a
maximum, and & of F 8 minimurm, it must satisfy

535 <0, 8°F>0, 8°G>0
If the system ig perturbed, and for any infinitesimal change of the system
Oy <0, (6G)1> 0, (6Fy >0
it represents the gubility of the sysiem. The systemn must revert Lo the original

state,
For a spontaneous change, from Eq. (11.46)

8U + pdV - T85 <0
Far stability
6L+ pSV-TE5>0
Let us choose U = U8, F) and expand &1/ in powers of 5F and §S.
U d u) (au)
§U= a5+ 85 + av
( as] (as“ W3

du Fu
+_( ar:) 8V’ + N TRAGSEE

av
=Ta5 - pb¥ + —( e )

LPUY gy 4 U sp.55s...
2 [6‘}’1 )S(JV) t 5,35 &v-85 +

The third order and higher terms are neglected.
Since SU + pbv — T8 > 0, it must satisfy the conditions given below

U 2u Fu
(56) (3] 0 2

ay? av-ds

These inequalities indicale how the signs of some important physical quantities
become restricted for 8 system to be stable,

. Uy _
Since {-3-5;] =T

(3#).3). -2
ast ), les ), "¢,
T
C

v

>0
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Since T>0K
c,> (1147
which is the condition of thermal stability.
ou J
Also — | =
[aV 7
3] (3
FIZ e ov Jg
9p
== | <0 11.50
(2], (150)

i.e, the adiabatic bulk modulus must be negative.
Similarly, if F = F (T ¥}, then by Taylor’s cxpansion, and using appropriate
substilution
d°F 2, 1{°F 2
GF=~88T-psV+ — ()
[a - J @v'+ o\ 57r) @D
az
GV-8T+ .,
aV a7
For stability
SF+ 58T+ péV >0

o’F
(5%),
, oFY _
hee (5,
(&), ()
ot L oV /),
[%]Tm (11.51)

which is known as the condition of mechanical stability. The isothermal huik
madulus must also be negative.

11.17 Third Law of Thermodynamics

From Kelvin-Planck statement of second law, it can be inferred that by the use of
a finite oumber of cyclic beat engines, absolute zero temperature cannot be
attained. But third law is itseif s fundamental iaw of nature, not as derivable from
the second law. As Lhe other laws (zeroth, first and second), the third law also
cannot be proved. It is always found w be obeyed by nature and not viclated.
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By using Joule-Kelvin expansion, a temperature below 5K is possible to obtain
by producing liquid helium. Suf) lower temperatures can be attained by adlabanc
demagnetisation of a paramagnetic sait.

Temperatures as low as 0.001K have been achieved by magnelic ooolmg, The
magnetic propenties of a substance can be classified as either diamagnetic where
the subsiance is repelled by a magnet, or paramagnetic such as iron, which is
afrracted by a magnet A paramagaetic salt, such as gadolinium sulphate is used
for magnetic cooling. When the salt is cooled to a very low temperature, is
molecuics acl as tiny magnets and aligh themselves when subjected to a magnetic
field.

In 1926-27, Giaque and Debye independently suggested that the low
temperature praperties of certnin paramagnetic salts might be uged for anamment
of temperature below 1K. Onginsl expeniments were conducted at Berkeley and
at Lieden in 1933.

in magnetic cooling low temperatures are achieved by adiabatic
demagnetisation of paramagmetic salts. The actual process consists of four steps:

1. A paramagmetic salt is cooled slightly below {K by surrounding it with

liquid helium boiting under reduced pressure.

2. Theo a strong magnetic field of about 25000 gauss is applied. This makes
the maguoetic carriers, i.e., paramagnetic ions orient themselves paralle] to
the direclion of the field. This realignment of atoms requires work. This
work is converied into internal energy increase, which is taken up by the
evaporating helium.

. The sait is thermally insulated from the helium bath.

4, Finaily, the magnetic fieid is removed. The molecules disalign themselves,

which requires energy. This energy is obtained by lhe salt gettinp still
cooler in the process.

L

This process of adiabatic demagmetisation is almost reversibie, and the entropy
remains constant,

The salt is hung by a fine oylon thread inside the salk tube such that it does not
touch the sides (Fig. 11.15). The salt is first cooled to about 1K by reducing the
pressure of liqnid helium. Next, the aalt is exposed to a srong magnetic field of
about 25000 pauss. Heat produced by magnetisation of Jhe sals is transfemed to
the liquid helium without causing an increase in salt temperature, With the
magnetic {field still present, the mner chamber conlaining the salt is evacuated of
gaseous helium, The aalt is then almost completely thermally isolated upon re-
moval of the magnetic field, and the salt tempemiture decreases in an almost
perectly isentropic way. Temperatures of the sali as low as 0.001K have been
reported,

An interesting and imporiant problem in adiabatic demagnetisation is the
determination of the very low temperatures produced. In the neighbourheod of
ahsolute zero all ordinary methods of temperature measurement fail. The
temperature may be calculated approximately by the Curie’s law,

z7=CT
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This is the prineiple of the unattainability of absolute zero, called the Fowler-
Guggenheim statement of Thrid law.

Any isothermal magnetization from 0 1o M, (magnetic intensity) such ask - f;,
fi — i etc. is associated with a release of heat, i.e., a decrease ic eniropy
(Fig. 11,16). The processesi; -}, {, —f3. i3 —fy ele. represent reversible adiabatic
demagnetisations with temperature geing lower and lower, Repeated cycles of
isotherrnal magnetization and adiabatic demagnetisation would bring about a very
low temperature. It is seen that {S{T, /) — (T, 0)} decreases as the temperature
decreases, i.e., &Sy, < A5y < AS,,. It is accepted from ¢xperimental evidence that:
“The entropy change associated with any isothermal reversible process of a
condensed system approaches zero as the temperature approaches zero”.

Thal is, ]!imuA.S'-r = 0. This is called the Nernst-Simon stafement of third law.
-

The condensed syslem here refers to a solid or liquid.
Just like the proof of the equivalence of the Kelvin-Planck and Clavsius
statements of secand law, it can also be shawn that the Fowler-Guggenheim and
Nernst-Bimon statements of third law are equivalent in all respects {see
Zemansky). The violation of one stalement implies the violation of the olher.
Mow, it can be seen {Fig. ]1.16} that in Lhe process & —i,, entropy decreases by
a cerlain amount, in {, — /) entropy remains constant, inf) - §, entropy decreases
further, and so on. If the entropy of the sysicm at absolute zero is called the zero-
poirt entropy, a third equivalent statement of third law can be expressed as
follows:
“It is impassibie by any procedure. no matler how idealized, to reduce the
entropy of a system to its zero~poini vatue in a [inite number of operations™.
There are many physical and chernieal facts which substantiate the third law.,
For any phase change that takes place at low temperature, Clausius-Clapeyron
equation:
“’_P _ S5
dT v -y,

halds good. From third law, ?I.imu (s;—5,}= 0 and since o;— v, is not zero, it shows
—

Lhut:

lim S2 —¢
T0 dT
This is substantiated by all known sublimation curves. i is known that:
AG=AH-TAS

Experience shows that the last term is very small, pamcularly at low
ternperatures (Fig. 11.17) leading to

lim AG = AH (11.52)
To0

which confirms thet limAS=0as T— 0.
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32—
7 : T H=0 H=H
h ‘J'_ & he k
!‘ \T . L 4
A . fa s ' 7]
: f / [
; S
Pon S S
0.0) . H 80,057 %S0, H)
(al ®)
H = Hj H=0
S{0, H} ~5(0,0)50 d k
Y
f2 f
[
T=0 s
* - | 8{0, H}
$0.0) (]

Fig. 11.16 T-H and T-§ diagrams of a paramagnetic substance io show
the rquivalence of three statemonis of the third low
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aH

a6

P

‘p

Sy

N

Rg. 1117 AG > AHande, 5,1 T 0

From the Gibbs-Helmholtz equation

(11.53)

AG=AH~ TI:BAG:I v
P

a7
since lim (AG-AH) 5 0as T3 0,
lim —aAG
- ar
M=lima—casl'-—)ﬂ (11.54)
T or
By L'Hospital's rule, the left hand side is equal to:
. {9G oH]|_. dG .
lun[?i:—-ﬁ}—]=llmﬁ—lunc‘, (11.55)
Therefore, at absolute zero we must have for any system,
lime,=0as T 0 {11.56)
and similarly, using the Gibbs-Helmholtz equation connecting Fand U/
limC,=0as T 0 (11.57)
At very low temperatures, Debye showed that;
C,=C,=464.4 T°/6° (11.58)

where 8is the Debye ternperature, a choracieristic of a given substance. Thus, for
any material

] =0orlimAS=0ms T 0
[

Again, lim

C,=C,=KP
andat T=0, C,=C,=0. (11.59)
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SOLVED EXAMPLES

Example 11.1 ({a} Derive the equation

), -{5)

(b) Prove that C, of an ideal gas is a fimction of T only.
{c) In the case of a gas obeying the equation of state

L o +F
T P

where B is a function of T only, show Lhat

c,=-Rrp-2 de (BT +(C, )y

where (Cp)U is the value at very low pressures.
Solfution

as
(a) C= T[BTJ

ac, r 3%
[ﬁ) r-op
a5y _ (ov . .
Now [7’;)1‘ = [ T )p, by Maxwell’s relation
]
dp-oT or?

ac, N v
(wl = T[ ar‘)

(b) For an ideal gas

- aVJ nk (BZV] B
—| == ad| 2| =0
[ar . P el ar .

dp

=1+8p

=lu|]'l::
~

ac
[ Ld ) =0, i.e. C, is a function of T alone.
T

Proved.

UL
v



ThAermodynamic Relations, Equilibrivm and Third Law

—_—= 435

where Epo (integration conatant) is the value of (_Ip at very low values of pressure.

Exumple 112  The Joule-Kelvin cocflicient i, is a measure of the temperature
change during a thronling process. A similar inensure of the lemperature change
produced by an isentopic change of pressure is provided by the coefTicient p,,

where
e(2)
3 ap s
Prove that
-
-t c,
Solusion  The Joule-Kelvin coefTicient u), is given by
f(2) -
_ ‘B
C,

P

Since G, =T [g—i) and by Maxwell’s relation

@@

a5
-7 22
[aer ¥

;=
BT E
ar ),
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=_(3_S) (HJ _¥
A @) \es) 7

- BEE-
dp Jr\ 98 J,\ 9T Jg
|4
H=tp——
1 Cp
4
Fl_pjzz.'; Proved.
Alternative method:
From the second 7dS equation
|4
Tds=C dT—T[—) dp
’ ar ),
ar) _ .. _T (ar)
(ap . # C,\9T /,
_x[fary
Now H CP[T[ 7 A V]
4
b= — Proved.
G

Example 113 If ihe boiling point of benzene at 1 atm pressure is 353 K,
estimate (he approximate value of the vapour pressure of benzene at 303 K.
Solution  Using Clapeyron's equation and Trouton's rule, Eq. (11.21),

p=101.325 exp {%[1 —I})}

- 88 153
101.325 exp {a3143 (1 - EE)}

=17.7kPa Ans.

Example 11.4 The vapour pressure, in mm of mercury, of solid ammamnia is
given by

hp=23.03—%

and that of liquid ammonia by

Inp=19.49 - 2963
T
(a) What is the temperature of the iTiple point? What is the pressure? (b) What
are the latent heats of sublimation and vaporization? (¢} What is the latent heat of
fusion at the triple poiat?
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Solution At the triple point, the saturated solid and saturated liquid lines meet.

23.03 - %{i = 19.49 - 3983

T
T=1952K Ans. (3)
3754
Inp=2303 - ——
P 3 195.2
Inp=3.80
p=44.67mmHg . Ans,
With the assumptions, o’ >> o/ and v ~ XL
P

Clausins-Clapeyron equation reduces to

9 __pP_,
a7~ RT* ™
where [, 4, is the latent heas of sublimation.
The vapour pressure of solid ammeonia is given by
Inp=23.03- 214
T
1.dp _ 3754
pdar T
dp 2
—==3754 ==te.f
daT ™ Rt ™
T = 3754 % B.3143 = 31,200 kJ/kgmol Ans. (b)
The vapour pressure of liquid ammonia is given by
Inp=19.49 - %@-

B £E=3063L= 2_.
: dT T? RI? ™

when I, is the latent heat of vaporization
{0 ™= 3063 x 8.3143 = 25,500 kJ/kgmol Ans. (b}
At the triple point !

fopn =lagtin
where I, is the latent heat of fusion,
I =l = Frng
= 31,200 - 25,500 = 5,700 kJkgmol Ans{c)
Example 11.5 Explain why the specific heat of a saturated vapour may be
negative,
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- /—s:mmua vapour lina
T .
— T
d’a —
7
——s L_“

Fig. Ex. 115

Solurion  As seen in Fig. Ex. 11.5, if heat is uensferred along the saturation
line, there is a decrease in lemperature, The slope of the saturated vapour line is
negative, i.e. when d¥ is positive, d7T is negative. Therefore, the specific heat at
constant saturation

v _pf OS™
C"‘"T[ ar]

is negative. From the second 'dS equation

av
TdS = C,dT - r( ar)pdp

s~ _ dv™Y (dp ]

S =G T[ er[dr -

nR  lap  [using pV”” =nRTand
p TF”-=V") Clapeyron’s equation]

=C]1_

Ch -=C’1l T ‘;: [« 7™ > F*)

o =C g

st P T

Now the value of /,,/T for common substances is about 83.74 J/g mel K
(Trouton 's rule), where Ch is less than 41.87 J/g mol K. Therefore, €, can be
nagative, Proved.

Example 11.6 {a) Establish the condition of equilibrium of a clased composite
systemn consisting of two simple systems separated by a movable diathermal wall
that is impervious o the (low of matter,

(b) If the wall were rigid and diathermal, permeable to one type of material,
and impermeable to all others, state the condition of equilibrium of the composite
sysiem,

{c) Two particular systems have the following equations of state
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L. 3zM n_Ng
O R R
| _3zM n g
and — =R =R—=
n 2%y TR,

where R =8.3143 kl/kg mo! K, and the subscripts indicate systems i and 2. The
mole number of the first system is &, = 0.5, and that of the second is &, = 0.75.
The two systems are contained in a closed adiabatic cylinder, separated by a
movable diathermal piston. The lmual temperatures are 7, =200 K and T, =
300 K, and the total volume is 0.02 m’. What is the energy and volume of each
systemn in equilibrivm? What is the pressure and temperanuc? '

Solurion  For the composite sysiem, as shown in Fig. Ex. 11.6 (a)
U, + U, =constant
¥, + ¥, = constant
The values of I, U5, ¥, and F; would change in such a way 8s to maximize
the value of entropy. Therefore, when the equilibrium conditden is achieved

ds=20 3
for the whole syslem. Since
S= S] + Sz
=S](Ull V]‘ ..-,Nk )+SZ (UZ! VZ! 1iay Nkz"')
ds= (as,) dU, + (as,) dV,
oy, Vi Ny ¥ Uy Ny,
Movable diathamal
2 PP . . wall mperdous to
/ 2 the faw of rmatler
Subeystem-1 | Subaystem-2 |
{a)
# L s - L f o .
y : . i
7 Subsysternt | Subsystem-2 5 P P ¢
# /f: I E A
//if/ 7 77 ////‘ S—— ’
<" Rigid and diathermal < Movable, diathermal
well parmnaabile bo faw of wall
ona type of malarial

{b}
Fig. Ex. 11.6

{c)
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2 i)
¥ ( oL, ]v,.---,nk,._.duz+ ( 9% VN dez

ky
= P 1 P2
= “"""dU] + —dV] + —dU2 + _dVZ
;i 1 2] L)
Since AU, + dU, = 0 and d¥, + dF, =0

¢9=[L-l]du [ BB lgy =0
o 5
Since the expression must vanish for arbitrary and independent values of dU/;
and d¥,

1. L.
T 0 and T T 0
or p=pand T =T,
~. These are the conditions of mechanical and thermal equilibrium.

{b) We will consider the equilibrium state of two simple subsysiems
(Fig. Ex. 11.6 (b)) connected by a rigid and digthermal wall, parmeable to ane
type of material (¥,) and impermeable to all others (A, Ny, ... N.). We thus seek
the equilibrium values of U, and of U, and of ¥\_, and N,_, (i.e. material ¥, in
subsysiems 1 and 2 respectively.)

At equilibrium, an infinitesimal change in eatropy is zero

ds=10
Now dS =dS, +dS,
(B) we()
oU; N,
1 v, -1 /UL N

as, J ( a5, J
+| === av, + d¥,
(aUZ V2. Hyz.. PN N2 iy g, =
TdS = dU + pd¥ — udN

(L
h U Jy .. Ny T

end d¥,_, +dM ;=0
dU, +dU, =0

1 1 " -
5= o A - B Jo -0
As dS must vanish for arbitrary values of both dU, and d¥,_,
nh=1
o = H2

From the equation



Thermodynaric Relations, Equilitrinm and Thind Law — #1

which are the conditions of thermal and chemical equilibrium.
©) Ny=05gmol, N,=0.75gmol
T,=200K, T,,=300K
V=V, +¥,=002m
U, + U, = conslant
AU, + AU, =0
Let T; be the final temperature (Fig. Ex. 11.6 (c))
W -U)=-(U, - U p
2RNT- Ty =- 2EN (- T
0.5(T;— 200) = — 0.75(T;— 300)
S 1.25 T =325
ot T;=260K Ans.

Uy, = %ﬁmrﬁ % x 8.3143 x 0.5 x 103 x 260 = 1.629 kJ

Upp= % x 8.3143 x 0.75 x 107 x 260 = 2430 kJ

g = LIS Atequilibrium
P P =Pr2=Pe Ans.
RN, T,
Vig= —252, =T =T¢

Pr-2

Vst Vig= R% N, + N)=002m’
Pr

BIIAIXB0 1 25 107 = 0.02 m*
Py
-3

. - 83143 X 260x1.25x107 | . 4

0.02

= 135 kN/m? = 1.35 bar
-3 .

V= 83143 X 0.5 X 107 X 260 _ o 000 3

135
¥y, =002 -0.008 =0.012 m’ X i Ans.

Example 11.7 Show that for a van der Waals’ gas

: de, ) _
@ ( dv )—r 0
0y — b

(b) (;z-s;y=RIn m
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{¢) Tlp- &)™ = constant, for an isenrropic

R
d - =
@ o = e 5 RTY

(&) (hy— = (2~ 7)) + ,,(DL _J_J
1

)

Solution (a) From the energy Eq. (11.13)

(ifi)_ a_PJ_
av - \er),?

22, (-3
dv-oT oT? aT Jy

av ar ar2 ]

" (arJ

(ai] i ﬁ) _(EC_J
ov J. dvdr \ort), \dv ) -

For a van der Waals’ gas

(p+%)(v—b)=RT

RT _a
p= v-b 7
(_P

art J,
(%),

v Jp

». ¢, is independent of volume.
(b) From the first Tds Eq. (11.8)

and energy Eq. (11, 13)(33) = (9—‘0—) -p
T

A )y

Proved (a)
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For van der Waals’ gas

(Sz —SI)T =Rln ki

{c) At constant entropy
(4, R
T v-4%
4r | R _dv
T ¢, v-b

by integration, T{v — bY“* = constant

(BTJ )

]3—]

dv=10

ar

=0

From the equation

(p+b%)(v—b)=}zr
{2 (pra) ) -
(v~ b)(?.av)(T [p+z T, R

( ] R/(u b)
¥

(U b) 53

R
C,—c, =
P ™ 1-2a(u-~ b /RTY’

w 3!’] _p=l
©) (aV)T r(ar =7

Proved (b)

Proved (c)

Proved (d)



du; = —;Tdv.r
= L_L
2~ a( 5 Dy )
(hy = W)= 30y~ pyo) + a(;‘—— Ji) Proved (¢)
1 2

Example 11.8 The virial equation of stale of a gas is given by
=R+ Ep+CF+..)

. Bv _ 3£
}ﬂ[r[ﬁ)p - t’] =RTT

Hence, prove that the inversion temperature of a van der Waals’ gas is twice
the Boyle lemperature.
Solution

Show that

pr=RT(1+Bp+Cp+.)
v=2L | prwr 4 RIpC + ..
P

R 45’ dc’
=—=+RT— + RE' +RT]
7 ar Par

+RpC + ...
RT 45’ dC
=22 iYL + =
4T RIF + RPp 1 + RTpC +

T(a—v]—vﬂzf‘ﬂ +Rl”p£ + ...

—_—t p—t

=RT2|:dB' dC ]
dr ' * dr

p

2 ’
lim gz, = RL_ 48
p—0 e, dT

or lim T[E) —p|=rr2 98 Proved
g0 dar » daT

For a van der Waals’ gas, to find Boyle temperature Ty,

B=b-9 =0
RT
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=
B bR
-.B_b_ _a
. RT ~ RT RTY
dF b 2a

B
b _ 1a
RT¢  R'P
=22
' bR
- T =2
or Inversion temperature = 2 x Boyle temperature Proved

Example 11.9 Over a cerain range of presswres and temperatures, the
equation of a certain subslance is given by the relation

RT _C

= ———

p T
where C is a constant. Derive an expression for: (a) the change of enthalpy and
{(b) the change of entropy, of this substance in an isothermatl process.

Solutiorn (a) From Eq. (11.15)

9
dh=c,dT+ [u - T(a—;)p]dp

(A= A = j[u T(g;) ]dp

Now,
AT _C
rp T
(ﬁ] R 3C
or p
, @] _RT,3C
or P r

a7 J,
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4C
™

On substitution,

4C
b= -z
]

=25 0i-pn
{b) Using second Tids equation
Tds = c,dT - T(%l,dp
e ()
S

(5'2‘51)'1'=R1'1‘§;‘+%E—(P1—P:)r

Example 11.10 Agron gas is compressed reversibly and isothermally al the
rate of 1.5 kg/s from 1 atm, 300 K 1o 400 atm. Calculate the power required to run
the compressor and the rale at which heat must be removed from the compressor.
The gag is assumed to obey the Redlich-Kwong equation of state, for which the
constants are:

2715 2
RTL andb=0.08664R L
P Pe

For argon, T, = 151 K and p_= 48 atm. Take R = 0.082 litre-atm/gmol-K.
Solution Substituling the values of p,, T, and R,

g (82) (151)%3
4

a=042748

o6 2m K2em®

a=0.4274 -
(gmol)

=168x1

k]

b= 0.08664 B2 _ 5y 4 cm
48 gmol

Substituting the numerical values of p;, T;, 2, b and R into the Redlich-Kwong

equation
RT _ a
v-b T u(o+b)
vy —49.24 v} +335.6 7, - 43,440 =0

from which we ohtain

P=
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7, =56.8 em*/gmol

Sincep, = 1 atm, the volume of the gas at the initial state can be obtained from
the ideal gas equation:
= LI/ w = 24,600 cm’/gmol

For isothermal compression,

sha=to==flo-r{ ) o]

Now, dgri=pdv+uvdp

T vdp=pov:—pv - [TP‘“’]
T

n ¢ ]

s ),
1)) (13«
Ahyy = by~ by = vy - vy - [T[p r( gﬁ ]v]dv}r

¥l

Hence,

According to Redlich-Kwong equation, we have,

()5
ar ), v-b 2T%p(v+b)

T -3
MIZ = *2 - hl = (p:vz"“plvl)ﬁ [I[W(:-I-b)]dv}
vy T

al, (D, +b)/p,
2y (o +b)m

Substituting the numerical valu&s,
-k, =— 1,790 ¥gmol

womne | {37, ] [ 168) ]

¥
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For the Redlich-Kwong equation this becomes,

¥
R a
-5 = + d
275 {!I[v—b 2T3’2v(v+b)] ”}T

=Rlnvz_b— a I_n(vz+£;|);"t.!2
v,—b 26T (v, + b)Yy,

Substituting the numerical values,

£, — 5, =— 57 Jgmol-K

Q12 = mT {5, -5)

10° grh J
=——=—x3MWEKx(-57) ————
39.8 g/gmol 37 g mol K
=-4.29% 10’ Jh
=—-11.917 kW (heat removed from the gas}  Ans.
W= Qi+ Mk, - k)
10°
=-429% 107" + — x 1790
39.9
=-3.84%x10" J/h
= - 10,67 kW (Work is donc on the gas) Ans,

REVIEW QUEST!ONS

11.1
11.2
11.3

11.4
11.5

1.5

1.7

118

11.9

What is the condition for exact differential?

Derive Maxweli’s equations.

Write down tha first and second TdS equations, and derive the expreasion for the
dilfercoce in heat capacities, C, and €. What does the expression signify?
Define volume expansivity and isolhermal compressibility.

Show that the slope of an isentrope is greater then thai of an isotherm on p—v plod.
How is it meaningfui for estimating the work of compression?

What is ihe encrgy equation? How does this equation lead to the derivation of the
Stefan-Bolizman law ol thermal rdiaion?

Show that the internal energy and enthalpy of an ideal pas arc functions of
temperature only.

Why are dif= C, dT and di = C, dT true for an idea! gas in any process, whereas
these are true for any other subsiance only at constant volume and at constant
pressure respectively?

Explain Joule-Kelvin elfect. What is inversion temperature?

11.10 What is Joule-Thomson coefficient? Why is i zero for an ideal pas?
.11 Why does the hydrogen gas need to be precooled before being throttted to get the

cooling effect?

1 1.12 Why does the maximurn temperature drop oceur if the siate belore throtiling lics

on the inversion curve?



i1.13
1.14
1115

11.16

1117
11.18

119

11.20

i1.21
11.22
11.23
11.24
11.25
11.26
i1.27
11.28

11.2%
11.30

1.5
11.32
11.33

11.34
11.35
11.36
11.37

1:.38
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Why does the (ibbs function remain constant during phase traasition?
What are the chamcteristics of the firsu onder phase traneition?
Write down the representative equation fos phase transitian. Why dees the fusion
jine for water have negative slope on the p—T diagram?
Why is the slope of the sublimation curve ai the triple poini on the p—T diagram
greater than that of the vaporization curve at Lhe same point?
Explain how thermodynamic properties are evaluated from an equation of state.
Nlusirate how enthalpy change and entropy change of & gas can be estimaled
with the kelp of an equation of state.
Stare the impomant thermodynamic critena which an equation of sute should
salisfy.
Explain how the Boyie temperarure is vielded wheo!

lim (@Z'dp) =0

p=0

What is foldback tempamiure?

Show that for an inverrion curve {BZ-’&DP =),

Defiine chemical potential of a compoment in terms of U, H, Fand G.

What is the use of the Gibbs eniropy equation?

Explain the significance of the Gibbs-Duhem equation.

Stale the conditions of equilibrium of & heterogensous system.

What do you understand by phase equilibrium?

Give the Gibbs phase mle for a nonreactive sysiem. Why is the triple point of a
subslance nonvariant?

What are the four types of equilibrium? What is stable equilibrium?

Siate the conditions of sponlanenus change, equilibrinm and criterion of stability
for: (a) a system having constant I/ and ¥ {i.c., isolawed), and (b} system having
constant T and p.

What do you understand by neutral and unsuable equilibrium?

What is metastable aquilibrinm?

Show that for a system o be stable, these conditions arc satisfizd

@ C,>0 {thermal stability)
{b) [.a_p) <0 {mechanical stability}
v J;

How is the third law a Amdamental law of nature?

Explain the phenomenon of adisbatic demagnetisation of 2 paramaghetic salt.
How arc Lemperatures near absolute zero estimated?

Give the Fowler-Guggenheim siaternent of thind law. How is it different from the
Nernst-Simon satement of third law? Give the third equivalent statement of the
thind law,

Suate some physical and chemical facts which substantiate the third Law.

PROBLFEMS

1.1

Derive the foliowing equations

3Fy _ FIT
@ U F_T[Tfl,"f[—ar }v
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11.2

11.3

11.4

1i.5

2
) C,=- T(.éi)

Tt

3G _ L 3GIT

€ H=G- T[ar}p' #(—ar )P
__ (2%
@ C, r[arz)

(2) Derive the equation

) (32
(E]T = ’[arz ]

(b} Prove that ¢, of en ideal gas is a function of Tanly.
(¢} In the cose of a gas obeymg the equation of state

RT v
where B is a function of T only, show thal
RT & ..
== d—rr(B' D+icy

where (c,), is the value at very large volumes.
Derive the third TdS equation

o7
Jas= C(B )dp C(ay]dy

and show that the three TdS equations may be writlen as
() TAS=C 4T+ — ‘BT
(b) T§=CdT- Vﬂfdp

C C,
() Td5= —Lkdp+ ¥ dV
B Bv
Derive the equations

@ =757 [5),

® (%) -7
) oT VT
© @p/a7), _ vy

@pfo1), 7-1
Derive the equations

-_f3e) 3V
@ ¢ I{ar)v(arl

ar C.k
o (3), =5




1.6

11.7

118

11.9

11.10
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©) (0¥/97), 1
(@viarn), 1-r

{a) Prove that the slope of a curve on & Mollier dizgram representing a reversibie
isolhermal process is equal to

L

p

(b) Prove that the slope of a curve on a Mollier diagram representing a reversible
ispchoric process is equal o

y-1
T+
]

(a) Show that

o¥IT
Hyc, = TJ( ar )P

For 1 molc of & gas, in the region of modermte pressurcs, the equation of slate may
be writien as

=1+8p+ ¢

=s,

where & and C arc functions of lemperature only.
(b} Show thatas »— 0

6, RT? %
{c} Show that the equation of the inversion curve is
dg’/dT
T
Prove the following functional relaticnship of the reduced propenies for the
inversion curve of a van der Waals® pas

=

2
I- 3(3.:;,Urz 1) and p, = t:a(zz:;f 1)
Henee, show that
Maximum inversion Emperature _ 675
Critical i=mperature
end Mj.niu:ru.rfi‘invcmion CMPETRUIE _ 1, o
Critical temperature

Estimate the maximum inversios temperature of hydrogen if it is assuned to
obey the equation of state
PY=RT+Byp+ 8,0+ Byp' + ..,
For hydrogen, B, % 10° =a+ 107! T+ 10Y /T
where a = 166, b=-7.66,c=-172.33
The vapour pressure of mercury at 399 K end 40] K is found to be 0.988 mm and
1.084 mm of mercury respectively. Calculate the latent heat of vaporization of
liquid mercury at 400 K.
Ans. 61,634.96 /g mol
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.11

11.12

LE.E3

IT.14

.15

11.16

11.17

11.18

Io the vicinity of the triple point, the vapour pressure of liquid ammonia {in
atmospheres}) is represented by
3063
In 1516 -
p- T
This is the equation of the liquid-vapour boundary curve in a p-—T disgram.
Similarly, the vapour pressure of solid ammaonia is
Inp=1870- %
{a) What is the Lemperanme and pressure at the wiple poim?
(b} What are the lateat heals of sublimenion end vaporization?
{c) What is lhe !_.2nt heat of fusion st the triple poini?
Ans. 1952 K, 0.585 atm., 1458 kl/kg, 1836 k/kg, 338 kifke
It is found that a cemain liquid beils at a temperature of 95°C st the top of a hill,
whereas it boils at a temperature of J05°C at the bottom. The lajest heat is
4.187 kl/g mole, What is the approximate beight of the hill? Assume Ty = 300 K.

Ars. 394 m
Show thm for an idea] gas in a mixture of ideal gases
g = ‘""T K 4T+, dp + RTd In x,
Compute ¢4, for 2 gas whose equation of siate in
p{v-b)=RT
Ans. jy = - bic,

Show that

@ (35), ),

o (55), () A5,

Two particuler systems have lhe following equations of state

1 _3=NO L _3=N?%
tl) R U(ll and [21 R U(Zl

where & =8,3143 un:g mol K. The mole numberoflbeﬁmsysiem isN=2,
and that of the second is N = 3. The two sysiems are separated by a diathermal
wall, and the tola) enetgy in the composite sysiem is-25.120 kJ, What is the
intemal energy of each sysiem in equilibrium?
Anr. 7.2 10,1792 1)

Two systems with the equations of slate given in Problem 11.16 are separuted by
a diathermal wall. The respective mole numbers are M) = 2 and 49 = 3, The
initial lemperatures are T = 250 K and 7% = 350 K. What arc the values of
U and U™ afler equilibrium has been established? What is the equilibrium
temperature?

Ans, 802 kJ, 2004 kJ, 3214 K
Show that the change in latent heat L with wemperature is given by the following
relation



11.19

1020

13.21

11.22

11,23

11.24

11.25
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diy L v —vp”

(6] (G- -

Show that for a van der Waals' gas, the Joule-Thomsan coefficient is given by
v [ 2a(» - b)* - RTb0?

“[ RTY —2a(v - b) ]

At273.15K he specific volumes of water and ice are 0.001 and 0.001051 m*/xg

and the latent heat of fusion of ice is 334 kJ/kg. Determine the melting point
increase due to increase of pressure by 1 atm {101.325 kPa).

F,':C
]

Ans. - 000753 K
Calculate the latent hea of vaporization of steam formed by boiling water under
a pressure of 101,325 kPa At a pressure near this, g rise of temperatue of | K
causes an increage of vapour pressure of 3.62 kPa.

Ans. 2257 Wikg

It is kmown that redistion exens a pressure p = 1/3 u, where v is the energy per
unit volums,
(a) Show that

du = Tds + i(rs— iu)dv
4 3
where 5 is the entropy per unit volume.
(b) Assuming ¥ and s as functions of temperature only, shaw that
(i) u=ds*?

(i) 5= %ar’
(i) v=a?

where A is the constant of integration and a = §1/256 A,
(¢) Show that the average time radiation remains in a spherical enclosure of
radius r is given by
4r

f=—

ir
where ¢ is the speed of adiation.
{d) If Ep is the cnergy emirled per unit area of spherical surface per unit time,

show that
EB = UT.
where 0 = ac/4 and T is the wmperature of the surface.
Show that the inversion tenperarure of a van iler Wanis® gas is given by 7, = 24/
bR. ’
Show that:

Su) _ o B(PfTJ)
@ (3], (%)

(&) (i) == r’[—a("’ D ]
ap /¢ 8T /4,
Show that for a van der Waals' gas at low pressures, a Joule-Thomson expansion

from preasure p, to p produces a temperature change which can be found from
the solution of
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L-o%
-5

e
Pl_p2=T(TI -T)+T7a

where T, is the inversion teraperature.
11.26 Using the Redlich-Kwong equation of state, develop expressions for the changes
in entropy and iniemal energy of a gas in an isothermal process.

Ans. (53 -5)r=Rn vy = b a— ln[vz(v'+b)]

v, -b 25T | p(vy + )
a vy, +b)
- = In

- wdr = Sy pm [v.(u, +5)

11.27 Find the change of entropy of a gas following Clausius equation of state at

conslant femperature
plo-by=RT
Ans. R 1n Sl
v —b

11.28 (a) Show that for a van der Waals® gas

- Rvi{e- b
RT0® —2a(v - b)®
. vl(p- b)?

ORI —2a(v- b)Y

{b) What is the value of b/} expressed in its simplest form?

(c) What do the above relations became when a =0, » = 0 {ideal gas)?
11.29 (a)Show that

T AT 3
(') ('é;)'_ 18 Ly

@ (22) =2
D B ‘DB
(b) Hence show that the stope of & reversible adiabatic process on p-v
coordinates is
p._r
dv kv
where k is the isothermat compressihility.
11.30 According w Berthelot, the =mpera‘ure efféct of the second virial coefficient is
given by
b a
FihD=s — = —
@ T
where « and b are constanls, Show that accarding to Berthelot,
ToTy=+3
1131 The following expressions for the cquation of state and the specific heat ¢, are
oheyed by a certain pas:

2=2L 4 afundc,=A+ BT+ Cp
F



11.32

11.33

1E.34

1035

i1.36

11.37
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where a, A, B, C are congtants. Qbtain an expression for (8} the Joule-Thomson
coefficient, and (b) the specific heat c,.
ar? CRT v+ ar?
3 = C,=A+BT+ -R
Anms. (a) AT BTG ) G, " P
Determine the maximum Joule-Thomson inversion temperature in terms of the
critical temperature T, predicted by the
{a} van der Waals equation
(b) Redlich-Kwong equation
() Disterici squation

Ans. (2) 675 T, (0} 5.34 T_(c) 8T,
From the virial form of the equarion of siate of 4 gas
v=2L 4 prgr (+ RTC (D), + ...
P

show thai the Jouie-Thomsen coeHicient is
ﬂ[ﬂ LA ]

== ar T ar

P
(b} For a van der Waals gas

weL(22)

Tof?
Sp
For a simple compreasible system, show that

ﬂ _ 2 apJ'T}

@ [au]T'T[ ar ),
ok _r2 do/T

® [ap} T[ ar }

The liquid-vapour equilibrium curve for nitrogen over the range from the triple
point to the normal boiling point may be axpi=ssed by the relation:

Show that k- k, =

c
logp=A-B7—-—
BP T

where p is the vapour pressure in mm Hg, T is the temperature in X, and
A=7.782, 8 =0.,006265, and C = 341.6.
{a) Derive an expression for the enthalpy of veporization by, m werms of 4, 8, C,
Tand v
{(b) Calculate kg, for nitrogen at 71.9 K with 3y = 11,530 cm’fgmo].
Ans, 5,790 J/gmol
For a gay obeying the van der Waals equation of state, show that:

- R
@) o= T a e bR
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11.38

acv azp . -
(h) =T = {} to prove that ¢, 15 a function of temperature only.
T v

do ar?
de P
o[-
ep I; or? A
_ 2a07 —Gabo™*
i RlT[(wav‘z +2ab0™ ]

10 prove thatc, {or a van der Waals gas is not a function of \=mperarture only.
(d} The relation berween T end v is given by:

Ty — B = constam
{e) The relation between p and © is given by:

[p + 0%](:1 — bt Ve = gonstant.

Nitogen at a pressure of 250 atm and a temperature of 400 K expands revarsibly
atd adisbatically in a urbine to an exhaust pressure of 5 atm. The Now rate is
1 kg/s. Calcutaie the powsr owtput if nitrogen obeys the Redlich-K wong equation
of stale. For nitrogen at 1 ahm take,

€p = 6903 - 0.3753 x 107+ 1.930 x 10T - 6.861 x {0°T*
where ¢, is in cal/gmol-K and T'is in &,
Fornitrogen, T.=126.2K,

P =33.5 amm. Ans. 372 EW
Hints: See Fig. P-L1.14
By — By = Uy = By + (hy— B3} + (3 = hy) and
H-5 =0={5 ~s) {8 ~5) + {8~ 5)
a =154 x 10° a/K'? cm®(gmoif, & = 26.8 cm’*/gmot
By trial-and-etroe, v, = 143 cm®/gmol, v, = 32,800 em’/gmol
Ty = 124 K. A, ~ by = 7.61 Kiigmal.
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12.2 Rankine Cycle

For each process in the vapour power cycle, it is possible to assume a hypotheticat
ot ideal process which represenis the basic intended operation and involves no
extraneous effects. For the sieam boiler, this would be a reversible constant
pressure heating process of waler to form steam, for the turbine the idcal process
would be a reversible adiabatic expansion of steam, for the condenser it wouid be
arevergible constant pressure heat rejection as the sieam condenses till it becomes
saturated liquid, and for the pump, the ideat process would be the reversible
adiabatic compression of this hquid ending at the initiai pressure. When all these
four processes are ideal, the ¢ycle is an ideal cycle, called a Rankine cycle. This
is a reversible cycle. Figure 12.4 shows the Aow diagram of the Rankine cycie,
and in Fig. 12.5, the cycle has been piotied on the p-t, T—s, and k-5 planes. The
numbers on the plots comespond to the numbers on the flow diagram. For any
given pressure, the stenn approaching the turbine may be dry saturated {state 1)
wet (state 1), or supetheated (smte1’”), but the fluid approaching the pump s, in
each case, saturated liquid (stre 3}, Steam ¢xpands reversibly and adiabiatically
in Lhe furbine from state 1 tostate 2 {or 1’ to 2°, or 1" t0 2"}, the steam lcaving the
turbine condenses ta water in the condenser reversibly at constant pressure from
giate 2 {or 2', or 2”) to state 3, the water at stale 3 is then pumped to the boiler at
state 4 reversibly and adiabatically, and the water is heated in the boiler to form
sleam reversibly at constant pressure from swte 4 to state 1 (or 170r 1"},

L W]

Boller Turbine
[+2 T -
_G ) (2

Condenger M2

1 -
= =
: -‘;:?Tj . Codling waler
() ’7 > Yo
r,
- Pamp ™ e

4)
T'f‘

Flg. 124 A nimple steam plant

For purposes of analysis the Rankine cycle is assumed to be camied out in &
steady flow operation. Applying the steady flow energy equation to each of the
processes on the basis of unit mass of fluid, and neglecting changes in kinetic and
potentiai energy, Lhe work and heat quantities can be evaluated in lerms of the
properties of the Nuid.
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Fig. 12.5 Rankire cyele on p-», T-s and h-s diggrems

For 1 kg fluid
The 5.F.E.E. for the boiler (control volume) gives
hytQy=hy
- O1=h - A,
The 5.F.E.E. for the turbipe as the control yolume gives
; hy=Wr+h
Wy=h -h
Similarly. the §5.F E,E. for the condenser is
hy=0;+hy
o O,=h—hy
and the S.F.E.E. for the pump gives
hy+ WP hy
. =h,- hy
The efficiency of the Rﬂnlnne cycle is then given by
geHo _Fo =W _ (b =ho) = (hi =)

2 @ =y

(12.2)

(12.3)

(12.4)

(12.5)

{12.6}
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The pumnp handles liquid water which is incompr  ble, i.e., its density or
cific volume undergoes little change with incresse  ressure. For reversible
ibatic compression, by the use of the general prop relation

Tdr=dh-vdp; dr=0

and & Hp
Since change in specific volume is negligible
A =v Ap
h-hy=v0-p)
If o is in m%kg and p is in bar
hy = hy = 03(p) - py) x 10° Jikg (12.7)
¢ work ratio is defined as the ratio of net work output to positive work output.
work mtio = L% = -
Br Br

Usually, the pump work is quite small compare:  the turbine work m s
sometimes neglected. Then A, = k,, and the cycl  ficiency approximately
becomes

h—hk
-k,
The efficiency of the Rankine eycle is presented | iically in the I-s plot in
Fig. 12.6. Thus {2, is proportional to area 1564, (0,1  portional to area 2563,
4 W, (=0, - Q) is proportional to area 1234 ¢ sed hy the cycle.

ns

1
“

// ”T’W 2

3 s 5

Fig. 12.6 @, W, and {; are properiional to qreas

L3

The capacity of a steam plant is ofien expressed in terme of stezm rate, which
is defined as the rate of steam flow (kg/h) required to produce unit shafl ocutput
{1 kW). Therefore

1 kg 1ki/s
W — W, kK 1kW
i kg 600 KJ

= B 12.8
W — W, kWs W, — W, kWh (128

Steam rate =
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The cycle efficiency is sometimes expressed alternatively as keat rate which
is the rate input ()} required to produce unit work output (1 kK'W)
36000 _ 3600 kJ
Wr —-Fp Ny kWh

3

From the equation W, = - J v dp, it is obvious that the reversible steady-flow

Heat ate = {12.9)

1
work is closely associated with the specilic volume of uid flowing through the
device. The larger the specific volume, the larger the reversible work produced or
consumed by the sieady-flow device. Therefore, every effort should be made to
keep the specific volume of a fluid 25 small as possible during a compression
process Lo minkmize the work input and as large as possible, during an expansion
process to maximize the work output.

In steam or gas power plants {(Chapter 13), the pressure rise in the pump or
compressor is equal {o Lhe pressure drop in the turbine if we negiect the pressure
losses in various other compoueots. In steam power plants, the pump handles
lignid, which has a very small specific volume, and the turbine handles vapour,
whoge specific volume is many rimes larger. Thercfore, the work output of the
turbine is much larger than the work input to the pump, This is one olthe reasons
for the overwhelming populsrity of steam power planis in eleciric power
gencralion.

If we were to compress the stearn exiting the wrbine back to the trbine inlet
pressure before cooling it first in the condenser in order 10 “save™ the heat
rejecied, we would have to supply all the work produced by Lhe turbine back to
the compressor. In reality, the required work input would be still greater than the
work output of the turbine because of the imeversibilities present in both
processcs (see Example 12.1).

123 Actual Vapour Cycle Processes

The processes of an actual cycle differ from those of the ideal cycle. In the actual
cycle conditions might be as indicated in Figs 12.7 anul 12.8, showing the various
losses. The thermal efficiency of the cycle is
W,
Ny = -

1]

where the work and heat quantities are the measured values for the actual cycle,
which are different from the corresponding quantities of the ideal cycle.

123.1 Piping losses

Pressure drop due to frictiou and heat loss to the surroundings are the rmost
imporiant piping losses. States 1" and 1{Fig. 12.8) represent the states of the steam
leaviog Lhe boiler and entering the turbine respectively, 1’ — 1" represents the
frictional losses, and 1”—1 shows the constent pressure heat loss to the
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Py<pg

7 o
- | Pump

g

(é.'.‘ /." ‘\ohl

Wy > (hy = g) > (g, — )
Fig. 12.7  Varicur lossrs in o sieam plant

{

— = X

Fig. 12.8  Fariour lawses on T-5 plot ‘

surroundimgs. Both the pressure drop and heat transfer reduce the avaiiability of
steam entering the surbine.

A similar loss is the pressure drop in the boiler and also in the pipetine from the
pump to the boiler. Due to this pressure drop, the water entering the boiler must
be pumped o a much higher pressure than the desired steam pressure leaving the
boiler, and requires additiona! pump work.

12.3.2 Turbine Losses

The losses inthe turbine are those associated with frictional effects and heat loss to

the swroundings, The steady flow energy equation for the turbine in Fig. 12.7 gives
Ay =hy+ Wt Qo

Wr=h -k - O (12,10}

For the reversible adiabatic expansion, the path will be §-2s. For an ordinary

real turbine the heat loss is small, and W, is &, - #,, with O, equal to zero. Since
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actual turbine work is less Lhan Lhe reversible ideal work output, A, is greater than
hz,. However, if there is heat loss to the surmmoundings, A, will decrease,
accompanied by a decrease in entropy. if the heat loss is large, the end state of
steam from Lhe turbine may be 2°. It may so happen that the entropy increase due
to frictional effecis just balances the enuopy decrease due to heat loss, with the
result that the initia! and final entropies of steam in the expansion process are
equal, but the expansion is neither adiabatic nor reversible. Except for very
small nurbines, heat lass from turbines is generally negligible. The iseptropic e[i-
ciency of the urbine is defined as

Wo _h-h

b=y =y
" where Wy is the actual turbine work, and (A, — 4;,) is the isentropic enthalpy drop
in the turbine {i.c., ideal output).

= (12.11)

12.3.3 Pump Lostes

The losses in the pump are similar to thoge of the wrhine, and are primanily due to
the imreversibilities associated with [uid friction. Heat wansfer iz usually
negligible. The pump efficiency is defined as

np = hh —".3 = h-ts - ".3 (12.12)

W, h—hy
where W; is the actual pump work.

1234 Condenser Losses

The osses in Lthe condenscr are usually small. These include the loss of pressure
aad the cooimg of condensate below the saturation temperature.

12.4 Comparison of Rankine and Carnot Cycles

Although the Camot cycle has the maximum possible efficiency for the given
lirnits of temperature, it is not suitable in steam power plants. Figure 12.9 shows
the Rankine and Camot cycles on the T—s disgram, The reversible adiabatic
expansion in the turbine, he conslam temperature heat rejection in the condenser,
and the reversible adiabatic compregsion in the pump, are similar characteristic
features of both the Rankine and Camot cycies, But whereas the heat addition
process in the Ranking cycle is reversible and at constant pressure, in the Camot
cycle it is reversible and isothermal. In Figs 12.9%¢a} and 12.9(c), (% is the same in
both the cycles, but since ) is more, Reyme is greater than Fyyepin.. The two
Camot cycles in Figs 12.9{a);and 12.9(b} have the same thermsl e[Ticiency.
Therefore, in Fig. 12.9(b} also, R¢amar ™ Mpankine- DUt the Carnot cycle cannot be
realized in practice because the pump work [in all the three cycles (a), (b}, and
()] is very large. Whereas in {a) and (c) it is impossible to add heat at infinite
pressures 2nd at constant temperature from state 4¢ (o state 1, in (h). it is difTicult
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to control the quaiity at 3¢, so that isentropic compression leads to a saturated
liquid state.

12.5 Mean Temperature of Heat Addition

In the Rankine cycle, heat is added reversibly at a constant pressure, but at infinite
ternperatures. If 7, is the mean temperature of heat addition, as shown in
Fig. i2.10, co that the area under 45 and | is equal ta the area under 5 and 6, then
beat added

Qi=h —hy=Tg (s, —5,)

-

T 5 w' - = Tmy

4s
3 Bl :\/"\T?

— g
Fig. 12.10 Mean trmperatuse of heat addition
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Ty =Mean r.cmp_craru.re of heat addition

= hl - h‘l
5p T Sy
Since (; = Heat rejected = k;, — &y
=T (s~ 5a)
) .==1_&=1___T2_(.f_|_:ﬁ*l
@ T (8. 845)
Maastine = 1 ~ —- ' (12.13)
Tml

where T} is the temperature of heat rejection, The lower is the T, fora given T,
the higher will be the efficiency of the Rankine cyele. But the lowest practicable
temerature of heat rejection is the temperature of the surroundings (Ty). This being
fixed, .
Npanine =S (T ) only (12.14)

The higher the mean temperature of heat addition, the higher will be the cycle
cificiency. ]

The effect of increasing the initial temperature at constant pressure on cycle
efliciency is shown in Fig. 12.11. When the initial state changes from [ to 17, T,
between 1 and 1° is higher than T, between 4s and 1. So an increase in the
superheat at constant pressure increases the mean temperature of heat addition
and hence the cycle efficiency.

/3 25 2%

— 5 _
Fig. 12.11  Effect of superheat om maan temperature of keat addition

The maximum temperature of steam that can be used is fired from
metatiurgical considerations (i.e., the materials used for the manufacture of the
components which are subjected to high-pressure, high-temperamre steam like
the superheaters, valves, pipelines, inlet stages of turbine, etc.). When the
maximum temperature is fixed, as the operating steam pressure at which heat is
added in the boiler increases from p, to p, (Fig. 12.12), the mean temperature of
heat addition increages, since T, between 7¢and 5 is higher than that between 4s
and 1. But when the mrbine inlet pressure increases fromp; to p;, the ideal expan-

ey
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sion line shifis to the leA and the moisture content at the turbine exhaust increases
(because x,; < x5). If the moisture content of steamn in the laer stages of the .
turbine is higher, the entrained water particles along with the vapour coming out
from the nozzles with high velocity strike the blades and erode their surfaces, as
a result of which the longevity of the blades decreases. From a considemation of
the erosion of blades in ihe later stages of the turbine, the maximum moisture
cantent at the turbine exhaust is not allowed to exceed 15%, or the quality to fall
belaw 85%. It is desirable that most of the wrbine expansion should ke place in
the single phase or vapour region.

51
. l Tm
/Fﬁt\“‘ ;! !
S J /
R
; \\\ "y,
78,7V N
481/' ' \‘J' ’ T
-3 N 6528 . F
- '-*&ju\‘
— w3

Fig. 12,12 Effect of increase of precsure on Ranking oycls

Therefore, with the maximum steam temperature at the turbine iniet, the
mibirnum lemperature of heat rejection, and the minimum quality of steam at the
turbine exhaust being fixed, the maximum steam pressure at the surbine inlet also
gets fixed (Fig. 12.13), The vertical line drawn from 2s, fixed by T, and x,,,
imersecs the T, line, fixed by material, at 1, which gives the maximum steam
pressure at the turbine inlet. The itreversibility in the expansion process has,
however, not been considered.

T

/3 28> N
gy, = 0.65

AV

5

Fig. 12,13 Fixing of exhaust quality, maximum lemperature and
maximgm presnure in Rankine cycle
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12.6 Reheat Cycle

if a steam pressure higher than (g, )., (Fig- 12,13} is used, in order (o limit the
quality to 0.85 at the turbine exhaust, reheat has to be adopted. In that case all the
steam afier partial expansion in the turbine is brought back to the boiler, reheated
by combustion gases and then fed back to the turbiing for further expansion, The
flow, -5, and A—s diagrams for the ideal Rankine cycle swith reheat are shown in
Fig. 12.14. In the reheat cycle he ¢xpansion of steamn from the initial siate ) to
the coodenser pressure is carried ont in two or more steps, depending upon the
number of reheats used. In the first siep, steam expands in the high pressure (H.P.)
turbine from the initial state to approxirately the samrated vapour lioe
(process 1-2s in Fig, 12.14), The sieam is then resuperbealed (or reheated) at
constant pressure in the boiler (process 25-3) and the remaining expansion
(process 3—dx) is carried out in the Jow pressure (L.P.) turbine. In the case of use
of two reheats, steam is resuperheated twice at two di{Terent constant pressures.
To protect the reheater tubes, stéam is vot allowed to expand deep info the two-
phase region before it is taken for reheating, because in that case the moisture
particles in steam while evaporating would leave behind solid deposits in the
form of scale which is difficult to remove. Also, a low reheat pressure may bring
down T, and hence, cycle efficiency. Again, a high reheat pressure increases the
moisture content at turbine exhaust. Thus, the reheat presswre is optimized. The
optimum reheal pressure for most of the modem power plants is about 0.2 to .25
of the initial steam pressure. For the cycle in Fig. 12.14, for | kg of steam

O =hy — hg + 1y — by,

02 =hys - by
Br=h —hyths-hy,
WP:ba'ks
n= n{r_”rr =(hl_h):+k3_h4l)_(h&_h5) (12.15)
& by =R, + By — by,
600
Steam rate = ka/kWh (12.16)
Chy = Byy +hy — Ry ) — (kg — Bi5) ok
where enthalpy is in kJ/kg.

Since higher pressutes are used in a reheat cycle, pump work may be
appreciable.

Had the high pressure p; beeo used without reheat, the ideal Rankine cycle
wonld have been 1-d’s—5—&s. Wilh the use of reheat, the area 2s—3-4s5—4's has
been added to the bagic cycle. Tt is obvious that net work cutput of the plant
inereases wilh reheat, because (hy — A,) is greater than (h,, - h,’,). and hence the
sieam rate decreases. Whether the cycle efficiency improves with reheat depends
upon whether the mean temperature of heat addition in process 25-3 is kigher
than the mean temperature of heat addition in process &s—{. Ln practice, the use of
rehieat only gives a marginal increase in cycle elficiency, but it increnses Lthe net
wark ontput by making possible the use of higher pressures, keeping the quality
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of steam at turbine exhaust within a permissible limit, The guality improves from
Xy 10 X, by the use of rebeat.

By increasing the number of reheats, still higher steamn pressures could be used,
but the mechanical stresses increase at a higher proportion than the increase in
pressure, because of the prevailing high temperature. The cast and fabrication
difficulties will also increasc. In that way, the maximum steam pressure gers
fixed, and more than two reheals have not yet been used so far.

In Fig. 12.14, only ideal processes have been considered. The irreversihilities
in the expansion and compression processes have been considered in the example
given later.

12.7 1deal Regenerative Cycle

1n order to increase the mean temperature of heat addition (7, ), adention was so
far confined io increasing the amount of heat supplied at high temperatures, such
as increasing superheat, using higher pressure and temperature of sicam, and
using reheat. The mean temperature of heat addition can zlso be increased by
decrensiug the amount of heat added at low iemperatures. In a saturated steam
Rankine cycle (Fig. 12.15), a considerable pant of the total heat supplied is in the
liquid phasc when hcating up water from 4 o 4, at a temperature lower than T,
the maximum temperature of the cycle. For maximum efficiency, all heat should -
be supplied at T, and fecdwater should enter the boiler at state 4°. This may be
ac¢omplisbed in what is kmown as an idcal regencrative cycle, the flow diagram
of which is shown in Fig. 12.16 and the corresponding T—s diegram in Fig. 12.17.

—

4

/3 2

—= 5

Flg. 12.15  Simple Rankine Cyele

The unique feature of the ideal regenerative cycle is that the condensate, after
leaving the pump circulates around the turbine casing, counterflow to the direction
of vapour Mow iu the wrbme (Fig. 12.16). Thus, it is possible to ransfer heat
from the vapaur as it flows through the turbine to the liquid flowing around the
turbine, Let us pssurne that 1his is e reversible heat transfer, i.e., at each point the
tetnperature of the vapour is only infinitesimally higher thau the temperature of
the liquid. The process 1-2' (Fig. 12.17) thus rcpresents reversible expansion of
steam in the turbine with reversible heat rejection. For any small step in the
praeess of heating Lhe water, ’
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or =y T3y — 5
& 5

The efficiency of Lhe ideal regenerative cycle is thus equal io the Camoi cycle
efficiency.
Writing the steady flow energy equation for the turbine
by~ Fr—hp+h—he=0
or W= (h, - hy)— (he~hQ (12.17)
The pump work remains the same as in the Rankine cycle, i.e.
WP = A4 - h3
The net work cutput of the ideal regenerative cycle is thus less, and hence its
sleam rate will be more, although it is more efficient, when compared with the
Rarkine cycle. However, the cycle is not practicable for the following reasons:
{a) Reversible heat lransfer cannot be obtained in finite time.
(b) Heat exchanger in the turbine is mechanically impracticable,
{¢) The moisture contept of the steam in the turbine will be high.

12.8 Regenerative Cycle

In the practical regenerative cycle, the feedwater enters the boiler at a ternperature
between 4 and 4" (Fig. 12.17), and it is heated by swam extracted from
intermediate stages of the turbine. The flow diagram of the regenerative cycle
with saturated stearn at the inlet to the turbine, and the corresponding s diagram
are shown in Figs 12.18 and 12.19 respectvely. For every kg of steam entering
the turbing, letm, kg steam be exiracted from an intermediate stage of the turbine
where the pressure is p;, and it is used to beat up feedwater [(1 -m,) kg at state B]
by mixing in heatep.1. The remaining (1 — m;) kg of steamn then expands in the
furbine from pressure p, {state 2} to pressure p, (state 3) when 7, kg of steam is
extracted for heating feedwater in heater 2. So {§ ~ m, — m,) kg of steam then
expands in the remaining stages of the turbine to pressure py, gets condensed into
water in the condenser, and then pumped to heater 2, where it mixes withm, kg of
siecam extracled at pressure py. Then (1 — m,) kg of water is pumped to heater 1
wherte it mixes withm, kg of steam extracted at pressurep,. The resulting 1 kg of
gteam is then pumped to Lhe boiler where heat from an external source is supplied.
Heaters 1 and 2 thus operate at pressures p, and py respeclively. The amounts of
steam m; and m, extracted from the rurbine are such that at the exit from cach of
the haaters, the state is saturaled liquid at the respective pressures. The heat and
work transfer guantities of the cycle are

We=1(k-hy} +{L—m)(hy~h)+(1—m ~my) (s~ hy) kitkg (12.18)
WP= Wp] + ””n"' Wp3
=(l-m—my) (hg— k) + (1 —m) (hg — ) + 1 (by— ho) ki/kg (12.19)
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G, =1(h - M) klkg (12.20)
Q5= (1 —m, — ), (ks — ) Kiikg {12.21}
Cycle efficiency, n= =
& &
3600
St te = ———— kg/kWh
eam ra P gk

the Rankine cycle operating at he given pressures, p; and p,, the heat
a 'on would have been from state & to state 1. By using two stages of
e emtive feedwater heating, feedwater enters the boiler at state 10, instead of
state 6, and heat addition is, therefore, from state 10 1o state 1. Therefore

h —h
(Tmllm‘rh repcneration =L {12.22)
31~ S
-
a (Tm|)wmwm regeneration = hu 12.23)
5~ %

Since (Tml)r'llh regencration > (Tml)wiﬂun regeneeal
the efficiency of the regenerative cycle will be higher 1 Lbat of ihe Rankine
cycle.

The energy batance for heater 2 gives
mlh2 +(1- ml)hs = ll‘lg

Pt
1kg il

o
Q Batler Ganeraior
=1 \"'"‘//

-4
Pump3 £ —_Pump2
Fig. 12.18  Regmerative cpclt flow disgram with oo fexduwater heaters
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Fig. 12.19 (o) Regensrative cycle on T-5 plot with decreasing ma of fluid
{b) Regenerative cycle an T-s plot frr unit mass of fluid

Ak

m (12.24)
Lk
The energy balance for heater 1 gives
mahy + (1 —m — myhg = (1 —m )k,
or my=(1-m) "'T :ﬁ (12.25)
= flg

From Eqs (12.24) snd (12.25), m, and m, can be evaluated. Equations (12.24)
and (12.25) can also be written alternatively as
(1= my) (g — hg) = my (B — hy)
(1—my~my) (hy - hg)=my (- hp)
Energy gain of feedwater = Encrgy given off by vapour in condensation

Henters have been assumed to be adequately insulated, and there is no beat gain
from, or heat loss to, the surroundings.
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Path 1-2-3-4 in Fig. 12.19 represents the states of a decreasing mass of.
fluid. For 1 kg of steam, the states would be represented by the path [-2-3"-4",
From equation {12.18),

Wr=(h - h)+(1-m) (b= hg) + (L —-m —m,} (hy - k)

=(hy — hg) + (By — hy) + (By — By) (12.26)
where (1—m)(hy~ b3} =1 (hy — hy) {12.27)
(1—m—my) (hy— by =1 (hy-— Dy (12.28)

The cycle 1-2-2°-3"-3"-4"-5-6-7-8--9-10-1 represents 1 kg of working
{luid. The heat released by stcam condensing from 2 to 2’ ntilized in heating up
the water from 810 9.

Hiy — By = LAy — hy) (12.29)
Similarly

1hy ~ Ay} = LRy — ) (12.30)

From equations {12.26), {12.2%) and (12.30)

Wp = = hy) — (hy— Ry} — By — hy)

= (hy — hy) = (hy — hg) — (hy — he) (12.31)
The similarity of equations (12.17} and (12.31) can be noticed. It is seen that
the stepped cycle 1-2'- 3°-4"-5-6-7-8-9-10 approximates Lhe ideal regenera-
tive cycle in Fig. §12.17, and that a greater number of stages would give a closer

approximation (Fig. 12.20). Thus the heating of fecdwater by stcam ‘bled” from
the turbine, kmown as regeneration, carnotizes the Rankine cycle,

Fig. 12.20 Regencrative cycle with mary siages of feedwater heating

The heat rejected 0, in the cycle decreases from (k, — ks) to (A, —hi5). There is
also loss in work output by the amount (Area under 2-2’ + Area under 3 "-3"-
Area under 4—4), as shown by the hatched area in Fig. 12.19(b). So the steam -
rate increases by regeneration, i.e.. more steam has to circulate per hour to
produce unit shaft output,

The enthalpy-entropy diagram of a regencrative cycle is shown in Fig. 12.21.
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Fig. 1223  T~s diagram of rekeat-regenerative cyels

Q)= (& - ;) T (1 - my) (hy ~ Ay) Kk

and

@y =(1-m -y —p3) (hy — hy) Ki/kg
The energy balances of heaters 1, 2, and 3 give

myby (L —mp =13k,

pohs + (1~ my — gy = (1 - mdhy,
Mk + (1~ my—my— mydhy = (1 — a1y — mphyg

from which m |, m;, and m, can be evaluated.

12.10 Feedwater Heaters

Feedwater heaters are of two types, viz., open heaters-and closed heaters. In an
open at conlact-rype heater, the exiracted or bled steam is allowed to mix with
feedwaler, and both leave the heater at a common temperature, as shown in
Figs 12.18 and 12.22. In a closed heater, the fluids are kept separate, and not
allowed 10 mix together {Fig. 12.24). The feedwater flows through the tubes in
the heater and the extracted steam condenses on the oulside of the tubes in the
shell. The heat released by condensation is uansfermred to the feedwater through
the walls of Lthe tubes. The condensate (saturated water at the sleam extraction
pressure), someiimes called the heater-drip, Lhen passes through a tap into the
next lower pressure heater. This, to some extent, reduces the steam required by
that heater. The trap passes only liquid and no vaponr, The drip from the jowest
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The advaniages of the open heater are simplicity, lower cost, and high heat
iransfer capacity. The disadvantage is the necessity of 4 pump at each heater to
handle the large fecdwater stream.

A closed heater sysiem requires anly a single pump for the main feedwater
streain tegardless of the nunber of heaters. The drip pump, if used, is relatively
small, Closed heaters arc costly and may not give as high a feedwater temperature
as do open heaters. In most steain power planis, closed heaters are favoured, but
at least one open heater is used, primarily for the purpose of feedwater deaeration.
The open heater in such a system is called the deaeraror.

The higher the munber of heaters used, the higher will be the eycle elTicicncy.,
If # heaters are used, the greatest gain in efficiency occurs when the overall
iemperalure rise is about #/(r + 1) times the difference between the condenser
and bojler saturation lemperatures. {See Anafvsis of Engineering Cyclesby R'W.
Haywood, Pergamon Press, 1973).

IE (AN = Poonter sat — Peona 80 {ANg, = temperature rise of feedwater it is seen
that.

n=0, (Afg =0
- =1
n=1, (A= 3 (A1) L‘
2 * I -- Gain= —é*(ﬁt}o

=2, {(Ahg= % (A}, J | 1
. 3 — Gain= 77 {a
n=3 (A= g @ |

— Gain= L
ned (A= A (an [ Gain= 26 (4%
Since the eyele efMiciency is propertional to (Af), the efficiency gaip follows

the law of diminishing return with the increase in the aumber of healers. The
greatest increment in efficiency occurs by the use of the fiest heater
(Fig. 12.26). The incrcments for each additional heater thereafter successively
diminish. The number of heaters is fixed up by the eoergy balanee of the whole
plant when it is found that the cost of adding another does not justify the saving in
{y or the marginal increase in cycle efficieney. An increase in feedwater
temperature may, in some cases, cause a reduction in boiler efficiency. So the
nutnber of heaters gets optimized. Five points of extraction are ofien used in
practice. Some cycles use as many as nine,

92.11 Exergy Analysis of Vapour Power Cycles

Let the heating for steam generation in the boiler unit is provided by a stream of
hot gases produced by bumning of a fuel (Fig. 12.27). The distribution of input
energy is showa in the Sankey diagram (2,27 (b) which indicates that only about
30% of the input energy to the simple ideal plant is converted 1o shafl work and
about 60% is lost to the condenset, The exergy analysis, however, gives a
different distribution as diseussed below.

Assuming that the hot gases are at atmospheric pressure, the exergy inpint is






Vapour Porver Cycles — 481

Net exergy input rate in the steam generation process:
al[ = afl - afz ]
The exergy utitization rate in the steam generator is:

ag, = w, [(hy = b1~ Tols, — 5]
Rate of exergy loss in the steam generator:
I= ag—adr,
The useful mechanical power output:
= Woe = We[(hy — B - (hy - h3)]
Exergy low rate of the wet sicam to the condenser:
ag, = w [(h - h3) - To(s; — 53)]

Second law efficiency, =

Exergy Mlow or Grassmann diageam is shown in Fig. 12.27 {¢). The energy
Aisposition diagram (b} shows that the major energy loss {(~&0%) takes place in
the condenser, This energy rejection, however, oceurs at a temperature close to
the embient temperature, and, therefore, corresponds to a very low exergy value
(~4%). The major cxergy destruction due to irmeversibilities takes place in the
steam generation. T'o improve the performance of the steam plant the [inite squrce
temnperatures must be closer to the working fluid temperanires to reduce thermal

. irreversibility.

"12.12 Characteristics of an Ideal Working Fluid in
Vapour Power Cycles

There are certain drawbacks with steam as the working substance in e power
cycle. The maximum temperature that can be used in sieam cycles consistent with
the best available material is about 600°C, while the critical temperature of steam
is 375°C, which necessitales large superheating and permits the addition of only
an infinitesimal amount of heat at the highest lemperature.

High moisture content is involved in going 1o higher steam presaures in order
to obtain higher mean temperature of heat addition {7, ;). The use of reheat is thus
necessitated. Since reheater ubes are costly, the use of more than two reheats is
hardly recommended. Also, as pressure increases, the metal stresses increase,
and the thicknesses of the walls of boiler drums, tubes, pipe lines, etc., increase
oot in proporiion to pressure increase, but much faster, because of the prevalence
of high tamperature,

It may be noted that high T,,,, is only desired {or high cycle efficiency. High
pressures are only forced by the characteristics {weak) of sicam.

If the lower limit is now considered, it is seen that at the heat rejection
temperature of 40°C, the saturation pressnre of sieam is 0.075 bar, which is
conziderably lower than atmospheric pressure, The temperzture of heat rejectiont
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can be still lowered by using some refrigerant as a cootart in the condenser. The
correspoading vacuum will be still higher, and to maintain such Jow vacuum in
the condenser is a big problem.

It iz the low temperature of heat rejection that is of real interesi. The necessity
of a vacuum is a disagreeable cheracteristic of steam,

The saturated vapour line in the T-s diagram of steam is sulTiciently inclined,
so that when steam is expanded to lower pressutes (for higher turbine output as
well as cycle elliciency), it involves more meisture content, which is oot desired
from the consideration of the erosion of turbine blades in later stages.

The desirable characteristies of the working [luid i a vapour power cycle to
obtain best thermal efTiciency are given below.

(a) The Nuid should have a high critical temperature so that the satvration
pressure at the maxinmum permissible temnperature (metailurgical limit) is
relatively low. It should have a large enthalpy of evaporation at that
pressure,

{(b) The saturation pressure at the temperature of heat rejection should be
above atmospheric pressure 50 as to avoid the necessity of maintaining
vacuum in the condenser.

{¢) The specilic heat of liquid should be small so that little heat transfer is

required to raise the tiqnid to the boiling point.

The saturated vapour line of the T—s diagram should be steep, very close 1o

the wrbine expansion pracess so that excessive moistnre does not appear

during expansion.

{c) The freezing point of the fluid should be below room emperature, 5o that
it does not get solidified while lowing through the pipelines.

{D) The luid should be chemically srable and should not eonlaminate the
materials of construction at any temperature.

(z) The Nuid should be nontoxic, noncerrosive, not excessively viscous, and
low in cosl.

(d

The characteristics of such an ideal fluid are approximated in the 7-s diagram
as shown in Fig. 12.28. Some superheat is desired to reduce piping losses and

1
- 650°C
10 var
20°C | ----
-
H
4 1.8 bar
40°C - 2
I \
s

Fig. 1228 T-s diagram of an ideal working fluid for a vapour power cycle
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improve turbine efficiency. The thermal efficiency of the cycle is very close to the
Camot efficiency.

12.13 Binary Vapour Cycles

No single Auid can meet all the requirements as mentioned above. Although in the
overall evaluation, water is better than any other working Nuid, however, in the
tigh temperature ranpe, there are a few better fluids, and notable among Lthem are
(a) diphenyl ether, (CH}, O, (b} aluminium bromide, Al.Brg, and {c) mercury
and other liquid metals like sodium or petassium. From among these, only
mercury has actually been used in practice. Diphenyl cther could be considered,
but it has not yet been used because, like most organic substances, it decomposes
gradually at high temperatores. Aluminium bromide is a possibility and yet (o be
constdercd. .

When p = 12 bar, the saturation temperature for water, aluminium bromide,
and mercury are 187°C, 482.5°C, and 560°C respectively. Mercury is thus a
better Quid in the higher temperature range, becausc at high icmperature, its
vaporization pressure is relatively low, Its critical pressure and temperature are
1080 bar and 1460°C respectively.

But in the low temperature range, mercury is unsuitable, because ils satoration
pressure becomes exceedingly low and it would be impractical to mainlain such a
high vacuum in the condenser, At 30°C, the saturation pressure of mercury is only
2.7 % 10~* om Heg. Its specific volume at such a low pressure is very large, and it
would be dilTicult to accommodate such a large volume low.

For this reason, mercury vapour leaving the mercury turhine is condensed at a
higher temperature, and the heat released during the condensation of mercury is
utilized in evaporating water to form sleam to operate on a conventional turbine.

Thus in the binary {or two-fluid) cycle, two cycles with dilferent working
fluids are coupled in series, the heat rejected by one being utilized in the other.

The flow diagram of mercury-steam binary cycle and the corresponding T
diegram are given in Figs 12.29 and 12.30 respectively. The mercury cycle,
a-b—c~d., is a simple Rankine type of cycle using saturated vapour, Heat is
supplicd to the mercury in process d-a. The mercury expands in a turbine
{processa—b) and is then condensed in process b, The feed pump process, c—d,
completesthecycle.

The heat rejecled by mercury during condensation is transferred to boil water
and form saturated vapour {process 5—6). The saturated vapour is heated from the
extemal source (furnace) in the superheater {process 6-1). Superheated steam
expands in the turbine (process 1-2) and is then condensed (process 2-3). The
feedwater (condcnsate} is then pumped (process 3—-4), healed till it is saturated
liquid in the economizer (process 4-5) before going to the mercury condenser-
steam boiler, where the latent heat is absorbed. In an actual plant the steam cyele
is always a regencrative cycle, but for the sake of simplicity, this complication
has been omitied.

Let m represent the Mow rate of the mercury in the mercury eycle per kg of
steam circulating in the steam cycle. Then for 1 kg of steam
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Fig. 1230 Mercury-sicam binary cycls

@y =m(h,—hg) + (h — hg + (hs— hy)
Oz=h—hy
Wy = m(h, — By} + (hy — Ay
Wy = mlhg—he) + (hy— hy)
A = 0-0 _Mm-W
R 2
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and steam rate = L“:V kg/kWh

T P

The energy balence of the mercury condenser-steam boiler gives

mihy, = he) = hg — Ay
ke = ks
m % — A, kg He/kg H,O

To vaporize one kg of water, seven to eight kg of mercury must condense.

The addition of the mercury cycle 1o the steam cycle results in a marked
increage io the mean temperature of heat addisioo to the plani as a whole and
cansequently the e[ficiency is incrensed. The maximum pressuse is relaiively low.

It may be interesting to note that the concept of the binary vapour eycle evolved
from the need of improving the efficicocy of the reciprocating stearn engine. When
steam expands up to, say, atmospheric temperature, the resultant volume fow
rate of sicam becomes too large for the steam engine cylinder to sccommodate. So
mosi of the early steam engines are found to be non-condensing. The binary cycle
with steam in the high temperature and ammonia or sulphur dioxide in the low
temperature range, was first suggested by Professor Josse of Germany in the
middle oT the nineteenth century. Steam exhausted from the engine at a relatively
higher pressure and temperature was used o evaporate ammonia or sulphur
dioxide which operated on another cycle. But with the progress in steam turbioe
desigm, such a cycle was found to be of not muck utility, since modern turbines
can cope efTicieatly with a large volume flow of steam.

The mercury-steam cycle Lias been in actual commercial use for more lhan
three decades, One such plant is the Schiller Station in the USA. But it has never
artained wide acceptance because therz has always been the possibility of
improving stcam cycles by increasing pressure and temperature, end by using
rebeat and regeneration. Over the above, mercury is expensive, limiled in snpply,
and highly Loxic.

The mercury-steam cycle represents the two-[uid cycies. The mercury cycle is
catled the topping cyele and the steam cycle is called the boftoming cycle. If a
suiphur dioxide cycle is added 1o it in the low temperature range, so that the heat
telensed during the condensation of steam is utilized in forming sulphur dioxide
vapour which expands in another turbine, then the mercury-steam-suiphur dioxide
cycle is a three-fluid or teriary cycle. Similazly, other liquid melals, apart from .
mercury, like sodium or potassium, may be considered for a working fluid in the
topping cycle. Apant from 80, other refrigerants (ammonia, freons, etc.} may be
considered as working [luids for the bottoming cycle.

Since the possibilities of improving steam cycles are dimivishing, and the
incentives to reduce fuel cost are very much increasing, coupled cycies, like the
mercury-steam cycle, may receive more favourable consideration in the near
future.
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12.14 Thermodynamics of Coupled Cycles

If two cyeles are coupled in series where heat lost by one {s absorbed by the other
(Fig. 12.31), as in the mercury-sicam binary cycle, let 7, and 7, be the
efficiencies of the topping and bottom cycles respectively, and i be the overall
elficiency ol the combined cycle.

A(“‘"'
| Tz

&
r o
Boitom : 4G
cyde +
(L
Fig. 1231 Two sapour cycler coupled in seriss
or =1 -n)and @y = Os(l - 1y)
1 B o,0-n)
Now p=1-==1-
G o
o @u-na-m)
G
=l-{t-m){1-ny
1f there arer cycles coupled in series, the overali efficiency would be given by
L
n=1- H|“ -
i=
ie. p=1-(-n)(t-n) (- Fh) (l—ﬂn

or l-n=(1-g}(1-n)(1-n5)...(L—ny).
y Toul lass = Product of losses in all the cycles.
For two cycles coupled in series
R=1-(1-m)(-ny
=l-(1-m-nm+mn)
=+ h-mn
or n=Emti-mm
This shows that the overall efficiency of two cycles coupled in series equals
the sum of the individual efficiencies minus their product.
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By combining two cycles in series, even if individual efficiencies are low, it is
possible to have a fairly high combined efficiency, which cannot be attained by a
single cycle.

For example, if 1, =0.50 and 13, = 0.40
n1=05+04-05%x04=070

It is almost impossible to achieve such a high efficiency in a single cycle.

12.15 Process Heat and By-Product Power

There are several industries, such as paper mills, textile mills, chemical factories,
dying plants, rubber manufacturing plants, sugar factories, etc., where saturated
steam at the desired teinperature is required for heating, drying, ete. For constant
ternperature hearing {or drying}, steam is a very good medivm, since isothermal
condition can be maintained by allowing saturated steam to condense at that
temperature and utilizing the latent heat released for heating purposes. Apan from
the process heal, the factory also needs power to drive various machines, for
lighting, and for ather purposes.

Formerly it was the practice 1o generate steam for power purposes at a
moderate pressure and {o generate sepamtaly saturated sieam for process work at
a pressure which gave the desived heating temperature. Having two separate units
for process heat and power is wasteful, for of the total heat supplied to the steam
for power purposes, a greaier part will normally be carried away by the cooling
water in the condenser.

By modifying the initial stearn pressure and exhaust pressure, it is possible o
penerale the required power and make available for process wark the required
quantity of exhaust steamn at the desired temperature. In Fig. 12.32, the exhaust
steam from the mrbine is utilized for process heating, the process heater replacing
the condenser of the ordinary Rankine cycle. The pressure at exhaust from the

Fig. 1232  Back pressure turbine
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Fig. 1233 B]hprm{ud fromer cyele

turbine is the saturation pressnre corresponding to the lemperature desired in the
process beater. Such a turbine is called a back pressure turbine. A plant produc-
ing both power and process heat is sometimes known as a cogeneraiion plant,
When the process steam is the basic need, aud the power is produced incidentally
as a by-product, the cycle is sometimes cajled a by-product power eycie.
Figure 12.33 shows the T-s plot oF snch a cycle. If Wy is the turbine ouput in kW,
{0y, the proeess heat required in kJ/h, and w is the steam flow rate in kg/h

Wy x 3600 = wif; — hy)

and wihy — by} =0y
G
Ko x 3600 = —h
™ hz_h!(hl 1)
o 0, = X0 X (hy =h) oy

by —h
Of the tolal energy input ) (as heat) to the by-product cycle, . part of
it only is converted into shafl work {or electricity). The remaining energy
(0, - W), which would otherwise have been a waste, as in the Rankine cycie {by
the Second Law), is utilized as process heat.
Fraction of energy (0} utilized in the form of work (#7), and process heat
({4} in a by-preduct power cycle

_rt+dy
Q

Condenser loss, which 15 the biggest Joss in a steam plant, is here zero, and the
fraction of energy urilized is very high.

In many cases the power available from the back pressure wrbine through
which the whole of the heating steam flows is appreciably less than that required
in the factory. This may be due to relatively high back pressure, or smali heating
requirement, or bath. Pass-out rirbines are employed in these cases, where a
cermain quanlity of steam is continuously oxtracted for heating purposes at the
desired temperature and pressure. (Figs 12.34 and 12.35).
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Fig. i235 T- diagram of power and process heat plant

enthalpy. Accordingly, the work done by the turbine in imeversible adiabatic
expansion from | to 2 is

(Figrat = - Ay

Stearn (W, kg/h}
'Y e Blades [
o ’j o
Udyr ™ | Wy - Baarings

T

= | g[;!ﬂu P':r;;:a outpul

p
ENazzes T~ 1

Steam axhaust
Fig. 1236 Efficiencies in a steam turbine
|
| 1
= |

!

‘ 252

—F

Fig. 1237 /Intermol dfficiency of 2 steam turbine

This work is known as interral werk, since only the irreversibilities within the
flow passages of turbine are affecting the state of steam at the turbine exhaust.



Vapour Power Cycles !

Internal output = ldeal output — Friction and other Josses within the
turbine casing

1f w, is the steam Flow rate in kg/h
Internal output = w,(; ~ h,) kI/h
Ideal output = w, (A, — Ay kih
The internal efficiency of turbine is deﬂned as
Internal output _ M — h,
1deal output -k,
Work output available at the shaft is less 1.ha.|1 the intemal output because of

the external losses in the bearings, etc.
.. Brake output or shaft output

= Internal output - External losses
= Ideal output - [nternal and External losses
= (kW x 3600 kJ/h)
The brake efficiency of wrbine is defined as
_ Brake output
Morke = eal output
kW x 3600
wlh - k)
The mechanical efficiency of wrbine is defined as
_  Brake output
MTmecn = Internal output
_ kW x 3500
W (hl k)
Mhrake = Thinnermal ¥ Mepeck
While the internal efficiency takes info consideration the internal losses, and
the mechanical efficiency considers only the extemnal losses, the brake efficiency
1akes into account both the internal and external losses (with respect to turbine
casing).
The generator {or afternator) efficiency is delined as
_ Output at gencrator terminals
"~ Bruke output of turbine
The efficiency of the boiler is delined as
_ Energy utilized _ w.(h — h)
Moorer = Energy supplied  w,; xC.V.
where w;is the fuel burning rate in the boiler (kg/h) and C.V. is the calorific value

of the fuel (kl/kg), i.e., the heat energy releazed by the complete combustion of
unit mass of fuel.

Micternal =

Mgencrmor
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2
10 bar
T ®
z -
1bar
@7y 1
—— —

Fig. Ex. 12.1 Compression of steam isenfropically

Tds=dh-wdp =0
or vdp =dh
2 2
H’m=—J vdp=—_[ dh=h -k,
1 1
From steam wbles,
by = (h)ya = 2675.5 k/kg
5= (Ss);w =T.3509 k.]lrkg K= 5
For p= 10 bar = 1 MPa and 5 = 7.3594 ki/kg K, by interpolation
h; =3195.5 K/ke
W =26755-3195.5 =~ 520 kg
It is thus observed that compressing steam in vapour form would require over
500 times more work than compressing it in liquid form for the same pressure
rise,
Example 12.2 Sleam at 20 bar, 360°C is expanded in a steam turbine to (.08
bar. it then enters a condenses, where it is condensed to saturated liquid water.
The pump feeds back the water imo the boiler. (2) Assuming ideal processes, lind
per kg of steam the net work and the cycle efficiency, (b) If the turbine and the
pump have each 80% efliciency, find the percentapge reduction in the net work and
cycle efficiency.
Solution ~ The property values at different state points (Fig. Ex. 12.2) found from
the stearn tables are given below.,
Ay =31593kMkg 5, =69917T kg K
Ay =hy, = 173.88 id/kg 53 = 5, =0.5926 kg K
Argn = 2403.1 Kl/kg s, = 8.2287 kiikg K
Vi = 0.001008 mkg .. sy, = 7.6361 kirkg K
Now 5y =53, = 6.9917 = 5, + 13, S, = 0.5926 + x5 7.6361
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i

360°C

ds £z = 0.08 bar

. iy b
/ 3 23 2\
— 5
Fig. Ex. 122
. - 63991
* 75361

has = ey + T2y b, = 173.88 + 0.838 x 2403.1
=2187.68 ki/kg

=0.838

m’ kN

(@) Wy =hy—hy=vg, (py—pal = O.OOIOOBE x19.92 % IOOF
=2.008 kl/’kg

by, = 17589 kl/kg

Wr=h—hy
=3159.3-2187.68 =971.62 kl’kg '

Wi = Wr— Fp=969.61 kd/kg

o =h —h,=31593-175.89 Ans.

- =2983.41 kl/kg

Reyete = Poo _ K061 _ 335 or 32.5%
G 298141
) If TIp = 80%, and 1 = 80% Ans.

2.008
.= =251 kk
Fo08 &

W =0.8x971.62="777.3 kl/kg
W= Wr— Wp=7748 /g
. % Reduction in work output
_ 969617748
969.61
by =173.88+2.51=176.39 kl/kg
2, =3159.3 - 17639 = 2982.91 ki/kg
- _7748
Tercte = J982 91

x 100 =20.1% Ans.

=0.2597, or 25.97%
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. % Reduction in cycle efficiency
. 0325 -02597

x 100 =20.1% Ans,
0.325

Example 123 A cyclic sieam power planl is to be designed for a stcam
temperniure at turbine inlet of 360°C and an exhaust pressure of 0.08 bar. A Rer
isentropic expansion of steam in the turbine, the moisture eonient at the turbine
exhaust is 0ot to exceed 15%. Determine the greatest aliowable steam pressure at
the turbine inlet, and calculate the Rankine cycle efficiency for these steam
conditions. Estimate also the mean temperature of heat addition.

Sofution  As state 25 (Fig. Ex. 12,3}, the quality and pressure are known.

=
A
|
1
Fg. Ex 123
Sy, = 8¢+ X3, 5 = 0.5926 + 0.85 (8.2287 - 0.5926)
=7.0833klkg K
Since 5] = 5q4

s, =7.0833 kIrkg K

Atstate 1, the temperature and entropy are thus known. At360°C, s, = 5.0526
k¥fkg K, which is less than s,. So from the table of superhcated steam, at
¢, =360°C and 5, = 7.0833 kJ/kg K. the pressure is found ta be 16.832 bar (by
mtcrpolanon)

~. The greatest allowable steam pressure is
p1= 16832 bar Ans,
k, = 3165.54 kJ/kg
kg, = 17388 + 0.85 % 2403.1 = 2216.52 kd/kg
ky=173.88 kg
by —hy=0.001 X (16.83 -0.08) x 100 = 1,675 kg

Ay, = 175,56 Kikg

Q=% —h,, =3165.54-175.56
= 2990 kl/kg
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Wy = by~ hy, = 3165.54 - 2216.52 = 949 kl/kg
Wy = 1.675 Wig

—_ W _ 247.32
ok g T 2990
Mean temperature of heat addition

_h-hy - 2090
' s, -3,  7.0833-0.5926
= 460.66 K = 187.51°C.

Example 124 A steam power station uses the following cycle:

Steamn at boiler ontlet—150 bar, 550°C

Reheat at 40 bar to 550°C

Condenser at 0.1 bar,

Using the Mollier chart and assuming ideal processes, find the (a) quality at
turbine exhaust, (b) cycle efficiency, and (c) steamn rate,
Solution The property values at different siates (Fig. Ex. 12.4) are read from
the Mollier chart,

=0.3168 or 31.68% Ans,

Tn

Fig. Bx. 12.4

ky = 3465, hy, = 3065, hy = 3565,
hys = 2300 kJ/kg x,, = 0.88, Ay(steamn table) = 191.83 k/kg
Quality at turbine exhaust = 0.88 Ans. (a)
Wp=0Ap=10"x 150 x 10* = 15 kitkg
o = 206.83 kg
Q= Un — by + (s — )
= (3465 — 206.83) + (3565 — 3065) = 3758.17 K/kg
Wr=(h —hy) + ks~ hyy)
= (3465 ~ 3065) + (3565 — 2300) = 1665 Wrikg
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W__ =W - Wp=1665- |5 = 1650 kirkg
W _ 1650
= o 0L = 0.4390, or 43.9% Ans. (b
Tevele ™ =5 ™ = 373817 orase s. (0)
3600
St te= 22— =2 18 kp/kW h Ans,
eam ra 1650 B kek ns, (c)

Example 125 In a single-heater regenerative cycle the steamn enters the turbine
at 30 bar, 400°C and the exhaust pressure is 0,10 bar, The feedwater heater is a
direct-comact type which operutes at 5 bar. Find () th  Ticiency and the steam
tate of the cycle and (b) the iocrease in mean temperature of heat addition,
efficiency and steam rate, as compared to the Ranki  cycle (without regen-
eration}, Neglect pump worlk.

Salytion  Figure Ex. 12.5 gives the flow, Ts5, andh—s  yrams. From the steam
es, the property values at various states have been oprained.

h =3230.9 kikg
30 bar 400°C

/4 _(-mk 3 T o
—— 5 —3
(o} fc)

Fig. Ex. 12.5
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5 =69212K1kg K =3, =1,
5gat 3 bar =6.8213 kikg K

Since 5, > 5, the state 2 must lie in the superheated region. From the table for
superheated steam ; = 172°C, A, = 2796 kl/kg

53 = 69212 = 57q jpur + X33 5140, 1bar

— 0.6493 + x,7.5009
xy= 8219 _ 6836
7.5009

ky=191.83 +0.836 x 2392.8 =2192.2 kl/kg
Since pump waork is neglected
A, =191.83 kkg=h,
ke =640.23 kVkg =k,
Energy balance for the heater gives
mi(hy — hg) = {1 — ) (hg — k)
m(2796 — 640.23) = (1 — m) (640.23 - 191.83)
215577 m = 5484 - 5484 m

- 484
me s~ 0203 ke

Wy =(k —h) + (1 —m) (hy - k3)
=(3230.9 - 2796) + 0,797 (2796 - 2192.2)
=916.13 kg
0, = by -k, = 3230.9 — 640,23 = 2590.67 k)/kg
916.13

ycle = 5590 67 ={.3536, or 35.36% Ans. ()

3600
=3.93 kg/kW b Ans,
91613 ok - - (2)

rooh-h _ 255067
Mg —s,  6.9212-13607

=238.8°C

b —h,

§1 — 84

__3039.07

" 69212 - 0.6493

=48455K

=2114°C

Increase in T, due to regeneration = 238.8 - 211.4=27.4°C Ans. (b)

Steam rate =

=511.95K

T, (without regenemation) =
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W, (without regeneration) = A, — A,
=3230.9-2192.2 = 1038.7 kl/kg

Steam rate (without regeneration)} = 3600
1038.7

.~ Increase in steam rate due to regeneration
=3931-346=047 kg/kW h - Ans. (b)
hy —hy _, 10387
b —-h, 303907
=0.3418 or 34.18%
. Increase in cycle efficiency due to regeneration .
=3536-34.18=1.18% Ans. {c)

=346 kg/kW h i

Teyele (Without regeneration) =

Example 12,6 In a steam power plant the condition of steam at inlet o the
steam turbine is 20 bar and 300°C and the condenser pressure is 0.1 bar. Two
feedwalter heaters operate at optimum temperatures. Determine: (a) the quality of
steam at turbine exhaust, (b) net work per kg of steam, (¢} cycie efficiency, and
(d) the steam rate. Neglect pump work.
Soiution From Fig. 12,19 (a),
by, =3023.5 kl/kg
n= 6.7664 Ufkg K S 5T 5= 5y
£,y at 20 bar = 212°C
fey 8t 0.1 bar = 46°C
Al =212 - 46 = 166°C
T . _ 166 _ .
. Temperature rise per heater = 3 T 55°C
. Temperature at which the first heater operates
=212-55=157*C = 150°C {assumed}
Temperature at which the second heatet operates = 157 - 55 = [02°C = 100°C

{assumead)
At 0.1 bar,
h; = 191.83, hy, = 2392.8, 5, = 0.6493
s, =8.1502
At 100°C,
he=419.04, hg, = 2257.0, 5, = 1.3069, 5, = 7.3549
At 150°C,

hy=632.20, Ay, = 21143, 5, = 1.8418, 5, = 6.8379
6.7664 = 1.8418 + x, x 4.9961
Xy = 0.986
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Qy = 10 MW inpd

Steam Flue‘ga
genarator " 10M

Iy o

@ d
I Condenter E
i . L h]
/3 2

s @y = 65.5 MW (50.5%)

{a) ib)

73 MW input
-39.9 MW 1.8 MW Flua gas
{49.4%) axergy (2.5%)

e I_..?;{;m

2.8 MW (3.8%)
{c}

Fig. Ex. 127 ({a) T-1 diagram, (b} Energy distridution diggram,
{¢) Exyrgy disiribution diagram
Solution
0, =wy cp (T~ T) = 100 MW
w_ = mass [low rate of hot gas

B
__ loox1¢’
L1 x (2000 - 450)
Exergy flow rate of inlet gas

I T,
wriffon]

=58.7 kg/s

5 enangy

(6.1%)

| = :
Y
. ST Wit = 34,5 MW
P 151.5%)
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=587x 1.1 xsm[&-l-mﬂ]
300 300
=73 MW

Exergy Mow rate ol exhaust gas stream

450 450
Tx11x 00[ -1- l—]—l.3MW
Bhds 3 300 300 8

The exergy loss rate is only about [-17%1 x 1&)] or 2.5% of the initial exergy
of the source gas.
The rate of exergy decrease of the gas stream,

a; = Exergy input rate =73 - 1.83 =71.17 = 71.2 MW

The rate of exergy increase of stearn = Exergy utilization rate
=W, LAy - By — Tolsy ~ 54)}
Now, hl (hgdag bar = 2801 klfkg, hy = 169 K1/kg
=5, =0576 KIkegK, k, =172.8 kl/kg
sl =5, = 6,068 K/kgK, h, = 1890.2 k)/kg
H"-l- =h;—h; = 2801 - 1890.2 = 210.8 klVkg
-h.-— h, 172.8 — 169 = 3.8 kl/kg
Q| =2801 — 172.8 = 2628 kl/kg
2;= ka— h; 18902 - 169 = 1721 klkg
Wy = Wr—Wp= 0 -, =507 kl/kg
0, =w, % 2628 = 100 x 107 kW
w, = 38 kp/s
a; = 38 [280] - 172.8 - 300 (6.068 - 0.576))
=373 MW
Rate of exergy destructioe in the steam generator
= Rate of exergy decrease of gases — Rate of exergy incrense
of steam.
f=a;-a,=71.2-373=339MW
Rate of useful mechanical power output
W =38 x 907 = 34.5 MW
Exergy llow rate of wet steam (o the condenser
ag, = w, [hy = hy - Tylsz— 53)]
= 38 [1890 - 16% - 300 (6.068 — 0.576)] = 2.8 MW
This is the exergy loss Lo the surroundings.

The ¢energy and exergy balances are shawn in Fig. Ex. 12.7 (b) and (c). The
second law efficiency is given by

_ Usclul exergy output _ 34.5 0.473 or 47.3% Ans.
1 Exergy input 73
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Example 12,8 Ina steam power plant, Lhe condition of steamn at turbine inlet is
80 bar, 500°C and the condenser pressure is 0.1 bar. The heat source comprises a
stream of exhaust gases from a gas furbine discharging at 560°C and 1 atm pressnre.
The minimum temperature allowed for the exhaust gas sweam is 450 K. The mass
{low rate of the hot gases is such that the heat inpnt mate Lo the steam cycle is 100
MW. The ambient conditionis given by 300K and 1 atm, Determine 11, work ratio
and 7y, of the following cycles: {a} basic Rankine cycle, without superheat,
(b} Rankine cycle with superheat, (c) Rankine cycle with reheat such that steam
expands in the h.p. turbine until it exits as dry samrated vapour, (d) ideal
regenerative cycle, with Lthe exit temperature of the exhaust gas stream (aken as
320°C, because the saturation temperature of steam at 80 bar is close to 300°C.

Solution  For Lhe [irst law analysis of cach cycle, knowledge of Lthe & values at
each of Lhe states indicated in Fig. Ex. 12.8 is required.
(8} Basic Ronkine cycie (Fig. 12.8a):
By usnual procedure with the help of steam 1ables,
hy =2758, hy = 1817, Ay = 192 and A, = 200 kl/kg
Wr=h ~hy=941 /e, W, =k, - hy =8 Kfkg
0, =h, —hy=2558 KJikg, B, =933 kikg

o= e o 933 665 0 36.5% Ans.
0, 258
Work ratio = 212 _ 933 _ o9, Ans.
W eap

T s Ti= 833K

‘ T,=833K
I1 IIT.‘
T \ T |450K
r ]
4
N
N /3 2\
— 5 - s_____
@ (b}

Fig. Ex. 12.8
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Power output = 1, @, = 0.365 x 100 = 6.5 MW
Exergy input rate = w, o, [(T; -L)-Tn —;1-]
0
= 100 X 1000 [(333 - 300) - 300 In -82]
833 - 450 300

=593 MW
_ 365 _ o

T 93 0.616 or 61.6% Ans.

(b} Rankine eycle with superheat (Fig. 12.8b):
ky=13298, k, =2130, &y =192 and &, = 200 kl/kg
. = 1268 ilkg, Wp =B kl/kg, (= 3198 ki/kg

n =129 _ 0394 or 39.4% Ans.
3198
Work ratio = 1260~ 0,994 Ans,
1268
|-~  Exergyinputmie =593 MW, ¥ =0 x 1 =394 MW
M= 82 = 0,664 or 664% Ans.
59.3 :

Improvenients in both first law and second law effictencies are achieved with
superheating. The specific work output is also increased. Therefore, conventional
vapour power plants are almost always operaled with some superheat.

(c) Rankine cycle with reheat (Fig. 12.8¢):

h, = 3398, hy = 2761, k, = 3482, h, = 2522, k, = 192 and h; = 200 kl/kg
W =637 kl/kg, #, = 960 ilkg
W1 =637 +960= 1597 i/kg, #p =8 ilkg
Woe = 1589 klfkg, O = 3198+ 721 = 3919 kl/kg

= 1582 _ 6 405 or 40.5% Ans,
3919
Work ratio — Jnet _ 1589 _ ¢ ggs Ans
W, 1597

Mechanical power output = 100 x 0.405 = 40.5 MW
Exergy input rate = 59.3 MW
= % = 0.683 or 68.3% Ans.
Compared with basic Rankioe cycle, the second law efficiency for the reheat
cycle shows an increase of abeut 11% [(0.683 - 0.616)/0.616]. Therefore, mosi
of the large conventional steam power plants in use today operate on the Rankine
cycle with reheat.
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{d} Rankine cycle with complete regeneration (Fig. 12.8d}
tat 0.1 bar = 45.8°C =318.8 K and
tom 8t B0 bar = 295°C = 568 K
LT
T 568.0
0, = h, —hy=2758 - 1316 = 1442 kl/kg
W= 0y x = 1442 x 0.439 = 633 kl/kg
Wo=8kl/kg Wy=641 kikg

. 633
Work ratio = —=— = 0.988 Ans,
ork ratid 641 s,

M= e = 1 — =0.439 or, 43.9%  Ans,

Power output = 0.439 x 100 = 43,9 MW
M[(333 — 300} — 300 In ﬁ?‘.}
833 - 593 300

=94,583 MW = 94.6 MW

My = % = 0.464 or 46.4% Ans.
The second law eMficiency is lower for regeneration because of the more

substantial loss of exergy carmied by the elfluent gas stream at 593 K.

Exergy input rate =

Example 12.% A cerlain chemical piant requires heat from process steam at
120°C at the rate of 5.83 MJ/s and power at the rate of 1000 kW from the
generator tenminals. Both the heat and power requiremenis are met by a back
pressure turbine of 80% brake and 85% internal efficiency, which exhausts steam
at 120°C dry saturated. All the latent hest released during condensation is utilized
in'the process heater, Find the pressure and temperature of steam at the inket o the
turbine. Assume 3% elliciency for the generator.

Solution At 120°C, hy, = 2202.6 kJ/kg = h, - h; (Fig. Ex. 12.9)

Fig. Ex. 12.9

O = w,(hy — hy) = 5.83 M/s
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5830
=220 2647k
*T 22026 ys
Woa = % s = Brake output
Brake output  {1000)/0.9 :
Now = = =0.50
orske ™ “deal output  w, (b — )
1000
O — LYY
1R Soxosxaear 2T WAe
. h—h
Again Mimernat = =0.85
N }'l - "'2:
By — hy = 0.85 x 524.7 = 446 kJ/kg
hy = kg at 120°C = 2706.3 kl/kg
h, =3152.3 klkg
hy, = hy - 524.7 = 2627.6 ki/kg
= hetxy, Ay,
= 503.71 +x,, X 2202.6
2123.89
=2225 — ) g6dq
T 06
- $24 = Sp+ Xg Sg = 1.5276 + 0.964 x 5.6020
= 6928 kIkg K
At siate 1, hy =3152.3 kl/kg
s, =6.928 kl/kg K
From the Mollier chart -
Py =22.5 bar
1, = 360°C Ans.

Example 12,10 A cerinin factory has an average electricat load of 1500 k'W
and requires 3.5 MI/s for heating purpose. It is proposed to install a singie-
extraction passout steam turbine 1o operate under the following conditions:

Initial pressure 15 bar.

Inivial temperature 300°C.

Condenser pressure 0.1 bar.

Stcam is extracted between the two turbines sections at 3 bar, 0.96 dry, and is
isobarically cooled withowt subcooling in heaters to supply the heating load. The
internal efficiency of the turbine (in the L.P. Section) is 0.80 and the efficiency of
the boiler is 0.85 wheo using oil of calorific value 44 MIkg,

il 10% of boiler steam is used for auxiliaries calculate the oil consumption per
day. Assume that the condensate from the heaters {at 3 bar) and that from the
condenser (at 0.1 bar) mix freely in a separate vessel (hot well) before being
pumped to the boiler, Neglect extraneous losses.
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ks, = 191.83 + 0,817 x 2392.8 = 2146.75 kl/kg
hy - hsy = 2638.7 — 2146.75 = 491.95 ki/kg
hy - hy = 0.8 X 491.95 = 393.56 k/kg
hy =2638.7 - 393.56 = 2245.14 kl/kg
hy = 561.47 ki/kg, h, = 191.83 Ki/kg
O = wihy — hg) = w(2638.7 - S61.47) = 3.5 MUis

3500 - ;
w= NG = 1.6B5 kg/s
Now
Fr=wih - h3) ¥ (w, - w) (h; - b3}
=w,(3037.3 - 2638.7) + (w, — 1.685) x 393.56
=w, X 398.6 + w, x 393.56 - 663.15
=T792.16 w, - 663.15
Neglecting pump work
Wy = 1500 kJ/s = 792,16 w, — 663,15
w, = 27;‘5;'1' 65 =273 kg/s = 9828 kyh

By meking energy balance for the kot well
(w, — whhy + why = w, g
(2.73 - 1.685)191.83 + 1.685 % 561.47 =273 x A,
20046+ 946.08 =273 4,
hy =41998 klkg = A,

Steam raising capacity of the boiler = 1.1 w, kg/h, since £0% of boiler steam is
used for auxiliaries.
_ Llw,(h —hy)

we X C V.

where w; = fuel buming mte (kg/h)
and C.V, = calorific value of fuel = 44 Mg

. L1x 9828 x (30373 - 419.98)

Disnler

0.85
e X 44000
of W= 1.1 x 9828 % 2617.32 =756.56 kg/h
0.85 x 44000
= J3636 %24 _ 14 16 tonnesiday Ans.

1000

Example 12.11 A sleam turbine gets its supply of steam at 70 bar and 450°C.
'Afer expanding to 25 bar in high pressure stages, it is reheated to 420°C ai the
constant pressure, Next, it is expanded in intermediate pressure stages ta an
appropriate minimum pressure such that part of the steam bled at Lhis pressure
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Therefore, the pressure at which bleeding is necessary is 10 bar. Ans. (a).
From the Mollier chan
hy = 3285, ky, = 3010, k; = 3280, k,, = 3030 kl/kg
—hy =083 (h; - hy)=0.83 x 250 = 207.5 K/kg
h, =3280 - 207.5 = 3072.5 Wikg
hg, = 2225 klikg
hy— by =0.83(h, —~Ay) = 0.83 x B47.5 =034 ki/kg
A5 =3072.5 - 703.4 = 2369.1 kl/kg
h,=162.7kd/kg
hg =762.81 ki/kg
Iy — hy =0.785 (h - by, ) =0.785x 275 = 215.9 klkg
A, = 3285 - 2159 = 3069.1 klikg
Energy balance for the heater gives
mxht(l-mkby=1xh
m % 3072.5 + (1 —m) X 162.7 = 1 x 762.81

600.11 ..
m=——=0206k steam flow at turbine inlet. Ans. (¢
2009.8 kg (c}

]

=Ry )+ (b — B )+ (1—m)(hy —A5)
—hg)+(h; - By)

_ 215942075+ 0.794 x 703.4
25222 + 2109

_ 9319 o -
731 0.3592 or 35.92% ;-!n.r. {d)
Example 12.12 A binary-vapour cycle operates on mercury and steam.
Saturated mercury vapour at 4.5 bar is supplied to the mercury turbine, from
which it exhausts at (.04 bar. The mercury condenser generaies saturated steam
at 15 bar which is expanded in a steam turbine to 0.04 bar, {2} Find the overall
efMciency of the cycle. (b) Il 50.000 kg of steam flows through the steam
turbine, what is the {low through the mercury turbine? {¢) Assuming that all
processes are reversible, what is the nseful work done iu the binary vapour cycle
for the specified steamn flow? (d) If the steam leaviug the mercury condenser is
superheated to a ternperature of 300°C in a superheater located in the mercury
boiler, and if the intemal efficiencies of the mercury and steam turbines are 0.85
and 0.87 respectively, calcnlate the overall efficiency of the cycie. The properhes
of saturaied mercury are given below
p (bar)  °C) ke L s LA v, v,
(k) (/g K) (m’/kg)
4.5 450 6293 35598 0.1352 (.5397 79.9 x 10°° 0.068
0.04 2169 2998 32985 0.0808 0.6925 76.5x 107 5,178

rl‘cycl: =




Vapowr Power Cycles ——— 511

Solution  The cycle is shown in Fig. Ex. 12.12.
For the mercury cycle, b, = 355.98 kl/kg
5, =0.3397 kI/kg K =5y = s5p+ 1y 55,
= 0.0808 + x;, (0.6925 — 0.0808)
xp= 0.4589 _ g 45
0.6117

b, =29.98 + 0,75 x 299.87 = 254.88 K/kg
(1) =h,— h, = 35598 - 254.88 = 101.1 Idrkg
(Wl =hyg— b =T76.5x 107° x 4,46 x 100 = 3.41 x 107 ki/kg

W, = 101.1 KJ/kg
0, =h, —hy=355.98 - 29.98 = 326 kI/kg

W,
fy = e = 101 5y 6319
) 326
(59
- > 5
Fig. Ex. 12.12
For the steam cycle

hy =2792.2 kl/kg
5) = 6.4448 kJ/kgK = 8, = 50+ x5 5p
= (.4226 + x,(8.4746 — 0.4226)
= 6.0222
8.0520
hy =121.46+ 0.748 % 2432.9 = 1941.27 kW'kg
(Wi)s =h —h,;=2792.2 - 1941.27
= 850.93 kl/kg
(Wphge = hy— by =0.001 x 14.96 x 100 = 1.496 kl/kg = 1.5 ki/kg
hy= 12146+ 1.5=122.96 K/kg

=0.748
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Q) =h, — h, = 27922 - 122.96 = 2669.24 kifkg
(Wode = 850.93 - 1.5 = 84943 kg
Woee _ B49.43
0 2669.24
QOverall efficiency of the binary cycle would be
Toverall = A + M5t~ M Mse
=031+0318-031x0.318
= 0.5294 or 52.94% Ans. (a)
N overal C20 Als0 be determined in the following way:
By writing the energy balance for a mercury condenser-steam boiler
miky = b)) = 1A, — k)
where m is the amount of mercury circulating for 1 kg of steam in Lhe bottom
cycle.
h—hy _ 266924 - 2669.24
h,—h, 254382988  224.90
(@)1t = M, — By} = 11,87 x 326 = 3869.6 ki/kg
(Wiho = m(h, — A} + (1) - hy)
=11.87 x 105.1 + B50.93 = 2051 k/kg
(Wl un may be neglected
n _ Wou _ 2051
el Q38696

if 50,000 kg/h of steam flows through the steam turbine, the fow rate of
mercury w,, would be

m=

~11.87kg

=0.53 or 53%

w, = 50,000 x 11.87 = 59.35 x 10" kg/h Ans. (b)
(Wl = 2051 % 50,000 = 10255 x 10* kJ/h
=0.2R49 x 10° kW = 28.49 MW Ars. (c)

Considering the efficiencies of turbines

(Fyln= Ay~ Ky = 0.85 x 101.1 = 85.94 kI/kg

A’y = 35598 — 85.94 = 270.04 kl’kg
Ky~ W) = (= hy)
m’ = 2669.24
240.06

(@ = m ' — b + 10K, — &)

=11.12 x 326 + (30373 - 2792.2)

=11.12 kg

= 3870.22 ki/kg
5y = 6.9160 = 0.4226 + x',(8.4746 - 0.4226)
oy = 84938 _ o0

8.0520



Vapour Power Cycles —= 513

Ky = 121,46 + 0.806 x 2432.9 = 2082.38 kl/kg
(Wr)e = b, — hy = 0.87(3037.3 - 2082.38)
=830.78 k/kg
(Wrhows = 11.12 x 85.94 + 830,78
.= |786.43 kikg

Pump work is neglected.
1786.43
= (.462 or 46.2% Ans. {d
lovell = 5870 22 “ D)

REVIEW QUESTIONS
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12.2

12.3
i24
12.5
12.6

12.7
12.3
12.9

12.1¢
12.11

i2.12

12.13

12.14
12,15
12.16
12.17
12.18
12.19
12.20

12.21
12.22
12,23

Whet are the four basic components of a steam power plant?

What iz the reversible cycle that represents the simple steam power plant? Draw
the Mow, p~v, T-5 and -5 diagrams of this cycle.

What do you understand by steam rate and heat rate? What are their units?
Why is Carnot cycle not practicable for 2 steam power plant?

What do you undersiand by the mean femperature of heat addition?

For a given T, show how the Rankine cycle efficiency depends on the mean
temperature of heat addition.

Whiat is metailurgical Jimit?

Explain how the quality at turbine exheust gets restricted.

How me the maximum temperante apd maximimm pressure in the Rankine cycle
fixed?

When is reheating of steam recommended in a sleam power plant? How does the
rehedt pressure get oplimized?

What is the effect of reheat on (a) the specific outpul {b) the cycle eﬂ'lcicncy. {c}
steam rate, and {d) heat mate, of a steam power plant?

Give the flow and T-s Jiagrams of the ideal regencrative cycle. Why is the
cificiency of this cycle equal to Camot e[ficiency? Why is this cycle not
practiceble?

What is the eflect of regeneration on the (a) specific outpu, {b) mean icmpetature
of heat addition, {¢) cycle eflficizncy. {d) steam rate and () heat rate of & s1eam
pawer plam?

How does the regeneration of steam camotize the Runking cycle?

What are open and closed heaters? Mention their menits and demerits,

Why is one open feedwater heater used in a sieam plant? What is it called?
How are the number of heaters and the degree of regeneration ger optimized?
Draw the T-s diagram of a5 ideal working {Tuid in a8 vapour power cycle.
Discuss the dedirable characienstics of a working [luid in a vapour power cycle.
Mentioh 2 few working fluids suitable in the high temperature range of a vapour
power cycle.

What is 2 binary vapour cycle?

What are topping and botioming cycles?

Show that the averal] efficiency of two cycles coupled in series equals the sem of
the individual efficiencies minus their product.
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12.24

12.25
12.26
12.27
12.28

122%

What is 2 cogeneration plant? What ere the thermodynamic advenlages of such a
plant?

‘What is a back pressure turbine? What are its applications?

What is the bigges1 loss in a steam plant? How can this loss be reduced?

What is a pass-oul rurbine? When is it used?

Defize the following: (a) internnl work, {b) infernal efficicncy, {c) brako
eMciency {d) mechanical eMMciency, and (¢) boiler e Mciency.

Express the overal! elficiency of a stcam plant as the product of boiler, turbine,
penerator and ¢ycle elficiencies.,

PROBLEMS

121

For the following sieam cycles, find {a) W7 in kWVkg (b) Wp in kJ/kg. (c) Q1 in
kFkg, (d) cycle efliciency, () stcam e in kg/k'W h, and {[) meisture at the end
of the turbine process, Show the regalts in tabular form with your comments.

Boilder outlet Condenser Type of Cycle
Pressure
10 bar, saturawd I bar Ideal Rankine Cycle
-do- -do- Neglect ¥,
-do- -do- Assume 75% pump and turbine
elficiency
-do- 0.1 bar Ideal Rankine Cycle
10 bar, 300°C -do- -do
150 bar, 600°C -do- -do-
-do- -do- Reheat to §00°C at maximum

intermediate pressure to limit
end maisture 10 15%

-do- - -do- but with 85% turbine
elficiency

1D bar, saturated 0.1 bar Isentropic pump process ends
on saturated liquid line

-do- - ~do- but with 80% machine
efficiencies

-do- -do- Ideal regenerative cycle

-do- -do- Single open heater at 110°C

-do- -do- Two open heaters at 90°C and
135°C

~do- - -do- bat the heswers are
clased heaters

12.2

A geothermal power plant utifizes steam produced by nawml means
underground. Steam wells are drilled to wp this steam supply which is avajlable
at 4.5 bar end 175°C. The steam leaves the rurbine at {100 mm Hg absoluie
pressure. The turhine isentrapic efficiency is 00.75. Calculate the elficiency of the
plant, [f the unit produces 1 2.5 MW, what is the stcam flow ree?
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12.6

127

12.8
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A simple steam power cycle uses solar energy for the heat input. Water in the
cycle enters the pump &s a saturated liguid at 40°C, and is pumped 10 2 bat, {t
then evaporates in the boiter at this pressure, and enters Lhe wrbine as saturated
vapour. At the turbine exhsust the conditions are 4°C and [0% moisare. The
flow rate is 150 kg/h. Determine {a} the rurbine isentropic cfficiency, (b) the net
work output {¢) the cycle efficiency, and (d) the erea of solar collector needed if’
the collectors pick up 0.58 KW/m®.

Ars. {2y 0.767, {b) 15.51 kKW, {c} 14.7%, {d) 182.4 m*
1o a reheat cycle, the initial steem pressure and the maximum emperature are
150 bar and 550°C respectively. If the condenser pressurc is 0.1 bar and the
moisture at the condenser inlet is 5%, and agsuming idea) processes, determine
{a} the reheat pressure, {b) the cvcle eificiency, and {¢} (e steam rate,

Ans. 13.5 bar, 43.6%, 2.05 kg/kW &

In a nuelear power-plant heat is ransferred in the reacter 1o liquid sodivm. The
liguid sodium is then pumped to a heat exchanger where ket &5 transferred to
stearn. The steam Jeaves Lhis heat exchanger as satursled vapour at 55 bar, and is
then superheated in un extemal gas-fired superheater {e 650°C. The stcam then
enters the nurbine, which hag one extraction point ai 4 ber, where steam flows to
an open feedwater heater. The twrbine efficiency is 75% and the condenser
temperature is 40°C. Deicrmine the heat transfer in ihe reactor end in the
superbeates to produce & power output of 30 MW,
In a rebeat cycle, steam at 500°C expands ie a h.p. turbine il it &5 samorated
vapour. It is reheated at consuant pressure 1o 400°C and then expands in a Lp.
turbine to 40°C. [f the maximum moisture content at the wrbine exhaust is
timited te 15%, find {a) the rcheat pressure, {b) the pressure of steam af the inlet
to the h.p. tuchine, () the nst specific work output, (d) the cycle efTiciency, and
{e} the steam rate. Assume all ideal processes.

What would bave been the quality, the work output, and the cycle eficiency
without the rcheating of steam? Assume Lhat Lhe other conditions remain the
same.

A regenerative cyrle operates with stesm supplied at 30 bar and 300°C, and
condenser pressure of 0.08 bar, The extraction points for rwo heaters (one closed
and one open} arc at 3.5 bar and 6.7 bar respectively. Calculate the thermal
efficiency of the plant. neglecting pump work.

The net power antput of the huorhing o an ideal reheat-regenerative cycle is
100 MW, Sigcam enters the bigh-pressure (H . P.) turbine at 90 bar, 550°C. Afer
expansion to 7 bar, some of the steam goes to an open heater and the balance is
reheated to 400°C, aller which it expands to 0.07 bar. (a) What is the steam flow
rate to the H.P. mrbine? (b) What is the tomal pump work? {c) Caiculate the cycle
elficiency. (d) [fthera is a 10°C risc in the temperature of the cooling water, what
is the rate of flow of the cooling water in the condenser? (£} IFthe vejocity of the
steam flowing from the turbine 1o the condenser is limited to & maximum of
130 m/s, find the diameter of the connecting pipe.

A merewry cycie is superposcd on the steam cycle operating between the bojler
outled condition of 40 bar, 400°C and Lhe condenser temperaiure of 40°C. The
heat released by mercury condensing a1 0.2 bar is used to impart the fatent beat of
vaparization to the water in the steam cyele. Mercury enters the mercury turbine
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i2.10

12.1

12.12

12.13

12.14

as satucated vapour at 10 bar. Commpule (a) kg of mencury circulawd per kg of
water, end (b) the efficiency of the combined cycle.
The property values of saturated mercury are given below

p (bar) t(°C) hy hy s¢ e v v,
{ki/kg) Wikg K) (m*/ke)

10 515.5 72.23 363.0 0.1478 05167 0.9 x 107 0.0333
0.2 2717.3 38.35 336.55 0.0967 0.6385 77.4x107° 1,163
In an electric generating station, using a binary vapour cycle with mercury in the
upper cycle and steam in the lower, the ratio of mercury flow to sieam flow is
10 : 1 on a mass basis. At an evaporation rate of 1,000,000 kg/h for the mercury,
s spexific enthalpy rfses by 356 kKI/kg in passing through the bailer.
Superhealing the sieam in the bhoiler furmnace adds 586 kJ to the steam specific
enthalpy. The mercury gives up 251.2 k)kg during condensation, and the steam
gives up 2003 kJ/kg in its condenser. The overall boiler efficiency is 85%. The
combined wrbine mechanical and generawor #fficiencies are each 95% for (he
mercury and steam unils. The steam auxiliaries require 5% of the cnergy

generated by the units, Find the overall efMficiency of the plant.

A sodivm-mercury-steam cycle operates between 1000°C and 40°C. Sedium
rejects heat at 670°C to mercury. Mercury boils at 24,6 bar and mjects heat at
0.141 bar. Both the sodinm and mercury cycles are saturated. Sieam informed a1
30 bar and is superheated in the sodium boiler to 350°C. 1¢ rejects heat at 0.08
bar. Assumc iscntropic expansions, ne beat losses, and no rcgencration and
neglect pumping work. Find {a} the amounts of sodivm and mercury used per kg
of steam, (b) the heat added and rejected in the composite cycle per kg steam,
(¢} the total work done per kg stearn. (J) the efTiciency of the composite cycle,
{e) the efTiciency of the corresponding Carnot cycle, and { [} the work. heat added,
and efficiency of a supercritical pressure steam (single fluid) cycie operating al
250 bar and between the same temperature limits.

For mercury, at 24.6 bar, &, = 366.78 kl/kg

A = (.48 kl/kg K and at 0.141 bar, s;= 0.09

and 5, =0.64 k/kg K, hr=36.01 and i, =330.77 kl/kg

For sodium, at 1000°C, hs = 4982.53 kl/kp

At hwbine exhaust, A= 3914.85 klkg

AL 670°C, k= 745.29 likg

For a supercritical steam ¢ycle, the speeific enthalpy and entropy at the wurbine
inJet may be computed by extrapalation frem the steam tables.

A textile factory requires 10,000 kg/h of steam for process heating at 3 bar
saturated amd 1000 kW of power, for which a back pressure wrbine of 70%
intemnal efTiciency is to be used. Find the sieam condition required at the inlet to
the turbine.

A 10,000 kW sizam turbine aperates with stearn at (he iniet at 40 bar, 400°C and
exhausis at .1 bar. Tea thousand kg/h of stearn at 3 bar are to be exumcted far
process worl. The turbine has 75% isentropic elficiency throughout. Find the
boiler capacity required. '

A 50 MW steam plant built in 1935 opetates with steam at the inlet at 60 bar,
450°C and exhausts at 0.1 bar, with §0% turbine cMiciency. It is proposed fo
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Geothermal energy from a nawral geyser con be obtained as a continous supply
of steamn 0.87 dry at 2 bar and &t a flow rate of 2700 kg'h. This is utilized in 2
mixed-pressure cyele to augment the superbeated enhaust from a high pressure
rurbine of 83% internal effictency, which is supplied with $500 kg/h of sieam at
40 bar gnd 500°C. The mixing process is adiabatic and ihe mixture is expanded
to & condenser pressure of 0.10 bar in a low pressure mibise of 78% intemal
elficiency, Determine the power output and the thermal efficiency of the piant.
Ans. 1745 KW, 35%
In a study for a space project it is thought that the condensation of » working fluid
might be possible at -40°C. A binary cycie s proposcd, using Refrigerant-12 as
the low temperature Tuid, and water as (he high temperatmre (luid. Steam is
generated at 80 bar, 500°C and expands in a turbine of 81% isentrupic efficiency
ta 0.06 bar, at which pressure it is condensed by the gencration of dry soturated
refrigerant vapour at 30°C from saturated liquid at —-40°C. The isentropic
efRciency of the R-12 turbine is 83%. Determine the mass ratio of R-12 1o water
and the efficiency of 1the cycle. Neglect al! losses,
Ans. 10.86; 44.4%
Steam is gencrated at 70 bar, 300°C and cxpands in » turbine to 30 bar with en
isentropic efficiency of 77%. At this condition it is mixed with twice its mass of
steam at 30 bar, 400°C. The mixture them expands with an isentropic efficiency
of 0% to 0.06 bar. At a paint in the expansion where the pressure is § bar, steam
is bled for feedwater heating m 2 direct contacs heaser, which raises the fesdwaler
w the saturation temperatose of the bled steam. Caleulate the mass of steam bie:d
per kg of high pressure steam and 1he cycle efficiency. As pasume that the L.P.
expansion condition Jine in straight.
Ans. 053 kg; 31.9%
An ideel steam power plant operates between 70 bar, 550°C and 6.075 bar. It has
seven feedwater heaters, Find the optimum pressure and temperature at which
each of Lhe heaters operaic,
[n & reheat cycle sicam at 550°C expands 1o ao h.p. turbine Kl it is sarurated
vapour. [t is reheated at constant pressure to 400°C and then expands in 2 1p.
wrbing to 40°C, If the moisture content at turbine exhaust is given W be 14.67%,
find {a) the reheat pressure, (bj the pressure of steam at intet to the h.p. surbine,
{¢) the net work output per kg, and {d} the cycle efficiency, Assume all processes
to be ideal,
Ans. (a) 20 bar, (b) 200 bar, {c) 1604 kl/kg. () 43.8%
In a reheat sieam cycle, the maximum sieam temperature is limited to 500°C.
The condenser pressure is 0.1 bar and the qualiry at (urbine exhaust is §.8778.
Had there been no reheat, the exhaust quality » culd have been 0.7592. Assuming
ideal processes. determine (a) the reheat pressure, (b) the boiler pressure, {¢) the
cycle efficiency, and () the steam rate.

Ans. (a) 30 bar, {bj 150 bar, (¢) 50.51%, {d) 1.9412 kg/kWh
in a cogenerarion plant, sicam cnters the h.p. stage of a two-stage turhine at
1 MPa, 200°C ond Jeaves it at 0.3 MPa, At this paint rome of the sicam is bled
ofT and pessed through a heat exchanger which it [eaves ag saturatied liquid at
0.3 MPa. The remaining steam expands in the 1.p. stage of the turbine to 40 kPa.
The mrbine is required fo produce a total pawer of 1| MW aod the heat exchanger
1o provide a heating rate of 500 K'W. Calculaie the required mass flow rate of
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Therefore
Q, = Heat added = RT, In %
1
Uy
Ho=-2:=RIn U_'(Tl -T)
I
”:IH = Ti - TZ (13_1)
o i
The large back work (¥, = #,_,) is a big drawback for the Camot gas cycle,
as in the case of the Camnot vapour cycle.

ncy:]e =

13.2 Stirling Cycle (1827)

The Stirling cycle (Fig. 13.2) consists of:
Two reversible isotherrns and two reversible isochores. For | kg of ideal gas

01~ Wya=RT In 2=
41
Oy 3=—c (T -T) Wy3=0

.y,
O3 4=W ,=-RT;In ER

Qs =cAT-To) By =0
Due to heat transfers at constant volume processes, the efliciency of the
Stirling cycle is less than that of the Camot cycle. However, if a regenerative
arrangement is used such that
05 3 = 0., i.e., the area under 2-3 is equal to the area under 4-1, then the
cycle effliciency becomes
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Qs =W =-RNIn ::l
Qoi=c(h- T W = pilmy —v) = R(T - T))

Since part of the heat is transferred at constant pressure and part at constani
empereture, the efficiency of the Ericsson cycle is less than that of the Camnot
cycle. But with ideal regeneration, ¢}, ; =, , so thai all the heat is added from
the external source at T and all the heat is rejected to an external sink at T, the
elficiency of the cycie becomes equal to the Carnot cycle efficiency, since

RL In 2L .
n=1-4_j__ »__ & (13.3)
G RT, In &L T
by

The regenerative, Stirling and Ericsson cycies have the same efficiency as the
Camot cycle, but much less back work, Hot air engines working on these cycles
have been successfully operated. B it fs difTicult to transfer heat to a gas at high
rates since the gas {ilm has a very low thermal conductivity. So there has not been
much progress in the development of hot air engines. However, since the cost of
intemnal combustion engine fuels is getting excessive, these may find a field of use
in the near futare.

13.4 Air Standard Cycles

Internal combustion engines (Fig. 13.4} in which the combustion of fuel occursin
the engine cylinder itself are non-cyclic heat engines. The remperature due to the
evolution of heat because of the combustion of fuel inside the cylinder is so high
that the cylinder is cooled by water circulation around it to avoid rapid
deterioraiion. The working fluid, the fuel-air mixture, undergoes permanent
chemnical change due to combustion, and the products of combustion afier doing
work are thrown out of the engine, and a fresh charge is taken. So the working
fInid does not undergo a complete thermodynamic cycle.

To simplify the analysis of 1.C. engines, air standard cycles are conceived. In
an nir sandard cycle, a certnin mass of air operstes in a complete thermodynarnic
cycle, where heai is added and rejected with external heat reservoirs, and ali the
processes in the cycle are reversible. Air is assumed to behave as an ideal gas,
and its specific heats are assumed to be consiant. These air standard cycles are so
conceived that they correspond to the operations of internal combustion engines.

13.5 Outo Cycle (1876)

One very common type of inlema! combustion engines is the Spark fgnition (5.1}
engine used in automobiles. The Osto cycle is the air standard cycle of such an
engine. The sequeoce of processes in the elementary operation of the 5.1. engine
is given below, with reference to Fig, 13.5(a, b) where the sketches of the engine
and the indicator diagram are piven.
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Process I-2, Intake. The inlet valve is open, the piston moves to the right,
admitting fuel-air mixture into the cylinder at constant pressure.
Process 2-3, Compression. Both the valves are closed, the piston compresses the
combustible mixture to the minimum volume.
Process 3—4, Combustion. The mixture is then ignilcd by means of a spark,
combustion takes place, and there is an increase in temperature and pressure.
Process 4-3, Expansion. The producis of combustion do work on the piston
which moves Lo the right, and the pressure and temperature of the gases decrease.
Process 58, Blow-down. The exhaust valve opens, and the pressure drops to the
initial pressure.
Process 6-1, Exhaust. With the exhaust valve open, the piston moves inwards to
expel the combustion products from the cylinder at constant pressure.

The series of processes as described above constitute a mechanical cyele, and
not & thermedynamic cycle. The cycle is completed in four strokes of (he piston.

Figure 13.5 (c} shows the air standard cycle (Otto cyele) corresponding to the
above cngine. It consists of:

Two reversible adiabatics and two reversible isochores.

Fig. 13.5 {} Otto cycle

Alr is compressed in process F-2 reversibly and adiabaticaliy. Heat is then
added Lo air reversibly at constant volume in process 2-3. Work is done by air in
cxpanding reversibly and adiabatically in pracess 3—4. Heat is then rejected by
air reversibly at conslant volume in procegs4-1, and the system (air} comes back
to its imitial state, Heat trapsfer processes bave been substituted for the
combustion and blow-down processes of the engine. The iniake and exhaust
processes of the engine cancel each other.,

Let m be the fixed mass of air undergoing the cycle of operations as described
above.

Heat supplied @) = @5y =me, (T3 — Ty)

Heat rejected @, = @, = me, (T, T))

Efficiency n = 1 - 2 =1 - 2elli = 1)

Ql HICV(TS; - TZ)
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burns spontaneously. The rate of burning can, to some extent, be controlled by the

' rate of injection of fuel. An engine operating in this way is called a comprexsion
ignition (C.I.) engine. The sequence of processes in the elementary operation of a
C.1. engine, shown in Fig. 13.6, is given below.

3 4
[~}
Alr valve ;
|

—1
Fuslva!vaa' ) ) 5

— 2,6
Exheust |
valve —_—

{a) ib)
Flg. 13.6 (g} C.1. engins (3} Indicatar dicgram

Process I-2, Intake. The air valve is open. The piston moves out admitting air
into the cylinder at constant pressure.
Process 2-3, Compression. The air is then compressed by the piston to the
minimum volume with all the valves clesed,
Process 3-4, Fuel infectior and combustion. The fuel valve is open, fuel is
sprayed into the hot air, and combustion takes place at conslant pressure.
FProcess 4-5, Expansion. The combustion products expand, doing work on the
piston which moves out 1o the maximum volume.
Process 5-6, Blow-down. The exhaust valve opens, and the pressure drops to the
initial pressure,
Pressure 61, Exhaust. With the exhaust valve open, the piston moves towards
“ the cylinder cover driving away the combustion products from the cylinder at
conslant pressure.
The above processes constitute an engine cycle, which is completed in four
“strokes of the piston or bwo revolutions of the crank shaft,
“  Figure 13.7 shows the air standard cycle, called the Dvese! cycle, correspond-
“ing Lo the C.1. engine, 28 described above. The cycle is composed of:
Two reversible adiabatics, one reversible isobar, and one reversible isochore.
Air is corpressed reversibly and adiabatically in process 1-2. Heat is then
added to it from an external source reversibly at constant pressure in process 2-3.
Air then expands reversibly and adiabatically in process 3—4. Heat is rejected
reversihly al constznt volume in process 41, and the cycle repeats itself,
For m kg of ait in the cylinder, the efficiency analysis of the cycle can be made
as given below.

Heat supplied, =y =me, (I,- Ty
Heat rejecied, = Qe =me, (T4 T
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Efficiency

mec, (T, - T;)
me, (5 — 1)

1.2
L)
l]'=1— T4—Ii

Y(h-T)

(13.6)

The efliciency may be expressed in temms of any two of the following three

ratios

Campression mtio,

Expansion ratio,

Cut-off ratio,

It is seen that

Process 34

Process 2-3

14 D
ne=b=2
B2 ™
¥, v
hon
¥, v
rc=_3_—__3
1 Ua
=

T-1
= e
T4 T3 rk'r_j
5L _pn_m
L puy By
Tz = TJ L
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Process -2

1 Lo
N=h—x="—5
& e i

Substituting the values of T}, T; and T, in the expression of ¢fficiency
(Eq. 13.6)

AT
p=1- : A lrJ"
#(n-5-4)
!?Dina=l-%'{%.':€—:ll (13.7)
Asr,>1, ; (T:T I ) is also greater than unity. Therefare, the efficiency of

the Diesel cycle is less than that of the Onto cycle for the same compregsion ratio,

13.7 Limited Pressure Cycle, Mixed Cycle
or Dual Cycle

The air standard Diesel cycle does not simulaie exactly the pressure-volume
variation in an actual compression ignition engine, whete the fuel injection is
started before the end of compression stroke. A closer approximation is the
limited pressure cycle in which some part of heat is added to air at constant
volume, and the remainder at constant pressure.

Figure 13 8 shows the p—v and T—s diagrams of the dual cycle. Heat is added
reversibly, partly at consiant volume (2--3) and partly at constant pressure {3—4).

Heat supplied @ =mcfTy- T+ me(T, - T3
Heat rejected ;= me (Ts -
. &
. Efficiency n=1-=
@
3 me, (T -1}
me (T — 1)+ mey (T, - Ty)
-1 L-T (13.8)

(L-L)+y({, - 5)
The efficiency of the cycie can be expressed in terms of the following ratios
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Conpression ratio, = é
2
[
Expansion fatio, r,= 3
A
i F
Cut-off ratio, A
‘ h
. Conslant volume pressure ratio, 7, = £
P
1t is geen, as before that
4% = rc “Fe
ar r= i.
[
Process 3-4
r=to _hp _ T
¢ h nG n
rc
Pracess 2-3
14! = b
n L
T1 = Taﬂ = i
Py hh
Process i-2
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Rankine
cydle {1-2-34)

Braylon
T cydle (a-b-o-d)

!

— = 5

Fig. 13.13  (d} Comparizon of Rankine cyels and Brayton cycle, both operating
betmern the same pressures py and p,
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I"_ —-1= £ -1
T T
or L-% _T%_ (_a_)"_”” _(v_zJ’_'
L-, L \pm .l

If r, = compression ratio = /v, the efficiency becomes (from equation 13. 10}

T-1
L)
=1-|lZx
1 (Ul]

_ 1
or ”“"’“"_l_r;_" (13.11)
Workmtio= J1—Hc _ G -0
By Wr
If , = pressure ratio = py/p; the efficiency may be expressed in the following
form also
-1y
n=1- (ﬂ)
P
or 1

Meryion = 1 — eyl (13.12)
L

The efficiency of the Braylon cycle, thorefore, depends upon either the
compression ratio or the pressure ratio, For the same compression matio, the
Brayton cycie efficiency is equal to the Otto cycle efficiency.

A closed cycle gas mrbine plant (Fig. 13.13) is used in 2 gas-cooled nuclear
reactor plant, where the source is a high lemperature gas-cooled reactor (HTGR)
supplying heat from nuclear fission directly to the working Muid (a gas),

Both Ranking cycle and Brayton cycle consist of two reversible isobars aod
two reversible adiabatics (Fig. 13.13 (d)). While in R;u;_}:i.ne cyele, the working
fluid undergoes phase change, in Brayton cycle the working fluid always remains
in Lhe gaseous phese. Both the pump and Lhe sieam turbine in (he case of Rankine
cycle, and the compressor and the gas turbine in the case of Brayton cycle operate
through the same pressure difference of p; and p. All are steady-flow machines

P
and the work transfer is given by - _r v dp. For Brayton cycie, the average
Pt
specific valume of air handled by the compressor is less than the same of gas in
the gas turbine (since the gas temperature is much higher), the work done by the
gas turbine is more than the work input to the compressor, so thai there is #,
available 1o deliver. In the case of Rankioe cycie, the specific volume of water in
the pump is much less than that of the sicam expanding in the steam turbine, s0
W1 >> W Therefore, steam power plants are more popular than the gas turbine

plants for electricity generation.
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13.8.1 Comparison betroeen Braylen Cycle and Otio Cyele

Breyton and Otio cycles are shown superimposed oo the p-v and 7-s diagrams in
Fig. 13.14. For the same r, and work capacity, the Brayton cycle {1-2-5-6)
hendies a larger range of volume and a smaller range of preasure and 1empesature
than does the Otto cycle (1-2-34).

In the reciprocating engine field, the Brayton cycie is not suitable. A
reciprocating engine cannot efficiently handle a farge velume flow of low pregsure
- gas, for which the engine size (z/40° L} becomes large, and the friction losses
also become more. So the Otto cycle is more suitable in the reciprocating engine
fiek.

3
o . -
T ztl.\ T
4
‘“‘a%ﬁ
—_—
(a)

Fig. 13.14 Comparisen of Otto and Brayton cyoles

[n turbine plants, however, the Bruylon cycle is more suilable than the Otto
cycle. An internal combustion engine is exposed 1o the highest temperature (after
the combustion of fuel) only for a shon while, and it gets time to become cool in
the other processes of the cycle. Ov the other hand, a gas turbine plaat, a steady
fNow device, is always exposed to the highest temperature used. So io protect
material, the maximum temperature of gas that can be used in a gas turbine plant
cannot be as high as in an intemal cambustion engine, Also, in the sieady flow
macbinery, it is more difcuit to carry out heat transfer at constant volume than at
constant pressure. Moreover, & gas turbine can handle a large volume flow of zas
quite e[Ticiently. So we fiod that the Brayion cycle is the basic air standard cycle
far all modem gas turbine plants.

13.9.2 Effert of Regenevation on Brayton Cycle Efficiency

The efMiciency of the Braylon cycle can be increased by utiliziog part of the
energy of the exhaust gas from the lurbine in hesting up the air leaving the
compressor in a heat exchanger called a regeneraior, thereby reducing the
amount of heat supplied from an extemal source and also the amount of heat
rejected. Such a cycle is {llustrated in Fig. 13.15. The temperatre ol air leaving
the turbine at 5 is higher than tbat of air leaving the compressor at 2. In the
regenerator, the temperature of air leaving the compressor is mised by heat
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Q=h-m=c(T-T))
WT = h4 C (T4 T}}
We=h-h=c,(T,-T)
2 15T
Q L-T

In practice the regenerator is costly, heavy und bulky, and causes pressure
losses which bring about a decrease in cycle efficiency. These factors have to be
balanced against the gain in eMiciency to decide whether it is werthwhile 10 use
the regeneraior.

Above a certain pressure ratio (p,/p,} the addition of a regenerator causes a
loss in cycle efficiency when comnpared to the original Brayton cyele. In this
situation the compressor discharge temperature (T} is higher than the mrbine
exhaust gas temperature (T} (Fig. 13.15). The compressed air will thus be cooled
in the regenerator and the exhaust gas will be heated. As a resuft both the heat
supply and heat rejected are increased. However, the compressor and turbine
works remain unchanged. So, the cycle efficiency W,/ ) decreases.

Let us now derive an expression for the ideal regenerative cycle when the

compressed air is heated to the turbine exhaust temperature in the regenerator so
that Ty = T and T, = T, (Fig. 13.15). Therefore,

'r,:l_

S - S et ] =,_£[tm>-1]
G L-14 LL1-(5/T)
L B[1-G/E)
L 5 L1-(%/n)
=14
Sinee Il:(ﬁ)? L
- q 4 T5
n=1-—§_"-r§‘”“ (13.13)

]
For a fixed ratio of {T)/7,), the cycle efficiency drops wilh increasing pressure
ratio.

13.9.3 Effect of Irreversibilities in Turbine and Compressor

The Brayton cycle is highly sensitive to the real machine eificiencies of the
turbine and the compressor. Figure 13.16 shows the acteal and ideal expansion
and compression processes.

: . _ M-k _L-T,
Turbine efficiency, g Py H——T} T,
hll_kl — TES_TI
b=k L-T,
Wie=Wp— We=(h-h)— (- h)

Compressor efficiency,ne =
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T
(o)™ 7= 77

T T"tT_l}
(r,,)m={r"’f‘J (13.14)

From Fig. 13.17 it is secn that the work capacirty of the cycle, operating
between Ty, and T, is zera when r, = 1 passes through a maximum. and then
again becames zero when the Carnot efficiency is reached. There is an optimum
value of pressure ratio (7)o, at which work capacity becomes a maximum, as
shown in Fig. 13.19.

Woadme|- - - oo TN
I E \
*l / \'\
o1 (oot ohma
—_— fp

Fig. 13.19  Effect of prasmire vatio on nef outpui

For 1 kg,
W= (13- T - (I:- TN
where =T and T\ =T,
5 -1

Now _T:::_ = ()" ¥r
. T,=Tr 007
Similarly Ty=Tr ¥

Substituting in the expression for ¥,

Woer = ¢ [T = Ty (rg) - 114 1) {13.19)
To find (r,Jopt
L/ [—T [_Lj_l]rt-num-n _ T[u]r”"””'“] -0
dr L Yy J°F oy e

-1 (7=t -
({57

oz _ 5
P T
]
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T HAr-1)
or {rp)n‘,l = (—-7-})
1

T THUY-1}
(rplop = {——“—‘—“—J (13.16)

Thnin

From Eqs {13.14) and (13.16)

oot = (T Jrax {13.17)

Substituting the values of (r,),,, in Eq. {13.15}

_ ) Y 7 y-1
By = (W = 64 T - T 2 x-1
W c"[’ ’(rJz(r—l) y

_T[L] Y .r_—1+;~1]
Lyar-n r

= [T;-2JTT + 7))

or (Foemax = ol VT — ¥ Tonin )2 (13.18)
_ 1 T,
nc,ﬂ,—l—;;;_—ﬁ—h TL,,,: 13.19)

Considering the cycles 1-2-3"—4" and 1-2-3"—4" (Fig. 13.17)}, itis obvious
that to obtain a reasonable work capacity, a certain reduction in efficiency must
be accepted.

13.9.5 Effect of Intercooling and Reheating on Brayton Cycle

The efficiency of the Brayton cycle may often be increased by the use of siaged
compression with intercooling, or by using staged heat supply, called reheat,

Let the compression process be divided into two stages. Air, aller being
compressed in the first stage, is cooled o the initial temperature in a heat
exchanger, called an intercooler, and then compressed further in the second stage
{Fig. 13.20). |-2°~-5-6 is the ideal cycle without inlercooling, having & single-
slage compressian, 1-2-3-4-6 is the cycle with intercooling, having a two-stage
compression The cycle 2-3-4-27 is thus added (o the basic cycle 1-2°-5-6, There
is more work capacity, since the included area is more. There is more heat supply
also. For the cycle 4-2°-2-3, T,,,, is lower and T, higher (lower rp} than those of
the basic eyele 1-2°-5-6. So the efliciency of the cycle reduces by staging the
compression and iniercooling. But if a regenerator is used, the low ternperature
heat addition (4-2") may be obtained by recovering energy from the exhaust gases
from the turbine, So there may be a net gain in efficiency when intercooling is
adepted in conjunciion with a regenerator,

Similarly, [et the iolal heat supply be given in two stages and the expansion
process be divided in stages in two turbines {7, and T,) with intermediate reheat,
as shown in Fig. 13.21. 1-2-3-4" is the cycle with o single-stage heat supply
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having no reheat, wilh tolal expansion in one turbine only. 1-2-3-4.5-6 is the
cycic with a single-stage reheat, having the expansion divided into two stages.
With the basic cycle, the cycle 4-5-6-4 is added because of reheat. The work
capacity increases, but the heat supply also increases.

Woet = Wy = W

Flg. 13.20 Effect of intereooling on Braytom cpcie

In the cycle 4-5-6-4", r, is lower than in the basic cycle 1-2-3-4", so its
efficiency is lower. Therefore, the efficiency of the cycle decreases with the use
of reheat. But T, is greater than 7, Therefore, if regeneration is employed, there
is more energy that can be recovered from the furbine exhaust gases. 5o when
regencration is employed in conjunction with reheay, there may be a net gain in
cycle efficiency.

ifin one cycle, severul stages of intercooling and several stages of reheat are
emaployed, 2 cycle as shown in Fig. 13.22 is obiained. When the number of such
stages is large the cycle reduces to (e Ericsson cycle wilh hwo reversible isobars
and two reversible isotherms. With ideal regeneration the cycle cfliciency
becomes equal to the Carnot efficiency.



Fig. 1321  Effect of reheat on Arayton cyels

13.9.6 Ideal Regenerative Cycle witk Intercooling and Reheat

Let us consider an ides] regenerative ges turbine cycle with two-stage
compression andasit  eheat. [t assumes that both inlercooling and reheating
take place at the root n square of the high and law pressure in the cycle, so
hat py =92 =21= 8= oo = Jpes (Fig. 13.23). Also, the temperature
after intercooling is equal to the compressor inlet lemperature (T} = T;) and the
temperature afier rebeat is equal to the lempemture cplering the turbine initially
(Te=Ty)

Here, Q= (T-T) +e(Ty—-T7)

Since 26 = 28 and T, = Ty, it follows that Ty = T, = Ty,
Pr Py

0, =2¢(T,-T)

Again, Gr=cp(Tg— T+ e (T~ T))

but L2 o B4 and Ty=T,

1l P



Gas Power Cycles — 549

5 Diffser Compreasor Bume  clionTurblne Nozzie

Fig. 13,25 Bane components of & turbojet emging and the T-s diagram of an ideal turbojet eycle

Ii11:1 =FV sirceafl m( yem inlﬂ) F_"lirc “3'22)
The propulsive efficiency, 7),, is defined by:

= Propulswe pawer _ ﬁ (13.23)
Energy inputrate Q)
It is a measure of how efficiently the energy releasad during combustion is
converied to propulsive power,
Space and weight limixtions prohibit the use of regenegrators and intercoolers
o craftengines. The counterpart of rehesting is aflerburning. The air-fuel mtio
il et engine is 50 high that the turhine exhaust gases are sufficiently rich in
0 2o to supporl the combustion of more fuel tn an aflerburner {Fig. 13.26).
Sucn buming of fuel raises the temperature of the gas before it expands in the
nozzle, increasing the K E. change in the nozzle andcor  pently increasing the
thrusi. In the air-standard case, the combustion is replaced by constant pressure
heat addition.

inlel Compressar - Burmer Turbine.  Aflerbumer Exhaust
: : noze
* T : _I-H
§

"

Fuel mjpclors  Fiame holder
Fig. 13.26  Turboje: engine with ofierburner

The most widely used engine in aircraft propulsion is the furbofan engine
rein a large fan driven by the turbine forces a considerable amount of air
ugh a duct {cowl) summounding the engine (Figs 13.27 and 13.28). The fan

exnaast leaves the duct at a higher velocity, enhanci  the totel thrust of the

' ine signiltcantly. Some of the air entering the eugine Nows through the

compressor, combustion chamber end turbine, and the rest passes through the fan

into & duct and is either mixed with the exhsust gasesc  discharged separately.

It improves the engine performance over a broad operaneg range. The ratio of the
ss flow rates of the two streams is called the bypae: o,
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Progeller Bumer

——aaee——

|

Gear reduction
Fig. 1329 Turboprop engine

A particularly simple type of engine known as a ramjet is shown in Fig, 13.30.
This engine requires neithet a compressor nor a turbine. A sufficient pressure rise
is obtained by decelerating the high speed incoming air in Lhe diffuger (ram effect)
on being rammed against a barrier. For the ramjet to operate, the eircrafl mnst
already be in flight at a sufficiently great speed. The combustion products exiting
the combustor are expanded through s nozzle to produce the thrust.

In each of the engines mentioned so far, combustion of the fuel is snpported by
air brought into the engines from the atmosphere. For very high altitude flight and
space wavel, where this is o longer possible, rockels may be employed. In a

Fuel nozzles or spray bars

Alr inkat Je1 nazrzles

i M oa

Flameholdarg
Fig. 1330 Ramjet enxine

rocket, both fuel and an oxidizer (such as liquid oxygen} are carried on board of
the craft. High pressure combustion gases are expanded in a nozzle. The gases
leave the rocket at very high velocities, producing the Lhrust to propel the rocket.

13.11 Brayton-Rankine Combined Cycle

Both Rankine cycle and Brayton cycle consist of two reversible isobars and two
reversible adiabatics. While the former is a4 phase change eycle, in the iatter the
working Muid does not nndergo any phase change,
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A gas turbine power plant operating on Braylon cycle has cerinin disadvan-
lages like large compressor work, large exhaust {nss, sensitivity to machine inef.
ficiencies (rjr and o), relatively lower cycle efficiency and costly fuel. Due to
these factors, the cosi of power generation by a stationary gas turbine in a utility
system is high. Howcever, a gas turbine plant offers cenain advantages also, such
as less installation cost, less installavion time, quick starling and stopping, and
fast response to load changes. So, 2 gas turbine piant is ofien used as a peaking
wunit for cenlain hours of the day, when the energy demand is high, To utilize the
high temperature exhaust and to taise its plant efficiency p gas turbine may be
used in conjunction with a sleamn turbine plant to offer the gas turbine advantages
of quick siarling and stopping and permit Aexibie operation of the combined plant
over a wide range of loads.

Let us consider two cyclic power plants coupled ic series, the toppiog plant
operating on Brayton cycle and the bottoming gne operating on Rankine cycle

‘\

W, = Wy - W

W, = W - W,
.

(a)

SR P

=)
Fig. 1331 Brayton-Rankine combined cpele plant
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neglecting the masa of fuel (for a high air-fuel ratio), and w, being the mass Aow-
of air.
WH =wy (hl - "Z)
where w, is the steam {low rate. The pump work i3 neglecied, By energy balance,
W, Cpu (Te = T = wy (hy = hy)
Now, QI =W, Cp. [{Tc - Tb) + (Tg - Td)]
The overall efficiency of the plant is:
= Wor + Py
A
Again, O, =wxCV.
where w; is the fuel burning rate,
High overall efficiency, low investrnent cost, less water requirement, large
operating flexibility, phased installation, and low envirpnmental impact are some
of the advantages of combined gas-steam cycles.

n

SOLVED EXAMPLES

Example 13.1 An engine working on the Ono cycle is supplicd with air at
0.1 MPa, 35°C. The compression ratio is 8. Heat supplied is 2100 kl/kg.
Calculate the maximum pressure and temperature of the cycle, the cycle
efficiency, and the mean effective pressure. (For air, ¢, = 1.005, ¢, =0.718, and
R =0.287 Wike K).
Solurion  From Fig. Ex. 13.1

T, =273+35=308K

Fig. Ex. 13.1

P, = 0.1 MPa = 160 kN/m®
0, = 2100 k/kg
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Cut-off ratio, r, = D o178
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7.’2 "
2 3
W‘J’:c
T
4
1
—— T
Fig. Ex. 133
P N B
MDicsel Y r;f—l -1
PR S S (0l
L4 (14°* 178-1

=1-0248. 124
0.78

Example 13.3 In an air stendard Dhesel eycle, the compression ratia is 16, and
ar (he beginning of isentropic compression, Lhe temperature is 15°C and the
pressure is 0.1 MPa. Heat is added until the tempemmre at the end of the constant
pressure process is 1480°C, Calculate {a) the cut-off ratio, (b} the heat supplied

= 0.605, i.e., 60.5%

per kg of air, (¢} the cycle efficiency, and (d) the m.e.p.

Solurion From Fig. Ex. 13.3
= EL =16
L)
T,=2T3+15=288K

L5}
[ ]

3
1]
o,
e q‘ 4

Flg. Ex. 133

{b)
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p, =0.1 MPa =100 kN/m?
T,=1480 +273 = 1753 K

¥-1
L. [”—‘J = (16" =203

L o
T,=288x3.03=873K
B _ Phy
5 5
(@  Cutoffratior,= "2 =D =173 _5q Ans.
Uy Tz 873
{b) Heat supplied, @, =¢,(I3-T3)
= 1.005 (1753 — 873)
=B8d.4 kg
-1 -1
B[z (oo =(_15 )0"=2.29
I oy vy 2.01
1753
Ty= =766 K
229

Heat rejected, @, = ¢, (T, - T,) = 0.718 (766 — 288) = 343.2 kl/kg
©) Cycleclficiency =1 - %

=1-3432 0612 0r 61.2% Ans.
884.4
It may also be estimaled from the equation
=1 l_l_ rCT -1
ﬂcy:l: ¥ P'J_l r, - 1
.1 1 opt-l
L4 (16)**  2.01-1
1 1
=1—-——-—— 164 =0.612 or 61.2% Ans.
14 303 oranan i
Wﬂl = QI x ﬂ:y:l-l
=8844x0.612=541.3 k)/kg
RT, _0.287x 288 3
h=—=———— =0827m
1T 100 kg
v, = “'18627 =0.052 m*/kg

v, —v; =0.827 - 0052 =0.775 m* kg
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()] mep =—=2 == =§(9§.45 kPa Ans.

Example 134 An air standard dual cycle has a compression ratio of 16, and
compression begins at 1 bar, 50°C. The maximum pressure is 70 bar. The heat
transferred to air at conslant pressure is equal to that at comstant volume. Estimate
(&) the pressures and teraperatures at the cardinal points of the cycle, (b) the cycle
efficiency, and (c) the m.e.p. of the cycle,c, =0.718 kl/kg K, c, = 1005 kl/kg K.
Soiution Given: (Fig. Ex. 13.4)

I,=273+50=323K

¥
P, =pl[::—l) = 1.0 X (16)** = 48.5 bar
2

rs=r,-ﬁ—:=979x% =1413K
0, 3=c, (T - T)=0.718 (1413 - 979) = 312 ki/kg
How
Qr1=0sa=c, (I,-T3)

T,=22 4 1413=173K
1.005



560 —— Basic and Applied Thermodynamict

T,= 17K
rp=6,Tr="nc=08
Without a regenerator

{1 -1
T_2-=(£2.)T v= T = (6" = 1,668 .
P

5 T
T, = 303 x 1.668 = 505 K
173
T =-——==705K
" 1668
T,~T, = Ly -7 _S05-303 .0
fic 0.8
—Ta=ﬂr(ﬁ‘Tq.)=0-8(1173-—705}=375l{
Wy=hy-by= ',,(T3 T.) = 1.005 x 375 = 376.88 kl/kg
We =y~ by = (To - T;) = 1.00S x 252 = 253.26 ki/kg

T,=252 - 303 555K
0, =&y - by = c(T; - Ty) = 1005 (1173 - 555) = 621.09 K/kg
B, - W, _ 376.88 — 253.26

n=— = =0.199 or 19.9%
7) 621.09

With regenerator
T,=T,-375=1173-375 =798 K

Repenerator effectiveness = L-h Q.75

4~ 42
Ts—555=0.75 (798 - 555)

or T,=7373K

: Qi=hy-hg=cy (I;-Ty
=1.005 (1173 737.3)
=437.88 kl/kg

W,., remains the same.

q=h=——028370r233?‘%

~ Percentage increase due to regeneration

_ 0.2837-10.199

=0.4256, or 42.56%
0,199

Example 13.6 A pas furbine plant operates on the Braylon cycle between
Tnio =300 K and T, = 1073 K. Find ibe maximurn work done per kg of air, and
the corresponding cycle efficiency. How does this efficiency compare with the
Camot cycle efficiency operating between the same two temperatures?
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To/T) = pydp 7 = 414 = 1181

Ty, = 5633 K
TZI = JI
2L _pg7. T,=601 K
L-§ :
0.4/1.4
0.95
Ty, = (pa/pa) T = (——ﬂ——p P2 J =1.785
1
Ty = 765.83 K
We =290 me,, Wy =541.06 s, and Q, = 766 #rc,
541.06 — 290
orcle = T = 0.328

Caxe-2: With cooling
Aoye = 0.328 - 0.05 = 0.278

Since the extreclion of compressed nir for turbine cooling does not contribute
to turbine work or bumer fuel flow, it can be treated as an increment x added to
the compressor mass flow,

54106 - 290(1 + x)

=0.278
766
=013
. . 0.13 -
% of compressor delivery air flow = i x 100=11.6% Ans.

Example 13.9 In a gas turbine plant the mtio of T /T, i5 fixed. Tweo
arrmgements of components are to be investigated; (a) single-stage compression
followed by expansion in two turbines of equal pressure ratios with rebeas to the
* maximum cycle temperature, and (b} compression in two compressors of equal
pressure ratios, with intercooling 1o the minimum cycle temperature, followed by
single-stage expansion. If fc and Ry are the compressor and rurbine efficiencies,
show that the optimum specific output is obtnined st the same overall pressure
ralio for each armmangement.

If ¢ 35 0.85 and 711 0.9, and T,,,,/T.., i3 1.5, determine the above pressure
ratin for optimum specific output and show that with arrangement {a) the optimum
output exceeds Lhat of arrangement (b) by about | 1%,

Solution (a) With reference Lo Fig. Ex. 13,9(a)

T|=ijmT3:Ts=Tw-£2‘=p—‘

Ps D
Pi=ppy

P r, pressure ratio

P
Pu=pr=m
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VZ
0=c{T,-T))- —é'
2 2
=T + D =233+ 20,13
2, 2 % 1.005
=277.78 K
pr=py (/"D
1.4/0.4
- ﬁz(_Z'??.?S] — 64.76 kPa
m?\ 233 ]

Py =7,p, = 10X 64.76 = 647.6 kPa

(¥ -6y
T, = [-’-] T, =271.78(10)°44
P2

=536.66 K
We=#r
h;—kz_—-k‘—hs
o1, TS_TZ=T4‘T5
To=T,—-T,+T,=1373 - 536.66 + 277.78
=1114.12 K
5 Yt (1114 12 )"’
=[5 =6476 [ —<
Ps (7:1] Pa 1373
=311.69K Ans. (a)
4 .
5
[ L]

Fig. Ex. 13.10

{b) For isentropic expansion of gases in the nozzle,

(-1 0.286
T,=T,( £ = 1114.12 (i]
Ps 31169
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hy =3775, hy = 2183, by = 138 = A, all in kl/kg
(@) =h,— hy=3775 - 138 = 3637 kl/kg
' = 1.11(800 — 100) = 777 Wikg
By energy balance of the steam genertor,
WX 777 = w, x 3637
wiw, = 4.68
Wor = hy— hy = 3775~ 2183 = 1592 Ki/kg
w, X 249 + w, x 1592 = 190 x 10° kW
w, (4.68 X 249 + 1592) = w, x 2.757 x 10° = 190 x 10°
' w, = 68.9 kg/s and w, = 322.5 kg/s
Now,  w,(512+483) = w;x 43,300

wywe= AFF ratio= 22300 _ 395 Ans.
1095
‘ 322.5 -
Fuel enetgy input = 395 X 43300 = 353525 kW
=353 MW
Ton = -3—‘%% = 0.537 or 53.7% Ans.

REVIEW QQUESTIONS

13.1  What are cyclic and non-cyclic heat engines? Give examples.

13.2  Whal ae the four processes which constitute the Stirling cycle? Show that the
regenerative Stirling cycle has the same elficiency as the Camot cycle.

13.3  State the four processes that constitule the Ericsson cycle. Show that the
regenerative Ericsson cycle has the same efliciency as the Camot cycle.

13.4  Mention the mertits and demerits of the Stirling and Ericsson cycles,

13,5 What is an air standerd cycle? Why are such cycles conceived?

13.6 Whatis a spark ignition engine? What is the air slandard cy¢le of such an engine?
What are ils four processes?

13.7  Show that the ¢Miciency of the Odo cycle depends onfy on the compression mbo.

13.8  How js the compression mtic of an S engine fixed?

13,9  Wha is a compression ipnition engine? Why is the compression ratio of such an
engine more than that of an ST engine?

t3.10 Siate the four processes of the Dhesel cycle.

13.11 Expiain the mixed or dual cycle, -

13.12  For the same compression ratio and heat rejection, which cyele is most efficient:
Otio, Diesel or Dual? Explain with p-v and 7—s diagrams.

13.13 With the help of p—v and T-s diaprams, show that for the same maximum
pressure and temperature of the cycle and the same heat rejection,

Hinesel ™ Touat ™ Nowe

13.14 What are the three basic components of a gas turbine plant? What is the air

standard cycle of such a plam? What are the processes it consists of?
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13.15
13.16
12.17
13.1%
13.1%
13.20
13.21
1321
13,23
13.24

13.25

13.26
1327
13.28
13.29
13.30
13.34
13.32

1333
13.34

Show that the elficiency of the Brayton cycle depends only on the pressure catio.
What is the application of the closed cycle ges turbine plamt?

Discuss the merits and demerits of Brayton and Otlo cycles spplied to
reciprocating and rotating plants,

What is the effect of tcgeneration on Braylon cycle elficicncy? Define the
elfectiveness of & regenerator.

What is the effect of imeversibilitics in turbine and compressor on Braylon cycle
efficiency? .

Explain the effect of pressure ratio on the net output and efficiency of 2 Brayton
cycle.

Derive the expression of optimum pressure ratio for maxioum net work output in
an ideal Braywn cycle, What is the corresponding cycle elficiency,

Explain the eflects of: (a) intercooling, and (b} reheating, on Brayron cycle.
What is a free shafft turbine?

With the help of flow and T-5 diagrams explain the air standard cycle for a jet
propulsion plant

With the belp of a neat sketch explain the opetation of & urbojet engine, How is
the thrust developed in this engine? Why doeg a commercial airplane fly at high
altitudes?

Define propulsive power and propulsive efficiency.

Why are regencratord and intercoolers ot used in aircrafl engines? What is afier-
burning? Why is it used?

Explain the working of a turbofan ¢ngine with the help of a nest sketch. Definc
“bypass mtio”. How does it influence the engine thius1?

How does a turboprop eegine difTer from a wrbofan engine?

What is B ramjet? How is the thrust produced here?

What is a rocket? How is it propelled?

Explain the advantages and disadvantages of 2 gas twhine plant for a utility
System.

What are the advanlages of a combined gas turbine-steam turbine power plant?
With the help of flow and 75 diagrams explain the operation of a combined
GT-ST plant. Why is supplemenisry firing ofien uscd?

PROBLEMS

13.1

132

In a Stirling cycle the volume varies between 0.03 and 0.06 m’, the maximum
pressure is 0.2 MPa, and the temperature varies between 540°C and 270°C. The
working fluid is air (an ideal gas). {a} Find the eMiciency and the work done per
cyche for the simple cycle. (b) Find the efficiency and the work done per cyele for
the cycle with an ideal regencrator, and compare wilh the Camot cycle having the
same isolhermal heat supply process and Lhe same temperature range.
Ans, {a) 27.7%, 53.7 khkg, (b) 33.2%
An Ericsson cycle operating with an ideal regenerator works berween 1100 K
and 288 K. The pressure at the beginning of isathermal compression is 1.013 bar.
Determine {2) the compressor and tarbine work per kg of air, and (b) the cycle
efficiency.
Ans. () Py =465 kikg, W= 121.8 Wikg (b) 0.738




13.5

13.6

13.8

139

13.10

13.11

13.12
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Plot 1he efliciency of the air standard One cycle as 2 function of the compression
ratio for compression ratios from 4 to 16.
Find the air standard efTiciencies for Olo cycles with a compression ratio of 6
using ideal gases having specific heat mtios 1.3, 1.4 and 1.67. What are the
adveniages and disadvantages of using helium as the working Nuid?
Anengine equipped with a cylinder having a bore ol'15 cm and a stroke of 45 ¢m
operates on an Otte cycle. If the clearance volume is 2000 cm’, compute the air
standard efliciency.
Ars. 47.4%
[n an air standard Otio cyele the compression ratio ig 7, and compression begins
at 35°C, 0.1 MPa. The maxizmun temperature of the cycle is 1100°C., Find {a) the
temperature and pressure ai the cardinal peints of the cycle, (b} the heat supplied
per kg of sir. (c) the work dene per kg of air, (d) the cycle efficiency, and {e) the
m.e.p. of the cycle.
An engine working on the Otto cycle has an air standard cycle cfliciency of 56%
and rejects 544 kJikg of air. The pressure and temperature of air al the beginning
of compression are 0.1 MPa and 60°C respectively. Campute {2} the compression
mtio of she engine. {b) the work donc per kg of air, (¢) the pressure and
temperature ai the end of compression, and (d} the maximum prossure in the
eycle.
For an air standard Diese! cycle with a compression ratio of 15 plet the efficiency
us a fnction of the cut-off ratio for cut-off raties trom | 1o 4, Compare with the
results of Problem 13,3,
i an air standard Diesel cycle, the coinpression ratio is 15. Compression beging
a1 0.1 MPa, 40°C. The heai added is 1.675 M)/kg. Find {a) the maxiroum
temgperature of flic cycle, {b) the work done per kg of air, (¢) the cyele efficiency,
{d) the semperature at the end of the isentropic expanston, {¢) the cat-of7 ratio.
() the maximum pressure of the cycle, and (g) the m.e.p. of the cyele.
Two engines are to operate on Otlo and Diesel cycles with the following data;
Maximum wemperature {400 K, exhaust temperature 700 K., State of air at the
beginning of compression (.1 MPa, 300 K.
Estimate the compression ratios, the maximum pressures, elficiencies. and mie
of work ourputs (for | kg/min of air) ol'the respective cyveles.
Ans. Otto—ry = 5.656, p_ . = 2.64 MPa_ iF = 2872 k/ke. 1= 50%
Dicset—ry, = 7.456, ., = 1.665 MPa. # = 446,45 kdkg, 1 = 60.8%
An air standard limited pressure cycle has a compression rativ of 15 and
compressian beging at 4.1 MPa, 40°C. The maximum pressure is limited to
6 MPa and the heat added is 1.675 Mg, Compute (a} the heat supplied & -
constant volumng per kg of air, {b) the heat supplied at constane pressure per kg of
air, (¢} the work done per ke of zir, (d) the cycle efliciency. (¢) the tempemalure at
the end of the constant volume heating process, (f) the cut-oif ratio, and {g} the
m.e.p. of Lhe cycle.
Ans. () 235 kMg, (b) 1440 kJ/kg, (¢} 1014 kJikg, (d) 60.5%,
ey 1252 K {0 2.344 () 1.21 MPa
i an ideal cycle for an internal coinbustion cogine Lhe pressure and temperatare
at the beginning of adiabaric compression are respectively (.11 MPa and 115C,
the compression ratio being 16. At tbe end of compression heat is added (o the
working [uid. firs1, at constant volume, and then at consiant pressure reversibly.
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13.43

13.14

13.15

13.16

13.17

. 13.18

The working fluid is then expanded adiabatically and reversibly to the original
volume.

If the working Muid is air and the maximum pressure and temperature are
respectively 6 MPa and 2000°C, determine, per kg of air {a) the pressure,
temperature, volume, and crtropy of the air at the [ive cardical peints of the cycle
{take 5| a3 the entropy of air at the beginning of campression), and (b) the work
output and efficiency of the cycle,

Show (hat tbe atr standard efliciency for a cycle comprising two constant pressure
processes and two isothermal processes (all reversible) is given by

_ (G-Tyn(p)¥
Rll+In ()T~ -5)

where T and 7, are the maximurn and minimum temperatures of the cycle, and
r,, 19 the pressure matio.

Obtain an expresgion for the specific work done by an engine working on the
Otlo cycie in terms of the maximum and minimum temperatures of the cycle, the
compression ratie #,, and constanis of the working Muid (assumed to be an ideal
EAas).

Hence show that the compression ratio for maximum specific work output is

given by
- [ T, )uzu—ﬂ
n==
Tl'llll
A dual combustion cycle operates with a volumetric compression rutio r, = 12,
and with a cul-off rarie 1.615. The maximum pressure is given by p., = 54p,,
where p, is the pressure before compression. Assuming indices of compression
and ¢xpansion of 1.35, show that the m.c.p. of the cycle
Pu™ 10 £
Henge evaluate (e) temperanures at cardinel points with 7; =335 K, and {b} cycle
efficiency.

Ans ()T, =805K,p,=292p, = WK, T, =2410K,
Ty = 1200 K, (b) = 0.67
Recalculate {a) the temperanmes &t the cardinal poings, (b} the m.e.p., and {c} the
cycle efficiency when the cycle of Problem 13.15 is a Diesel cycle with the same
compression ratic and a cot-ofT matio such as to give an expansion corve
coincident with the Jower pan of that of the dual cycie of Problem 13.15,
Ans. (2) T, =BOSK, Ty = (970 K, T, = 1142 K (b} 6.82 p,, (c} 1 = 0.513
I an gir standard Brayion cycle the compression retio is 7 and the maximum
tempereture of the cycle is 8°C. The compression begins &1 0.1 MPa, 35°C.
Compare the maximum specific volume and the maximum pressure with the Otlo
cycle af Problem 13.6. Find (a) the heat supplied per kg of air, {b} the net work
done per kg of air, () the cycle efficiency, and {d) the temperawre at the end of
the expansion progess,
A gas turbing plant operates on the Brayton cycle berween the temperarures 27°C
and BH0°C. {a) Find the pressure ratio at which the cycle efficiency approaches
the Camot cycle efficiency, (b} find the pressure ratio at which the work done
per kg of air is maximtm, and (c} compare the efficiency at this pressure pho
with the Cemnadt efTiciency for the given wmperatures.
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1331

13.32

13.33

13.34

13.35

13.36

all processex are ideal, Determine (a) pressure pg. (b) the pet work per kg and
mass flow rate, (¢) temperature T, and cycle thermat efficiency. and {d) the -5
diagram for the cycle.
Repeat Probiemn 13.30 assuming lhu the compressor has an cfffcicncy of 30%,
both the trbines bave efficiencies of 85%, end the regenerator has an efficiency
of 72%.
An ideal air cycle consists of isentropic compression, constant volume heat
transfer, isothermal expansion to the original pressure, and constant pressure heat
transfer to the origina! temperature. Deduce an expression for the cycle efficiency
in teyms of volumetric compression ratior,. and isothetmal expansion ratio, r,. In
such a cycle, the pressure and temperature at the start of compression are § bar
and 40°C, the compression ratio s §, and the maximum pressure is 100 bar.
Determine the cyele efficiency and the m.e.p.
. Anr. 51.5%, 3.45 bar

Power-— 7
Turbined)

= g20'C
pr=1am

Fig. P 13.30

Fuor a gas turbine jet propulsion unit, shown in Fig. 13.24, the pressure and
temperalure entating the compressor are | atm and 15°C respectively. The
pressure rano acrods the compressor is 6 o | and the temperanire at the rurbine
inlet is 1000°C. On lcaving the turbine the air enters the nozzle and expands to
t atm. Determine the pressure at the nozzle inles and the velocity af the oir leaving
the nozzle.

Repeat Problem 13,33, assuming that the efficiency of the compressar and
turhine are both 85%, and that the nozzie efficiency is 953%.

Develop expreasions for work output per kg and the e[Ticiency of an ideal Braylon
cycle with regeneration, assuming maximum possible regeneration. For fixed
maximum and minimum temperatures, how do the efficiency and work ourpms
vary with the pressore ravio? What is the oprimum pressure ratio?

For an air standard Otto cycie with fixed intake and maximum temperatures, T,
and 73, find the comprassion ratia that renders the net work per cycie a maximum,
Berive the expression for cycle efficiency ai this compression ratio.

it the air intake 1emperature. 7. is 300 K and the maximum cycle lemperature,
Ty is 1200 K, compute the compression ratio for maximum net work, maximom
work outpul per kg in a cycle, and the cormesponding cycle elficizncy,
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A regenerative pas turbine with intercooling and reheat operates at sieady state,
Air enters the compresser at 100 kPa, 300 K with 2 mass [low rate of 5.807 ky/fs.
The pregsure rtio actoss the two-stmge commpreasor 83 well aa the turbine is £0.
The intercooler and reheatar each operate at 300 kPg. Al the inlets to the turbine
stages, the lemperature is 1400 K. The temperature at iniet to the second
compressor stage is 300 K The efficiency of ¢ach compressor and turbine siage
is 80%. The regenemmior effectiveness is 80%. Determine {a) the thermal
efficiency, (b) the back work ratie, /By, () the net power developed,
Ans. {ay 0.443, (1) 0.454, {c} 2046 kW
[n a regenerative gas turbine power plant air enters the compressor ai | bar, 27°C
and ts compressed to 4 bar, The isemropic efficiency of the compressor is 80%
and the regenerator effectiveness is %0%. All of the power devetoped by the h.p.
turbine is used to drive the compressor and the 1.p. turbine grovides the net power
output of 97 kW. Each turbine has an isentropic efficiency of 87% and the
temperature at inlet 1o the b.p. trbive is 1200 K- Determine {a} the mass Mow
rate of air into the campressor, {b) the thermal efficiency, (c} the lemperature of
the air ai the exit of the regensrator.
Ans. (2) 0.562 kg/s. (b) 0.432, (¢) 523.2 K
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Here O, =T s, - -’3): Qz Ty(s1 -5}

and Woe = e~ =0 =T -T) (s -5}
where T, is the temperature of heat rcjecnon and T, the temperature of heat -
absorplion.

{COP 9y = & = _T2_

Fon T-T
@ I
and (COPYp)ppy = o= —L— (14.1)
H.P./rev Wm Ti _ Tz

As shown in Sec. 6.16, these are the maximum values for any refrigerator or
heat pump operating between T, and 7. It is imporiant to note that for the same
T or T, the COP increases with the decrease in the temperature difference
(T, - 1), i.e., the closer the temperatures T, and T,, the higher the COP.

143 Vapour Compression Refrigeration Cycle

In an actual vapour refrigeration cycle, an expansion engine, as shown in
Fig. 14.3, is not used, since power recovery is smmall and does not justify the cost
of the engine. A throtiling valve or a capillary tube is used for expansion in
reducing the pressure from p, 1o p;. The basie operations involved in a vapour
compression refrigeration plant ate illustrated in the flow diagram, Fig, 14.4, and
the property diagrams, Fig. 14.5.

7]
. N
. '—‘—‘—"1

] %

8 Condenser__ lPl —— s -
bW
Exparslon
valve .
)
Evaporeior ‘02

Fig. 14.4  Vapour comprewrton refrigeration plani-flow diagram

The operations represented are as follows for an idealized plant:

1. Compression A reversible adiabatic process 1-2 or 1’-2” either starling with
saturated vapour (state 1), called dry compression, or starling with wet vapour
(state 17}, called wet compression. Dry cnmpression (1-2) is always preferred o
wet compression {1°-2), because with wet compression there is a danger of the
liquid refrigerant being irapped in the head of the cylinder by the rising piston
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which may damage the vaives or the cylinder head, and the droplets of liquid
refrigerant may wash away the lubricating oil from the walls of the cylinder, thus
accelerating wear,

2, Coollng and Condensing A reversible constant pressure process, 2-3,
first desuperheated and then condensed, ending with saturated liquid. Heat O, is
transferred out.

3. Expanslon An adiabatic thratiling process 3-4, for which enthalpy remains
unchanged. States 3 and 4 are equilibrium points. Process 34 is adiabatic (then
only &, = A, by S.F.E.E.), but not isentropic.

Tds = dh—vdp,ors, — 55 =—T%
A

Hence it is irrevarsible and cannot be shown in property diagrams. States 3 and 4
heve simply been joined by a dotted line.

4. Evaporaton A conslant pressure reversible process, 4-1, which completes
the cycle. The refrigerant is throtiled by the expansion vaive Lo a pressure, the
saturation temperature at this pressure being below the temperature of the
surroundings. Heat then fAows, by virtue of temperature difference, from the
surroundings, which gets cooled or refrigerated, to the refrigerant, which then
ev  rutes, absorbing the heat of evaporation. Th -apo thus produces the
counng or the refrigerating effect, absorbing heat {4, from the surroundings by
evaporation.

In refrigeration practice, enthalpy is the most sought-aller property. The
diagram in p-k coordinates is found 1o be the most convenient. The constant
property lines in the p-A diagram are shown in Fig. 14.6, and the vapour
compression cycle inFig. .

14.3.1 Performance and Capacily ¢f a Vapour
Compression Plant

Figure 14.8 shows the simplified diagram of a vapour compression refrigeration
plant.
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Flg. 14.8  Vapour comgrression plant

When steady state has been reached, for 1 kg flow of refrigerant through the
cycle, the steady flow energy equations (neglecting K.E. and P.E. changes) may
be writien for each of the components in the cycle as given below.

Compressor
b+ W, =h
W, =(h;— h} ikg
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W =w(hy- k) klfs

14.3.2 Actual Vapour Compression Cycle

In order to ascerrain that there is no dropiet of liquid refrigerant being camied
over into the compressor, some superheating of vapeur is recommended afier the
cvaporRtor.

A small degree of subcooling of the liquid refrigerant afier the condenser is
also nsed to reduce the mass of vapour formed during expansion, so that ioo many
vapour bubbles do not impede the Now of liquid refrigerant through the expansion
valve.

Bath the superheating of vapour at the evaporator outlet and the subceoling of
liguid at the condenser outlet contribute to an increase in the refrigerating e [Tect,
as shown in Fig. [4.9. The compressor discharge temperature, however,
increases, due to superheat, from £} 10 4, and the load on the condenser alse
increases.

Degres of subcooling

Fig. 14.9 Superheai and subcooling in o vap

P epels
Sometimes, a liquid-line heat exchanger is used in the plant, as shown in
Fig. 14.10. The liquid is suhcooled in lhe heat exchanger, reducing (he load on the
condenser and itproving the COP. For 1 kg flow
Oy=hs—hs, Oy = by~ 1y
W.=h,—h andh, ~h,=h,-h,

14.3.3 Componenis in a Vapour Compression Plant

Condenser [t mnst desuperheat and then condense the compressed refrigerant.
Condensers may be either air-cooled or water-cooled. An air-cooled condenser is
used in small self-contained units, Water-cooled condensers are used in larger
installations.

Expansion device lireduces (he pressure of the refrigerant, and also regulates
the low of the refrigerant to the evaporator, Twn widely used types of expansion
devices are: capillary wbes and thronle valves {thermostatic expansion valves).
Capillary wbeg are used only for small units. Once the size and length are fixed,
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the ev:.apomor pressure, etc., gets fixed. No modification in opersting conditions
is possible. Throttle valves are used in larger units. These reguiate the Dow of the
reftigerant according to the load on the evaporator,

Compressor Compressors may be of three types: (a)} reciprocating, (b) rolary,
and (<) centrifugal. When the volume (low rale of the refrigerant is large,
centrifugal compressors are used. Rotary compressors are used for small units.
Reciprocating compreasors are used in plants up to 100 tounes capacity, For
plants of higher capacities, cenirifugal compressors are emplayed.

[#3] .
X Condensec
%«W\n—?—-

Suscion bine L — -
heat exchanger\“-l’ é —-*.TJ 2
|

Expansion “3 3 ] K"/ We
valve Comprassor

{a) ’ &}
Fig. i4.10  Vapour compression cycle with @ suction-ling heat exchanper

In reciprocating compressors, which may be single-cylinder or multi-cylinder
onies, because of clearance, leakage past the piston and valves, and throttling
effects at the suction and discharge valves, the actual valume of gas drawn inlo
the cylinder is less then the volume displaced by the piston. This is accounted for
i the term wolumerric efficiency, which is defined ns

Actusl volume of gas drawn at evaporator pressure and temperature
Piston displacement

~ Volume of gas handled by the compressor

Mol =

= w-p,(m’/5) = (%D’L-g]—n) X Mool
where w is the refrigerant {low rate,
v, is the specific volume of the refrigerant at the compressor inlet,
D and L are the diameter and stroke of the compressor,
n is the number of cylinders in the compressor, and
Nisther.p.m
The ciearance volumetric efficiency is given by Eq. (10.72)

Iin
Thvot = 1+C-C[ﬂ]
P

wherne C is the clearance.

Evaporaior A commou type nf cvaporator is a coil brazed on to a plate, cailed
a plate cvaporator. In a ‘flooded cvaporator’ the coil is filled only with a liquid
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refrigerant. In an indirect expansion coil, water (up to0 0°C} or brine
(for temperatures between 0 and - 21°C) may be chilled in the evaporator, and
the chilled water or brine may then be used to cool some other medium.

14.3.4 Multistage Vapour Compression Sysiems

For a given condensarion temperature, the fower the evaporator lemperature, the
higher becomes the corapressor pressure ratio, For a reciprocating COmMpressor, a
high pressure ratio across a single sioge means low volumetric efliciency. Also,
with dry compression the high pressure ratio resulls in high compressor discharge
temperare which may damage the refrigerant To reduce the work of
compression and improve the COP, muitistage compression with intercooling may
be adopted. Since the intercooler temperatnre may be below the temperawre of
available cooling water used for the condenser, the refrigerant itself may be used
as the imtercooling medium_ Figure 14.11 shows a two-slage compression system
with a direct contact heat exchanger.

As shown in Sec. 10.4, for minimum work, the iniercooler pressure p, is the
geometric mean of the evaporalor and condenser pressures, py and p,, ot

ri=dom
By making an ensrgy balance of the direct contact heat exchanger,
ahy + kg = Mo hy + Py
n _hoh
m; bk
The desired refrigerating effeet determines the flow rate in the low pressure
loap, M2, as given below

. 14000
h-h}= x P
2k =~ h) =300
where P is the capacity, in tonnes of refrigemtion.
: I8P
my = ka/s
b -4

Figure 14.12 shows a fwo-stage vapour compression systemn with a flash
chamber intercooler, where the vapour from the flash chamber (state 9) mixes
with the vapour from the LP compressor (stei¢ 2) 1o form vapour at state 3, which
eoters the HP compressor.

14.3.5 Refrigerants

The most widely used refrigerants now-a-days are a group of halogenated
hydrocarkens, or chlorefluorocarbons {CFCs) marketed under the various
proprietary names of freon, genetron, arcton, isotron, frigen, and, so on. These are
cither methane-based or ethane-based, where the hydrogen atoms are replaced by
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‘ H.P.
X & Compressor
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Fig. 14.12  Two-riage vapour compression rystem with a flash intescooler

third digit indicates the number of fluorine atoms, all other aioms in the
hydrocarbon being chlorine. For example, R-110 is C,Cl;, R-113 is C,CliyF,,
R-142 iz CH,CIF,, and so on. The use of these refrigerants is now discouraged,
since these, being largely insoluble in water, move up, react with ozone in the
ozone layer (which protects the earth from pernicious ultraviolet rays, and deplete
it.

It was reatized in mid-seventies that the CFCs not only allow mare ultraviolet
radiation into the earth’s atmosphere, but also prevent the infrared radiation from
escaping the earth to outer space, which contributes 1o the greenhouse effect and
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Ammonia is widely used in food refrigeration faci 5 such as the cooling of
h froils, vegetables, meat and fish, refrigeration of beverages and dairy
ducts such as beer, wine, mulk and cheese, freezing of ice cream and ice
duction, low temperature refrigeraticn in the pharmaceutical and other process
astries. The advantages of emmonia are its low ¢ higher COPs and thus
€r energy costs, greater detectability in the event of a leak, no e[fect on the
ozone layer, and inore favourable thermodynamic and transport properties and
thus higher heat transfer coefficients requiring smalier and lower cost heat
exchangers. The major drawback of ammonia is its toxicity which makes it
unsuitable for domestic use.
Other Nuids used as refrigerants are sulphur dioxide, methyl chloride, ethyl
chloride, hydrocarbons like propane, butane, ethane, ethylene, etc. carbon
dioxide, air and water.

144 Absorption Refrigeration Cycle

The absorption refrigeration system is a kea? operated umit which uses a
rigerant that is alternately absorbed and liberated from the absorbent. In the
iic absorption system, the compressor in the va  r compression cycle is

replaced by an absorber-generator assembly invols  less mechanical work.

Figure 14.15 gives the bagic absorption refrigeration  le, in which ammonia is
‘refrigerant and water is the absorbent. This is kuvwn as the agua-emmonia
sorpfion system.

Ammonia vapaur is vigorously absorbed in water. So when low-pressure
monia vapour from the evaporator comes in contact in the absorber with ihe
ak solution (ihe concentration of ammonia in water is low) coming from the
1erator, it is readily absorbed, releasing the latent heat of condensatinn. The

Qg NH3 Vapour O
Steam or .\\ Condaneer | I—/Z
city Generator @
_h_ — Cooling waler
- MH; Liguig
1
% § Haat 3 Ha
B!Iﬂ'lﬂel' Elparmion
W f vaive
’~ % Reducing vatve o
Aqua-pump
Strong solution #] | Y¥eak sclution | /
NHy Vapaour —_
~ Abmorber !
Qx Evaporator—~  Brine
A {NaC! of CaCly
Cooling waler in water)

Flg. 14.15 Vapour cluorption refrigeration p -flow disgrar

i
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Flg. 1422 Gar refrigeration cycle

ipression system are here cailed 1he cooler and refi  rator respectively. The
? of the refrigeration cycle, assuming the gastobe  al, is given by

cor=2 _ h -
Wor  (h—H)—(h— &)
- L-T _ L-T,
B-T)-G-T) 45 _ ,,.{5_]
I T,
For iseniropic compression and expansion
r—= 1Y
3T "3
LA T
cop=—%—T L
(r,—m[i— 5T
T,
) COP = 1 (

o -15T
[ﬂ) B I
n

where p, is the pressure aller compressmn and p, is the press
COMPTESSION.




600 z—— Baric and Applied Thermodynamicr

and the energy balance gives
Tthy — Mghs — (F1 — M)k =10
ik, — hy) - "’:'f(’ls ~h)=0

Y= d

My
mh,h
ﬁvﬁv
by -

No yield is thus possible unless k, is greater than A,. The epergy balance for
the compressor gives

(14.6)

u?"

ﬁk] + Wl:: f.'kl"'Ql
where (J; is the heat loss to the sumoundings from the compressor

LAY VPR S,
m

This is the minirtum work requirement.
Specific work consumption, #

By W1 by

3 - - -
A e m Y ﬁ-:—"zm(s' 5) -k~ k)]

14.72 Claude System of Air Liguefaction

In the Claude sysiem, energy is removed from the gas stream by allowing it to do
some work in an expander. The flow and T-5 diagrams are given in Fig. 14.25.

The gas is first compressed to pressures of about 40 atm and then passed
through the first heat exchanger. Approximately 80% of the gas is then diverted
from the main stream, expanded through an expander, and reunited with the retum
strearn below the second heat exchanger. The stream to be liquefied continues
through the second and third heat exchangers, and is finally expanded through an
expansion velve to the liquid receiver. The cold vapour from the fiquid receiver is
returned through the heat exchangers to cool the incoming gas.

The yicld and the specific work consumption may be computed by making the
mass and energy balance as in the Linde-Hampson system.

14.8 Production of Solid Ice

Dry ice is used for low temperature refrigeration, such as to preserve ice-cream
aod other perishables. The property diagram of CO, on the p-k coordinates is
given in Fig. 14.26. The schematic diagram of producing solid CO, and the
comresponding p-k diagram are shown in Figs 14.27 and 14.28 respectively.
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Po=T32m
"l = 3°C
=8
I Liquid + Vapaur
" o = Pz =511 alm
Salid + Vapour \A
=785 F ~— T it line
1 atm | pio poin
—_—
Fig. 1436 p-k diagram of CO,
4
70atm | Condenser ——_®
Elpa'r:dm Campressor
valve o
4 ‘8 ""'@
7 7)
1atm Maka-up
i 5 1 Separsor
Solid CO3

Fig. 14.27 Production of dry ict-flow diagrem

Fig. 1428 Refrigeration cyle of a dry ice plant on p-h plot
SOLVED EXAMPLES '

Example 14.1 A cold storage is to be mainiained at —5°C while the
surroundings are at 35°C. The heat leakage from the surroundings into the cold
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storage is estimated to be 29 kW. The actusl COP of the refrigeration plant used
is one-third that of an ideal plant working between the same temperatures. Find

the power required (in kW) to drive the

plant.
) Sumoundings
Solution T, 8K
C-:::P(mml)-T—TIF ) o‘Ll Q= Oy + W
1~ 4 —
. B ! R_|L—,;—
308-268 :
a, 1 Oy = 20 kW
2~ Actual COP = 1/3 < 6.7
Codstorage |
—a=2 g T2E 28K |
W 7
Power required to drive the plant Q= 2okw
S n N
Fig. Ex.14.}
(Fig. Ex. 14.1) A
W= & 29
223 223
=13 kW Ans

Example 14.2 A refrigerator uses
R-134a as the working floid and
operates on an ideal vapour
campression cycle between 0.14 MPa
and 0.8 MPa. If the mass flow rate of p o 0.8 MPa 2
the refrigerant is 0.06 kg/s, determine
{0) the rate of heat remova! fiom the 4'
refrigerated space, (b) the power input j
to the compressot, (c) the heet rejection 1
4

rate in the condenser, and (d) the COP. 1
Sofution From the R-1344 tables, h
the e¢nthalpies at the four states
{Fig. Ex. 14.2) are: Fig. Ex14.2
Ay =236.04 k)/kg
5, =09322k)kg K =35,
For P2 = 0.8 MPa, 5, =0.9322 klkgK,
h, =272.05 kJikg, h, = k, = 93.42 kikg
0, =0.06(236.04 - 93.42) = 8.56 kW Ans. (a}

W, =0.06(272.05 - 236.04) =2.16 kW Ans.(b}
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Heat rejected to the condenser = wih, - k)
=0.18 (209.41 - 74.59)
=24.27 kW Ans, (€}
By = hptxghp, =26.87 +x, x 156,31 = T4.59

= 472 - 5305

15631
Flash pas percentage = 30.5% Ans. {(f)
h, — A 183.19 - 74.59
coP=—1—4=
hy -k 209.41-18319
108.60
= =414 Ans.
‘ 2622 - )
Power required te drive the compressor
=w(f; — k) =018 X 2622 =4.72 kW Ans. (h)
T 263
COP ble)= —2 == =526
(Reversible) T-1, 0

COP(Vap.Cormp.cycle) _ 4.14 = 0.787
COP(Camot cycle) 5.26

Exampie 14.4 A Refrigerant-12 vapour compression plant producing 10
ionnes of refrigeration operates with condensing and evaporating temperatures of
35°C and - 10°C respectively. A suction line heat exchanger is used to subcool
the saturated liquid leaving the condenser. Saturated vapour leaving the
evaporafor is superheated in the suction line heat exchanger to the extent that a
discharge temperature of 60°C is oblained afler isentropic compression.
Determine {a) the subcooling achieved in the heat exchanger, (b) the refrigerant
flow rate in kg/s, {c) the cylinder dimensions of the two-cylinder compressor, if
the speed is 200 rpm, stroke-to-bore rato is 1.1, and the volumetric efficiency is
8084, (d) the COP of the plant, and {e) the power required to drive the compressor
in kW.

Solution  From the p-k charl of R-12, the property values at the states, as shown
in Fig. Ex. 14.4,

Ans.

ky =882, &, = 1034

hs =998, Ay = 1008 kl/kg

v, =0.084 m¥xg

hy-h,=h -k
BB2 - A, =1008-998 =
hy =B72 klikg
. =25°C

So 10°C subcooling is ach:eved in the heat exchanger. Refrigeration effect
=hy— hs =998 - 872 =126 klkg Ans. (a)
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@ iQT Condenser

[ R AAAS

Reﬁ'igeramflowrare=$ = 1110 kg/h

=0.31 kg/s
Volume Row rate = w- ;= 1110 x 0.084 = 93 m*h

Compressor displacement = B 116 m*/h = 1.94 m*min

This is equal to %Dz LNn

where D = diameter
L = stroke
N=r1pm

n = number of cylinders of the compressor.

%D’ x 1.1D x 900 x 2 = 1.94 m¥min

D = 1250 cm®

Anz. (b)
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W, = rivy(hy — hy )y (hy — hy)
={0.0954 » [69 + 0.124 x 1B4.6= 1619+ 22.89

=39.08 kW
39.08
Single stage
Ay =1404.6 &, = 1805.1
hs =371.7= &‘
= 30x3.89 _ 1167
1404.6 - 371.7 10329
=0.113 kg's
W, = mlh, — k) =0.113 x 400.5
=45.26 kW
116.7
= —~—= 2574
cop 4526
Increase in work of compression (for single suage}
= 45263508 | 100 1581%
39.08
Increase in COP for 2-suage compression
2.986 - 2.578
= o ) =15.82%
2578 x 1 15.82%

Example 146 In ac agus-ammonia absorption refrigerator system, heat is
supplied to the generator by condensing stearn at 0.2 MPa, 90% quality, The
temperaiure to be meintained in the refrigerator is — 10°C, and the ambient

ternperature is 30°C. Estimate the maximum COP of the refrigerator.

[fthe actual COP is 40% of the maximum COF and the refrigeration foad is 20

tonnes, what will the required steam flow rate be?
Soilution At 0.2 MPa, from the steam table (Fig. Ex. 14.6)
fi = 120.2°C, Ay = 2201 .9 kT/kg

The maximum COF of the absorption refrigeration system is given by

Eq. (14.4)
_G-L)%
COP),,, = L 21k
(P = 1~ T0)1;

where T, = generalor temperature
=1202+273=3932 K
T; = condenser and absorber temperature
=30+273=303K
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presswe before re-entering the compressor which is driven by the turbine.
Asguming air to be an ideal gas, determine the COP of the refrigerator, the driving

power required, and the air mass flow rate,
Solution Given: (Fig. Ex. 14.7)
T =11TK T;=213+55=328K

(¥ = I}Y
T _ {&J
5 P

W = 2770014 = 379K
T -T,=102K
102
N-T =——= =1418K
T am

(Y-1¥
Ty z(p_zJ !
Ta P

= JaR(04Le o 328
T, = 328(3) S3eg = M0K

I,-T,=8K
T,-T,=078xBE=686K
T,=2594K
Refrigerating effect = ¢ (7, ~ Ty) = 17.6¢, kl/kg
Net work input = ¢ [(T) - 7)) - (T - 7))
=cy[141.8 - 68.6] = 73.2¢, W/kg
17.6¢,

.L'p

COP = ={.24

Driving power required

_ _3x14000
0.24 x 3600

=43.6 kW

Ans.

Ans.

Fig. Ex14.7
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14.28

14.29
14.30
14,31
14.32
14.33

14.34

14.35

How can a heat pump be used for {a) space heating {b) year-round air
conditioning?

How is a reversed Brayton cycle used for reftiperation?

Why is the COP of a gas cycle refrigeration sysiem low?

Yhy is gas cycle refrigeration prefared in sircraft?

What is the principle of the Linde-Hampsan sysiem for liquefaction of air?
Derive the expressions of liquid yield and the minimum work requirement in a
Linde-Hampson sysicm,

How does Claude cycle differ from a Linde-Hampson ¢ycla in the context of the
liquelzction of aik.

With the help of flow and p-» diagrams, explain how dry ice is produced.

PROBLEMS

t4.1

142

14.3

14.4

4.5

A refrigerator using R-134a operales on an ideal vapour compression cycle
betwreen .12 and 0.7 MPe. The mass flow of refrigemm is .05 kg/s. Delermine
() the rate of heat removal fram the refrigerated space, (b} the pewer input to the
compressor, {c) the mie of heat rejection to the eavironment, and {d) the COP,
Ans. (8) 7.35 kW, (b) 1.85 kW, {c) 2.20 kW, (d)3.57
A Refrigeraat-12 vapour compression cycle has a tefrigeration load of 3 tomoes,
The evaporator and condenser femperatures are — 20°C and 40°C respectively.
Find {a) the refrigerant flow rate in kg/s, (b) the volume flow rate handled by the
compressor in m/s, (@) the wark input to the comprtssor in kW, (d) the heat
rejected in the condenser in kW, and {¢) the isentropic discharge temperature.
If there is 5 C deg. of superheating of vapour before it enters the compressor,
and 5 C deg. subcooling of liquid before it Mows through the capansion valve,
determine the above quanlitics.
A 5 ronne R-12 plamt maintains a cold store at ~ 15°C. The refrigerant Flow rate
is £.133 kg/s. The vapour feaves the evaparator with 5 C dep. superheat. Cooling
wakct is available in plenty at 25°C, A suction line heat exchanger subcools the
refrigerant before throtUing. Find (a) the compressar discharge wemperature, (b}
the COP, {c} the amount of subeooling in C deg., and (d) the cylinder dimensions
of the cownpressar, if the speed is 900 rpm, stroke-to-bore ratie iy 1.2, and
volumetric efficiency is 95%.
Aliow approximately 5°C itemperaturc difference in Lhe evaporator and
condenser.
Ans. {2) 66°C, (b) 4.1 (<} 125°C, (d) 104.5 mm, |25 mm
A vapour compression refrigeration systom uses R-12 and operates beiween
presaure limits of 0.745 and .15 MPa. The vapour entering the compressar has &
temperature of - 10°C and the liquid leaving the condenser is at 28°C. A
refrigerating load of 2 XW is required. Determine the COP and the swept volume
of the compressor if it has a volumewic efficiency of 76% and runs at 600 rpm.
Ans. 4.15, 243 cm?
A food-freezing system soquires 20 waones of refrigemtion at an ¢vaporator
temperature of — 35°C and a condenser wempermure of 25°C, The refrigerant,
R-12, is subcooled 4°C before enlering the expansion valve, and the vapour is
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t4.i4

4,15

14.16

1417

14,18

14,19

14.20

A heat pump is 1e use an R-12 cycie to operate between outdoor air at - 1°C and
air in a domeslic heating syztem at 40°C, The temperature differsnce in the
cvaporator and the condenser is 8°C. The compressor efficiency is 80%, apd the
compression beging with saturated vapour. The expansion begins wilh saturaled
liquid. The combined efTiciency of the motor and belt drive is 75%. [ the required
heat supply to the warm air is 43.6 kW, what will be the ¢lectrical load in KW?
An ideal {Camot) reftigeration system operates hetween Lhe temperatnre limiis
of — 30°C and 25°C. Find 1be ideal COP and the powes required from an external
source 10 absort 3,89 XW 2t low temhperature.

If the system operates as a beat pumnp, determine the COP and the power required
to discharge 3.89 kW at high ermpernire.

An ammeonia-ahsarplion system has an evaporator lemperature of - 12°C and 2
condenser {emperuture of S0°C. The generator emperature is t50°C. [n this
cycle, 0,42 kY is ansferred to the ammonia in the evaperator For cach kJ
transferred to ke ammonia solution in the generetor from the high emperature
souree,

It iy desired to compare the performance of this cycle with the performanze of 2
similar vapour compression cycle. For this, it is sssumed that a reservoir is
aveilable a1 150°C, and that heat is wensferred from this reservoir to a reversible
engine which rejects heat (o the surroundings at 25°C. This work is then used to
drive an ides) vapowr compression system with ammenia as ths refrigerant,
Compare the amount of refrigerstion that! can be achieved per kJ 1rom the high
termperature sowce in this case with the 0.42 kY that can be achieved in the
absorption gysiom.

An R-12 plant is to cool milk from 30°C to 1°C involving a reffigeration capacity
of 10 tennes. Cooling water for the condenser is available al 25°C and a 5 C deg.
rise in its wmperature is allowable. Determine the suitable condensing and
eviporating lemperatures, providing o mintmum of § C deg. dilferemtial, and
calculate the theoretical power required in kW and the cooling waier requirement
inkg/s. Also, find the percenlage of Mash gas at the end of the throtiling. Assume
2 2 C deg. subcooiing in the liquid refrigerant leaving the condenser.

The following data pereain to an air cycle refrigeration system for an airczafi:
Capncity 5 topnes

Cabin air inlet temperature |5°C and owlet temperature 25°C

Pressure mtio across the compressor 5

The aircrafl is Mying at 0.278 km/s where the ambient conditions are 0°C and
80 kPa. Find the COP and the cooling ¢[fectivencss of the heat exchanger. The
cabin is at 0.1 MPa, and the cooling rarbine powers the circulaling fans.

A water cooler supplies chilled wuter at 7°C wheo water is supplied 1o it at 27°C
at a mate of 0.7 limes/min., while the power consumed amounts to 200 wats.
Campare the COP of this refrigeration piank with that of the ideal refrigeration
cyele for a similer simatian.

A refrigerating piant of B Lonnes capacity has an evaporalion lemperature of
~ 8°C, and condenser temperature of 30°C. The refrigerant, B-12, is subcooled
5°C before enfering the expansion valve and the vapour is superhested 6°C before
leaving the evaporator coil. The compression of the refrigemnt is isentropic, If
there is a suction pressure drop of 20 kPa through the valves, and discharge
pressure drop of 10 kPa through the valves, desermine the COF of the plant,
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Flg. 15.1  Stater of wwaier vapour in mizture

Relative humidity (R.H., ¢) is delined as the ratio of partial pressure of water
vapour, p,,, in a mixrure to the saturation pressure, p,, of pure water, at the seme
temperature of the mixtare (Fig. 15.1)

RH(g) =2
L]

If water is injected into unsamurnted air in 4 container, watet will evaporate,
which will increase the moisture content of the air, and p,, will increase. This will
continue tiil ajr becomes sawrated at that temperature, and there will be no more
evaporation of water, For saturated air, the relative humidity is 100%. Assuming
water yapour as an ideal gas

po ¥V =myRyoT=n, RT
and pV=m RyoT=mRT
where V is the volume and T the ternperature of air, the subscripts w and s
indicating the unsaturaied and saturated states of air respectively.

¢ = iol = .m—“.
Ps ms
mass of water vapour in a given:
- volume of air at temperature T
mass of water vapour when the same volume
of air is saturated at temperature T

n‘! — IW
nl - :l
Specific humidity ot Aumidity ratio, W, is delined as the mass of waler vapour
{or moisture) per unit mass of dry air in a mixture of 2ir and water vapour.
If & = mass of dry air
m = mass of water vapour

W:ﬂ
G
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Specitic humidity is the maximum when air is saturated at tempemtﬁ_re T.or
m
Pous = W=
[F dry air and water vapour behave as ideal gases
P V=mRT
p, V=GRT
wom_Pu R _ p, 83143/2896

¢ p, R, p-p, 83143418

o W =0622 —2x (15.1)
’ P— Py

where p, is the atmospheric pressure. If p,, is constant, I remains constant.

If air is saturated at temperature T

W=, =062 -2
P-p
where p, is the saturafion pressure of water vapour at temperature T.
The degree of saturation, {1, is the ratio of the actual specific bumidity and the
gaturated specific humidity, both at the same temperarure 7.

' w 0.622 —2u
LA pppw
v 06 P
P D

—Pu PP

Py P~ Py

IF ¢= i—‘” =0,p,=0,x,=0, F=0,1ie fordry air, u=0
5

If  ¢=100%,p,=p, W=W,u=1

Therelore, ¢t varies between 0 and 1.

I a mixture of air and superheated (or unsaturated) water vapour is cooled at
constani pressure, the panial pressure of each counstituent remains constant antil
the water vapour reaches the saturated state. Further cooling causes condensation.
The temperature at which water vapour starts condensing is called the dew point
temperature, 1y, of the mixture (Fig. 15.1). It is equal to the saturation
tempera e at the partial pressure, p,,, of Lhe water vapour in the mixtore.

Dry bulb temperanure (dbt) is the temperature recorded by the thermometer
with a dry butb.

Wer bulb temperanure (wht) is the temperature recorded by a thermometer
when the bulb is enveloped by a cotton wick saturated with water. As the oir
stream [lows past it, some water evaporales, taking the latent heat from the water-
soaked wick, thus decreasing its temperature. Energy is then transicrred ta the
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The constant wbt line represents the adiabatic s ation process. It also
cides with the constant enthalpy line. To show this  us consider the energy
nce for the adiabatic saturation process (Eq. 15.2).

Rt Wibg + (- Wk, = by + Wk,
Since A, + &, = hkl/kg dry air {(equation 15.4)
Ay~ Wihe, =hy - Wokey

where subscript 2 refers to the saturation state, and subscript 1 denotes any state
along the adiabatic saturation path, Therefore

k — Why, =constant

ce Why, is small compared to /& (of the order of } or 2%)
A = constant

icating that the enthalpy of the mixture remains constant during an adiabatic
saturation process.

1 ?
mo
. G —
“ fy ! .
| -
Airin ———= —— Arout
1 ]
W, 4 .
b — —
! Q2 !

Fig. 15.6 Sennble heating

'3 Psychrometric Processes

{a} Sensible Heating or Cooling {at W = Constant) Caly the dry bulb
temperature of air changes. Let us consider sensible heating of air [Fig. 15.6(a),
(b}, (c)] Balance of

y air G =G,
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Fig. 15.9 Heating and humidification

Cooling Heating
coil

l S {Heating ssction)
Condersals - salurated al T, —— T !
Dehumidgifier section) Ts Ty T
Dry-buly temperatina
ia) (L]
Fig. 15.10 Dehumidification with heating (o) Equapment schsmaric
{3} Pychrometric chart represeniation
G+ G, =G,

G W + Gy, = Gy Wy
Gk, + Gohy = Grh,
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R D3 = 1.17kPa
< Pay = 1013 - 1.17 = 100.13 kPe
W, = 0622 P22 = 0,622 x —7_ — pgo727
P 10013
Pwl l
¢ = =1.00
' (Psu)z‘C
At 2°C, p,, = 0.7156 kPa
Put = 0.7156 kPa
o = 101.3 - 0.7156 = 100,5844 kPa
=0.622 218 _ 00442
100.5844

Wy — W, =0.00727 - 000442 = 0.00285 kg vap./kg dry air

AT, 028TX293 _ .. 3 .
Uy = = =0.84 m*/k
% o, 100.13 kg dry aie

Spray water = 0.00285 —XB.¥3P:_ kg dry ‘“
kg dry air 0.84 m?
=0.00339 kg moisture/m’ Ans.
Gahy + my hy = Gyhy
Ay + (W — Wk, = hy
Ao+ Wohyy + (W3- Wk = by + Wahy;
clta =) + Wakiyy — WaRtyo — (Wi — Why =0
Frorn the steamn ables, atp, = 1.17 kP'a
hy = 2518 kJkg and £,,, = 9.65°C
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W, = 0.020, #, = #, = 0.0115 kg vap./kg dry air

v, = 0.887 m’/kg dry air
G = _038% = 1,754 kg dry air/sec

~ Cooling coil capacity = G (§; — §;) =3.754 (82 - 47) kl/s
. 3.754 X 35 X 3600

14,000 = 33.79 tomnes Ans. {a)
Capacity of tbe heating coil = G (k; — 43} = 3.754 (52 - 47) Id/s
=31.754 x 5= 1877 kW Ans. (b)

Rate of water vapour removed = G (W, - ;)

= 3.754 % (0.0200 - 0.0115)

=0.0319 kg/s Ans. (c)
Example 155 Air at 20°C, 40% RH is mixed adiabatically with air at 40°C,

40% RH in the ratio of | kg of the former with 2 kg of the latter (on dry bagis).
Find the final condition of air.

Solution Figure Ex. 15.5 shows the mixing process of two air streams. The
equations

G+ G, =G,y
G + G, = G,
GA) + Gohy = Gihy
result in
W~ W h-k G
From the psychromettic chart
W, = 0.0058, ¥, = 0.0187 kg vap/kg dry air

(@

Ag. Ex. 155
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hy =35, by = 90 kI/kg dry air

W,-00058 G, 2
2 1

W= 3 x0.187 + 3 = 0.0058
= 0.0144 kg vap./kg dry air
Again
Mok _G _1 -
h“_h Gz 2
: hy=2 =L p=2x90+Lxss
3 3 3 3
= 71.67 kl/kg dry air
Final condition of air is given by

W3 =0.0144 kg vap/kg dry air

ky =71.67 kI/’kg dry air
Example 156 Saturated air at 21°C is passed through a drier so that it final
relative humidity is 20%. The drier uses silica gel adsorbent. The air is (hen
passed (hrough a cooler until ils final temperatre is 21°C wilhowl a change in
specific humidity. Find out (2) the temperature of air at the end of the drying
process, (b) the heat rejected in kd/kg dry air during the cooling process, {c) the
relative humidity at the end of the cooling process, (d) the dew point temperature
at the end of the drying process, end {c) the motsture removed during the drying
process in kg vapJ/kg dry air.

Salunion From the psychrometric char (Fig.Ex. 15.6)

m
h
Y ooy w

n 4 Sé 2 T

» - W,

O

i P4

: P

11.290 21°C 38.5°C
——=DBT
Flg. Ex, 15.6
T, =38.5°C Ans. {a}

Ry hy =603 -42.0=18.5 kg dry air - Ans. {b)
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Example 15.8 Water at 30°C llows into a cooling tower at the rate of 1.15 kg
per kg of air. Air enters the tower at a dbt of 20°C and a relative humidity of 60%
and leaves it at a dbt of 28°C and 0% relative humidity. Make-up water is
supplied at 20°C. Determine: (i) the temperature of water leaving the tower,
(ii) the fraction of water evaporated, 2nd (iii) the approach and range of the
cooling tower.
Selution  Properties of air entering and leaving the tower (Fig. 15.13) are
twp = 15.2°C
fup2 = 26.7°C
h; =43 kJ/kg dry air
hy = 83.5 kl/kg dry air
W, = 0.0088 kg water vapour/kg dry air
#', = 0.0213 kg water vapour/kg dry air
Enthalpies of the water entering the tower and the make-up water are
hy;=1258klkg A, =84 kl/kp
From the energy balance Eq. (15.5),

has oy = mi [thy = ) ~ (W= Wiph,)

w

= E [(83.5 —43) ~ (0.0213 — 0.0088) 84]

=34.2 kikg
Temperature drop of water

rW3=rw4—% =30-1,,
teg=21.8°C
Approach =¢,, =t,4,=21.8-15.2=6.6°C
Range =t~ 1,4, =30-218=8.2°"C
Fraction of water evaporated, x = G (W, — W) = 1(0.0213 - 0.0088)
={0.0125 kg/kg dry air
Example 15.9 Water from a cooling system is ilself 1o be cooled in a eooling
tower at a rate of 2,78 kg/s. The waler enters the tower at 65°C and leaves a
collecting tank at the base at 38°C., Air flows through the tower, entering the base
at 15°C, 0.1 MPa, 55% RH, and leaving the top at 35°C, 0.1 MPa, saturated,
Make-up water enters Lhe collecting tank at 14°C. Determine the air low rate
into the tower in m%/s and the make-up water [low rate in kg/s.
Seolution Figure Ex. §5.9 shows (he flow diagram of the cooling tower, From
the steam tables.
at 15°C, p.yy = 0.01705 bar, h, = 2528.9 ki’kg
at 35°C, pg,, = 0.05628 bar, k, = 2565.3 kl/kg
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ot saturated sir (15°C, 100% RH)

; ( | Fiot water (85°C, M)

Yo/ ®
) ! Make-up
™ | waker (14°C)
{15°C, 55% RH)

= Cokd water

@ ooec.m

Pg. Ex 159
4 = 0.55
! (Pm)ls'c

Py =0.55 % 0.01705 = 0.938 x 1072 bar

Puw
¢ = ¥ _ =100
: (pu )u'c
Py = 0.05628 bar

0.938 x 1072

¥ =062 ——— ——

PPy LOO ~ 0.00938
=0.00589 kg vap./kg dry air
_ 0.05628 .

W,=0.622x 1,00 - 0.03628 0.0371 kg vap/dry air

& Make-up water =W, - W,

=0.0371 - 0.00589

=0.03121 kg vapikg dry air

W, =0.622

Energy balance gives
. H,+H -~ H -H,-H;=0
For 1 kg of dry air
Cmlty— 1)+ Wahy— Wih + M, (hy~ hy) ~ (W, - F)h; =0
-~ 1005 (35 - 15) +0.0371 x 2565.3 - 0.00589 = 2528.9
+m, (—35)4.187-0.03121 x4.187 x [4=0



042 — Basic and Applied Thermadynamics

PROBLEMS

15.1

15.2

153

154

15.5

15.6

15.7

15.8

A air-water vapour mixture at 0.1 Mpa, 30°C, 80% RH has a volume of 50 m’,
Calculate the specific humidity, dew point, wbt, mass of dry air, and mass of
water vapour.
If the mixture is cooled at constant pressure to 5°C, calculate the amount of water
vapour condensed.
A sling psychrometer reads 40°C dbt and 36°C whi. Fmd the humidity ratia,
relative humidity, dew point temperature, specific volume, and enthalpy of air.
Caleulate the amouni of heat removed per kg of dry air if the initial condition of
air is 35°C, 70% RH, and the final conditien is 25°C, 60% RH.
Tweo streams of air 25°C, $0% RH and 25°C, 60%¢ RH are mixed adiabatically to
obain .3 kg/fs of dry air at 30°C. Calcuiate the amaounts of air dmwn from both
the sireams and the humidity ratio of the mixed air,
Airat 40°C dbt and 27°C whit is to be cooled and dehumidified by passing it over
a refrigerant-filled coil to give a {inal condition of 15°C and 90% RH. Find the
armounts of heat and moisture removed per kg of dry air.
An air-water vapour migture enters a heater-humidifier unit at 5°C, 100 kPa,
5% RH. The flow rate of dry air is 0.1 kg/s. Liquid water af 10°C is spruyed into
the mixmrc at the rate of 0.002 kpfs, The mixture leaves the unit at 30°C, 100
kPa. Calculate {a) the relative humidiry at the outlet, and {b) the rate of heat
ransfet o the unit.
A laboratory has a volume of 470 m’, and is 10 be maintained at 20°C,
52.53% RH. The air in the room is 10 be completrly changed enec cvery hour and
15 drawy [vom the atmosphere at 1,08 bar, 32°C, 86% RH, by a fan absorbing
0.45 KW. This air passes through a cooler which reduces its temperature and
causes condensation, the condensate being drained ofT at 8°C. The resuliing
saturated air is beated to room condition. The tota! pressure is constant
throughout. Determine (z) the temperatare of the air leaving the cooler, (b the
rate of condensation, {c) the heat transker in the cooler, and (d) the heat transfer in
the heater.

Ans. (3) 16°C, {b) 1035 kgfn, (c) 11.33 kW, (d} 1.63 kW
1 an air conditioning system, air is to be cooled and dehumidified hy means of a
cooling coil. The data are s follows:
[nitia) condition of the air at inlet to the cooling coil: dbt = 25°C, pantial pressure
of water vapour = 0.019 bar, absolute tolal pressure = 1.02 har
Final condition of air at exit of the cooling coil:
dbt = 15°C, RH = 3%, absolutz tola) pressure = 1.02 bar.
Other data are as follows:
Characteristic gas constant for air= 278 Jkg K
Characteristic gas constant for water vapour = 461.5 Mg K
Saturation pressure for wates at 15°C = 0,017 bar
Enthalpy of dry aic = 1.005 r k/kg
Enthalpy of water vapour = {2500 + 1.88 1) kJ/kg where +is in °C
Determine (a) the moisture removed from air per kg of dry air, (b) the heat
removed by the cooling cail per kg of dry air.

Ans. (2} 0.0023 kp'kg da. {b) 16.1 klkg d.a.



15.9

15,10

15.11

15.12

15.13

15,14

FPrychromeiricy —_— 543

Air al 30°C, R0% RH is cooled by spraying in water at 12°C. This causes
saturation. {ollowed by condensation, the mixing being assumed Lo take place
adiabatically and ihe condensate being drained off at 16.7°C. The resulting
suturaicd mixtore is then heated to produce the required conditions of 60% KEH &
25°C. The total pressute is constant at 101 kPa. Determine the mass of water
supplicd 1o the sprays 10 provide 10 m¥h of conditioned air. What is the heater
power required?
Ans. 2224 kg, 2.75 kW
An air-conditioned room requires 30 m*/min of air at 1.0}3 bar, 20°C,
52.5% RH. The sicady Mow conrditioner 1akes in air at 1,413 bar, 77% RH, which
it cools to adjust the modsture content and reheats to room temnperature. Find the
temperaliire to which the air is coeled and the therinai loading on both the cooler
and heater. Assumne that e fan before the cooler absarbs 0.5 kW, and that the
condensate is dischurged at the rempersture w which ibie air is cooled,
Ans. 10°C, 25 kW, 6.04 kW
An indvstrial process requines an atmesphere having a RH of 88.4% at 22°C, and
involves a lNow rate of 2000 m /. The extemnal conditions are 44.4% RH, 15°C,
The air inlake is healed and then humidified by water spray at 20°C. Determine
the mass Now rate of spray water and ihe power required for heating if Lhe
pressure throughout is 1 bar.
Ans. 23.4 kgfh, 20.5 kW
Cooling water enters 2 cooling tower af a rate of 1000 kg/h and 70°C. Waler is
pumped from the base of the tower at 24°C and some make-up water is added
aflerwards. Air coters she tower at 15°C, 50% BH, 1.013 bar, and is drawn {rom
the sower saturated at 34°C, | bar. Calculate the flow rate of the dry air in kg/h
and the make-up water required pet hour.
Ang. 2088 kg/h, 62.9 kg
A grain dryer consists of a vertical cylindrical hopper through which hot air is
blawn. The air enters the base al 138 bar, 65°C, 50% RH. At (he top, satnrated
air is discharged into the atmosphere at 1.035 bar, §0°C.
Estmate the moisture picked up by | kg of dry air, and the wial enthalpy change
between the entering and leaving streams expressed per unit mass of dry air.
Ans. ¢.0864 kMg air, 220 kJ/kg eir
Air enters a counterflow coaling tower at a rate of 100 m™/s at 30°C dbt and 40%
relative humidity, Air Jeaves at the 1op of the tawer at 32°C and 90% relative
humidity. Water enters the wower a1 35°C and the water low sate is 1.2 times the
mass flow rate of air. Make-up water is supplied at 20°C. What are the range and
approach of the tower? At whai rate is heat absorbed from ike load by the stream
of water an its way back to the top of the tower? What percemtage of the water
Row rate must be supplied 83 make-up water to replace Lbe water evaporated into
the air stream?
Ans. Range = 8.7°C, Approach = 6.3°C, O = 5005 kW, % make-up = 1.39%
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m (ofiginal) = my v

n, (original} =ny v, + M,
where n, is an arbitrary positive number, and ¥, is the residue {or excess) of A;,
i.e., the number of moles of 4, which cannot combine. IT the reaction is assumed
1o proceed completely to the lefl with the disappearance of the final constiteat
Ay, then

Hy (original) = ng v,

ny (oniginal) = ng Vg + Ny
where nj, is an arbitrary positive number and ¥, is the excess number of moles of
A, left afler the reaction is cornplete from right to lefl.

For a reaction that has occurred completely to the lefl, there is a maxirmum

amount possible of each initial constituent, and a minimum amount possible of
cach final constituent, so that

Ry (max} =My ¥ + "y v
{Original nurmber of moles of 4) {Number of moles of A, formed
by clrermical reaction)
(g oAyt vedy 3 np v A+ vy As)
=(ng+ Mo} ¥,
n; (max) ={np v, + N,) + LIS
(Criginal number of (Numbsr of moles of £, formed
moies of 4;) by chemical resction’

=(ﬂn+ ﬂ’u_] V2+ Nz
#3 {min) = 0 {The constituent 4, completely disappears by reaction)
A, (min) = A (The excess number of moles of A, that are leit after the reaction
is complete 10 the lef1)

Sirnilarly, if the reaction is imagined to proceed completely to the right, there
i5 2 minirmum amount of each initial conslituent, and a maximum amount of each
final constiment, so that

a {min) =0
ny (min) = N,
ny (max}= ny vy + " vy
(Original )y (Amoum formed by chemical ion)

(ng vy A +ig vy dy o g vy dy+ng vy Ay)
= (mg + m}v,
ny (max) = (ng + ng) v, + N,

Let us suppose that the reaction proceeds partially either to the right or to the
lefl to the extent that there are a; males of A, 7, males 0f A4, 1; moles of A,, and
ny males of A,. The degree (or advancement) of reaction €z defined in terms of
any one of the initial constituents, say, 4,, as the fraction

__ m{max)—m
n (max) — ay{min)
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It is seen that when A, = i, (inax), £ =0, the reaclion will start from left to
right. When », =, (min}, £ = 1, reaction is complete from lefi to right.
The degree of reaction can thus be written in the form

. e= (mg +mg)v, = m

. (m + 73}y,
Therefore
ny = {ng + mgly, — {ng + Mo} Vi€
= n (at start) — » {consumed)

= Number of moles of 4, at start — number of moles of 4,
consumed in the Teaction

={mtanv -6
n; = r (at start) — 7 (consumed)
={my + ng} va + Ny ~ (my + n}} v,
=(mtagdv.(1-e+ N,
ny = n (at start) + » (formed)
=0+ (ng + mg) i€ '
=(my + ) Vi€
ny = n (at start) + » (formed)
=Nyt (ng+ng) ve
=(m+ np) ET+ N, (16.2)
The number of maoles of the constituents change during a chemical reaction,
not independently but restricied by the above relalions. These equations are the
equations of constraint. The n's are functions of £ only. In a homogeneous
system, in a given reaction, the mole fraction x’s are also functions of £ only, &s
itfustrated below,
Let us take the reaction

H?, + %02 —_— H20

io which ny moles of hydrogen combine with ny/2 moles of oxygen to form n,
moles of water. The n’s and x’s as functions of £ are shown in the lable given
below.

A v - .
heth he TR n= o=
4;=H,0 n=ti Ry = ot 2y = 32_££

=2.G_
En=— (-0
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" If the reaction is imagined to advance to an infitesimal extent, the degree of
reaction changes from £ to £+ 4, and the various n’s will change by the amounts
dn, =~ (n, + n}) v, de
d-"z =‘_(ﬂ0+ ﬂ’o) L] de
doy = (my + n) v, de
dry = (mp + ;p) v, de
or ﬂ:ﬂ:ﬂ:dﬁ:("u-pn:ﬂdg
which shows that the dn’s are proportional to the ¥'s.

162 ReactHon Equilibrium

Let us consider a homogeneous phase having arbitrary amouats of the
constituents, 4;, A, A4 and 4, capable of undergoing the reaction
Vid v dy ==y A3+ v, d,

The phase is at uniform temperature T and pressure p. The Gibbs function of

the mixture is
G =gy + gy + pyy + iy

where the n’s are the number of moles of Lhe constituenis at any moment, and the
4's are the chiemical potentials.

Let us imagine that the reaction is allowed to take place at coustant T and p.
The degree of reaction changes by an infinitesimal amount from £ to £+ de. The
change in the Gibbs function is

dGy, , = Iy dm
=gy dm +p dmy + pydmy + g, diny
The equations of constraint i difTerential form are
da, =—{ng +n7) v, dg, dny =(my+ny) v, de
dny =~ (g +n) vy dg, dny=(ng+ny) v, de
On substitution
dGr = (m+ Al (— vy — iy + Vil + vgi) de (16.3)
When the reaction proceeds sponianeously Lo the right, de is positive, and
since dGr , <0
(vipy + valig) > (ait; + Vgl
If Twp, = (vaity + Volty) — (Wil + vai;), then it is negative for the reaction
 to the right.
When the reaction proceeds spontaneously to the lefi, deis negative
(vitty + vylg) < (Vs + vigly)
i.e., Ev ji is positive.
At equilibrium, the Gibbs funetion will be minimum, and
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Vith F Vally = Vally + Wiy (16.4)
which is celled the equation of reaction equilibrium.
Therefore, it is the value of Iv, g, which causes or forces the spontaneous
reaction and is called the ‘chemical affininy”.

163 Law of Mass Action

For a homogeneous phase chemical reaction at constant temperature and pressure,
when the constimuents are ideaf gases, the chemicel potentials are given by the
expressioos of the type
#= R4 +Inp+1nx)
where the ¢'s are functions of temperature only (Article 10.11}.
Substituting i the equation of reaction equilibrium {16.4)

V(@ +lmp+inx)+v(¢+Inp+inxy)
=w(hthhp+hnx)+v(¢+np+nx
On rearranging
vinx+vybox,—vilox —wlnx+(n+v-vi—whp
=@+ vy - vid - v

h T |
. In Xy~ Xy Vy kU -V - V2
" Vi v P

X1 %

== (Vi + Vel — V19 — V)
Drenoting
In K=~ (v + vagy - Vi 9y — 1)
where X, known as the equilibrium constant, is a function of lemperaturs only
W, v,
[xil._;:" ] pv3+v.-v1-vz=K (16.5)
P s me,

This equation is called the law of mass action. X has the dimension of pressure
raised to the (v, + v, ~ v; — w)th power. Here the x's are the values of mole
fractions at equilibrium when the degree of reaction is £

The lew of mass action can aiso be writien in this lorm

20t
pl"l . p;:
where the p's are the partial pressures.

16,4 Heat of Reaction

The equilibrium constant X is defined by the expression
In K=—(vydy + vydy - vi9 — viph)
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The equilibrum constant is given by
¥1 ¥4
nk=In {.f}_"“‘_} phtHuem
£,
_Ee | Ee
1+€, l+eg

l-¢,
1+ €,

VYT V- V)

InK=

Since the three gases are monatomic, ¢, = % R which, ¢m being substituted in
the Nemst's equation, gives

2
€ . p=_B S\ irims (16.9)

In
1-€2 RT 2

ASy
b ——=InA
whoeme R

In &2 p__ AH

1-g2 7T¥*.8  RT

2 512

_ aHg/RT
3 = Be aHy/ .T_
1-&; P

where £, is the equilibrium valuc of the degree of ionization. This is known as the

Saha s equation. For a particular gas the degree of ionization increases with an
imcrease in femperature and a decrease in pressure,

1t can be shown that Af, is the amount of energy necessary to tonize 1 pmol of
atoms. If we denote the ionization potential Af, of the atom in volts by E, then

(16.10)

AH, = E(volts) x 1.59 x 107* %‘EM X 6.06 x 105 e::;n
=9.6354 x 10* E ¥gmol
Equation (16.9) becomes
ln ls’ez p= 963—25;5 +%|n T+mnB (16.11)

Expressing p in atmospheres, changing Lo common logarithms and inroducing
the vaiue of B from statistical mechanics, Saha finally oblained the equation:

el 96,354E _ 5

I - +3 g T+l
T L R TY YT e R o8 =

-6491 (16.12)
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From this, the value of the degree of reaction at equilibrium e, may be
calculated.
From Eq. (16.3),ifny =1l and nj = 0

[3—6) = (w3l + Vvgty - Vi - Vi)
€ J1.p

Since #,=RT(p+Inp+inx)
and &= RT{(§+np)
50 Mc=g+PTlax
Therefcre
oG - tex
[E) = Valfy * Vagy - Vg - Vi + RT I S——
T.p e
¥y V4
=AG+RTin 224
x! xy?
At £=0,13=0‘I4=0
(B_GJ -
o€ T.p
and at £€=1,x=01x=0
de Jr
At £=L,X|=ﬂ-, 2:..‘:3_
2 Iy Iy
=¥ =Y
BTN T
where Iv=y+y+tvty

) &)
[ac)n =AG+RTIn ~2¥ v
e 1

G E
“ (3) (&)
Iy Iv

Ifp=1am, F=298K

aG
(b
et

because the magnitude of the second term on the right hand side of the equarion is

very smail compared to AG®. The slope (3—?) ate= % is called the *affinity”
T.p
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of the reaction, and it is equal to AG® at Lhe standard reference state. The
magnitude of the slope al £ = 1/2 (Fig. 16.2) indicates Lhe direction in which Lhe
reaction will proceed. For water vapour reaction, AG%g is a large positive
number, which indicates the equilibium point is far to the lefl of £= 1/2, and
therefore, £, is very small. Again for the reaction NO (— —;-Nz + -21—03, AG
is a large negative value, which shows that the equilibrinm point is fer to the right
of £=1/2, and so £, is close to unity.

"[%er:-l-u

g=0 E=rg £=112 =]

—

Fig. 162 Aot of G against £ at constants T and p

16.% Fugadty and Activity
The differential of the Gibbs function of an ideal gas undergoing an isothermal
process is

4G = Vdp = nRT

dp

=nRTd(n p)
Analogously, the differential of Lhe Gibbs fimction for a real gas is

dG=nRTdnf) (16.15)

where [ is called the fugacity, first used by Lewis. The value of fugacity
approaches Lhe value of presaure as the latter tends to zero, i.c., when ideal gas
conditions apply. Therefore

imL =1
p-»l:lp

For an ideal gas/=p. Fugacity has Lhe same dimensicn as presaure, Inlegrating
Eq. (16.15)

G-G=nRTln L

s
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Therefore, for endothermic reaction, when AH is positive, (aai;;] is positive,
P

and for exothermic reaction, when AH is negative, [ ?T" ) is negative,
p

Agai [ae,) =_( ok, ) (amx)
- ap )y \amK),\3p ),
(3]:”()
-1 9P e
(alnk‘)
de, b
Using the law of masgs action
aea) V3+V,‘—V]—V3
—= | =- 16.18
[ap T d 1 ¢ )
rratd e
¢ X)Xt frae

If (v; + v > (v, + W), i.c,, the number of moles increase or the volume

increases due to reaction, [B;‘J is negative. If (vy + v < (v, + vy, i,
2 Jr

volume decreases in an isothermal reaction, [a;:‘ ) 15 positive.
Py

16.11 Heat Capacity of Reacting Gases In
Equilibrium

For a reaction of four ideal gases, such as
Vid; + vy == vyd; ¥ Ved,
the enthalpy of mixture at equilibrium is
H= Eﬂkhk
where m, = ("o"' ) vil-ghm={gtagvu(l-&+N,
=(mpt ng) vy &, and 0y = (mp+ np) v, £, + N,
Let us suppose that an infinitesimal change in temperature takes place at

constant pressure in such a way that equilibrium is maintained.
& will change to Lhe value £, +de,, and (he enthalpy will change by the amount
dif, = Lny diy + Zhy dn,
whete dh, =c, dT, dny = £ (g + np) v g,
Therefore
dH, =Emep dT+ (mg+ng) (vily + VA, — vih) — wihy) de,
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The heat capacity of the reacling gas mixture is

a8 o ast[ 35
Cp (ﬁ]p—nﬁc‘&i’(ﬂo"'ﬂu)ﬂﬂ( ar)p

Using Eq. (16.14)

, AH)
Cy = Imty + {my+ np) ( "?J v (16.19)
Br2 9 pp| XX
de | xtexp? |,

16.12 Combustion

Comtrustion is a chemical reaction between a Fuel and oxygen which proceeds at
a fast rate with the release of energy in the form of hest. In the combustion of
meethane, e.g.
CH, + 20, = CO, + 2H,0
Reactionty Prowhrcts

One mole of methane reacts with 2 moles of axygen to forrn 1 mole of carbon
dioxide and 1 moles of water. The waler may be in the liquid or vapour state
depending on the temperature and pressure of the products of combustion. Only
the inilial and final products are being considered without any concern for the
intermediawe products that usually occur in a reaction.

Aunospheric air contains 21% oxygen, 78% niwrogen, and 1% argon by
volume, In combustion calculations, however, the argon is usually negfected, and
nir is sssumed to consist of 21% oxygen anid 79% nitrogen by volume {or molar
basis). On a mass basis, air contains 23% oxygen and 77 nilrogen-

For each mole of axygen teking part in 2 combustion reaction, there are 79.0/
21.0=3,76 males of nitrogen. So far the combustion of methane, the reaction can
be written A

CH, + 20, + 2(3.76)N, = CO, + 2H,0 + 7.52 N,

The minimum amount of air which provides suflicient oxygen for the complete
combustion of all the elements like carbon, hydrogen, etc., whick may oxidize is
called the theoretical or stoichiomeiri¢ air. There is no oxygen in the products
when complete combustion (oxidatinn) is achieved with this theoretical air. In
practice, however, mare air than this theoretical amount s required to be supplied
for complete combustion. Actual air supplied is usually expressed in terms of
percent theoreticel air; 150% (heoretical air means that 1.5 tmes the theoretical
mir is supplied. Thus, with 15094 theoretical air, the methane combustion ceaction
can be writden as

CH, + 2(1.5) O, + 2(3.76) (1.5)N,
- 00+ 2H,0+ 0, + 1128 N,

Another way of expressing the actual air quantity supplied is in \erms of excess
air. Thus 150% theoretical air means 50% excess air.

tAwnn
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16,15 Adiabatic Flame Temperature

If a combustion process oceurs adiabaticaliy in the absence of work transfer or
changes in K.E. and P.E., then the energy equation becomes

HR=HP
ar E Hilil_i = E He }_le
R ?
o 2 [ad+aR) =2 n [A0+AR) (16.23)
R P

For such a process, the temperature of the products is called the adiabatic
flame femperature which is the maximum temperature achieved for the given
reactants, The adiabatic flame temperature can be controlled by the amount of
excess air supplied; it is the maximum with a stoichiometric mixture. Since the
maximum permissible temperature in a gas turbine is (ixed from metallurgical
considerations, ciose control of the temperature of the products is achieved by
controlling the excess air,

For a given reaction the adiabatic Mlame lemperature is computed by trial and
ermor. The energy of the reactants H; being known, a suilable temperature is
chosen for the products so that the energy of the products al that lemperature
becomes equal Lo the cnergy of the reaciants. -

16.16 Enthalpy and Internal Energy of Combustion:
Heating Value

The enthalpy of combustion i3 delined as the difference between the enthalpy of
the producis and the enthalpy of the reactznis when complete cormbugtion occurs
at & given temperature and pressure.

Thercfore

;” =Hp - HR
or hp = 2 n (RS +AR] -2 m[AR +AR), 1624
P R

where me. is the cnthalpy of combustion (kg or kl/kgmol) of the fucl.

The values of the enthalpy of tombustion of different hydrocarbon fucls at
25°C, | amm. are given in Table 16.4.
The internal energy of combustion, ugp, is defined in a similar way.

Upp =Up - Uy _
=Y n [k +AR —pF]c —Zni[i}’ + Ai—p;]l
P R

[f all the gaseous constituents are considered ideal gases and the volume of
liquid end solid considered is essumed to be negligible compared to gassous
volume
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Hpp = Hgp — RT (Rppuccus produce = Pgassous rescoy) ~ (16.25)

Ino the case of a conslant pressure or steady [low process, the negative of the
enthalpy of combustion is frequently called the heating value af constant
pressure, which represents the heat transferred from the chamber duning
combustion at constant pressure.

Similarly, the negative of the internal ¢pergy of combustion is sometimes
designaied ns the heating value at constant volume ip the case of combustion,
because it represents the amount of beat transfer ir the constant volume process.

The higher heating vahie (HHY) or higher calorific value (HCV} is the heat
transferred when H,O in the products is in the liquid siate. The lower heating
value (LHY) or lower calori ¢ value (LCV) is the heat transferred in the reaction
when H,0 in the praducts is in the vapour state,

Therefore

LHV = HHY - MHID ‘ kf‘
where my 1, is the mass of water formed in the reaction.

16.17 Absolute Entropy and the Third Law of
Thermodynamics

So far only the first Jaw aspects of chemical reactions have been discussed. The
second law analysis of chemical reactions needs a base for the enlropy of various
substances. The entropy of substances at the absolule zero of terperature, called
absohite entropy, is deait with by the third law of thermodynamics formulated in
the early twentieth century primarily by W H. Nemst (18641941} and Max
Planck {1858-1947). The third law stales that the enlropy of a perfect crystal is
zero at the absolule zero of temperature and it represenis the maximum degree of
order. A substence not haviog a perfect crystalline structure and possessing a
degree of mndomness such as a solid solution or a glassy solid, has a finite value
of entropy at absolute zero. The third law (see Chapter 11} provides an absoluie
base from which the entropy of each substance can be measured. The entropy
relative 1o this base is referred to as the abgolute entropy. Table 16,3 gives the
absolute entropy of various subsiances at the standord slate 25°C, | atm. For any
other state

ET.p = E‘lq + (A})T.lum. -T,p
where 57 refers to the absolute entropy al 1 atm. and temperature T, and
(8531 ) g, 1, p Telers to the change of entropy for an isothermal change of
pressure from 1 atm. to pressure p (Fig. 16.6). Tabte C in the appendix gives the
values of §° for various substances at | atm. and at different temperatures.
Assuming ideal gas behaviour (A%)1 |y, 7, p can be determined (Fig. 16.6)

5 -5 = —i!n.&.
A
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Absalvle entropy s
kevow along this
isobar, assuming
idaal gas behaviour at
1atm

Fig. 16.6 Absolute entropy
16.18 Second Law Analyzis of Reactive Systems

The reversible work for a steady state steady flow process, in the absence of
changes in K.E. and P.E., is given by
W= 3 mith-Tys) - 2,1, (ke — Ty 5,)
For an §.8.5.F. process involving a chemical reaction

.= ; AR EY VRS 55
- E‘m[i? + AR - TF), {16.26)

The irreversibility for such a process is
I=Yn 55 -2, m Ty 5~ Ocv,
P R

The availability, w, in the abgence of K_E. and P.E. chaoges, for an 5.8.5.F.
process is
v =(h—Ton) - (hy— Tose)
When an 5.5.5. F. chemical reaction takes place in such a way that both the
reactants and products are in temperature equilibrium wilh the surroundings, the
reversible work is given by

LA N T WS A (16.27)
R F

where the §’s refer to the Gibbs function. The Gibbs function for formation, E? R
is defined similar to enthalpy of formation, 27 . The Gibbs function of each of the
elements at 25°C and 1 gtm. pressure is assumed to be zero, and the (Gihbs
function of each substance is found relative to this base. Table 16.1 gives §? for
some substances at 25°C, [ aim.
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where the first termn on ihe right is the absolute entropy at T, and p;, and x; is the
mole fraction of componemni / in the environment. Therefore, Eq. (16.31) becomes,

- [ BYe = By
ag = ["'C,H,, +[“ ""z) ko, —aken, = "H,o] {at Ty, po)
- Y- - b
_To "C.Hb + a+'z' 302 _a’cuz _EIH:O (at Tn, Pu)

[I )l'l'bf‘
0;

a 16.33
TR (o, ) o) (16.33)

In terms of Gibbs functions of respective substances,

— by - b -
dy = [:SC,H., "'(“"“4—) 8o, —9Eco, —‘5'81110] (at Ty, po)

_ (I )l+ bis
+R Tyln——222 ’ (16.34)
(ICO;) ('erO)

whee 2 (Top)=Zi+AE, . .

For the special case when T, and p, are the same as T, ;and p,_,, AF will be
zero,
The chemical exergy of pure CO at Ty, p, where the reaction is given by:

co+%o2 —C0,

- — 1 —
()0 = [gco * 7 8o ‘800,] (at T, pq)

(I )li’ 2
+RT, In Rl TN
Imz
Water is present as a vapour within the environment, but normally is a liquid el
To. po- The chemical exergy of liquid water is
HyO(1) — H0()
(et dyou, = [5—’11;0(11 —fu,om] (at To, po}

+RT%,In

THy0 ()
The specific exergy of a system is
I Ommoweh + Dobem
2
=(u—un)+pq(v—vo)—fg(s—:o)+-y7 +grtay
(16.35)

{akeria
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% 0, + 2H,0 + 26" — 2(OH)" + H,0

The electrolyte separating the electrodes transports the OH™ ions, completing
the circuit, and the water (product) iz removed from the cell. The overall reaction
is:

l-l,+% 0,— H,0

which is the same as the equation for the highly exothenmic combustion reaction,
However, in a fuel cell, only a relatively smal} amount of heat transfer between
the cell and its surroundings takes place, and the temperatuce rise is also rela-
tively much smaller.

Energy is removed from the fuej cell as electrical energy, whereas energy is
removed from a combustion reaction as heat or as heat and work together.
Because the fuel cell operates almost isothermally and continuously, the extent of
its conversion of chemical energy to electrical ensrgy is not limited by second law
of thermodynamics.

In a fuel cell, there is a continuous supply of the reactants. The overall reaction,
as stated, is divided into two reactions that occur on separate electrodes. The fuel
and the axidizer do not come directly inio contact with each other, because direct
contact would generally involve 2 non-isothermal {exothermic) reactioo as in a
rormal cambustion process.

One reaction, occurring on the surface of one electrode, ionizes the fuel and
sends released elecirons into an external electric circuit. On the surface of the
other electrode, a reaction occurs that accepts electrons ftom the external circuit
and when combined with the oxidizer creates ions, The ions from each reaction
are combined in the electrolyte to complete the overall reaction. The electyolyte
between the elecirodes is necessary to transpori jons, and it is not electricatly
conductive, thus, not allowing the flow of electrons through it. -

The maxifnum work obtainable in a fuel all is given by Eq. {16.27),

Wom =-AG= 2, Mg — 20,
[:3 F

where g=gi+tAz
Also, from Eq. {16.2},
s = Wy = 27 [R] + AF = T 5],
R

-g n[Fe+AR-T,3),
=:'.\H-To[zl: ui.?i—g: r-.fe]

The Fuel celi efficiency is defined as:
e=AGIAH {16.38)
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=—RTInK=-8.3143 % 1200 In 1.62
=-4813.2 ¥gmol
Exlmple 164 Prove that for a mixture of reacting ideal gases,
N 3 1t (mptmg) (v +va) (v +vy)
v LY N
de xR 2 m e(l-¢)

which is always positive.
Solution From the law of mass action, the equilibrium constant is given by:

I;J":‘ vy V-V -V

x)1 xy?

= [":i)’z”]v3 [ﬂ4_/£ﬂ]v4 ¥yt vy-v-¥y
[m,/Zn]"" [n;/En]"

K=

ny i
- SR
men
where Ln=nm+m+ay+nandAv=v;+ v,— v, -V,
By loga.rilhmic differentiation,
Av D Ay dIn y Iy, A, ﬁ—vz e wy
In Hy Ay ny m
Now, n ={myt o'y v (1 — £}
ny=(ng+n'g) v (1-
Ry = (ﬂo + H’o} Vi€
A= (ny+n'g) v,
En=(ng+n'g) (v, +v,+ehv) (2)
. dﬂl dﬁz dﬂ] dﬂ‘ »
A ——— =t =—==—= =gt A dE
gain, v, v, S v, (ng+ 7o)
dEIn=dn +dn,+tdny+dn,=~(m+na)dvde ()
From Eqgs (1), (2) and (3),
%—A v% +Av{myt n'g) Av de
v, (mg +n'y) vydE +v, (mg +1'y) VodE
ﬂ'3 Ty
{my +n'y) v\dE ~(my +a'y) vydE
v -V,
m . n
2
ﬁ_ﬂvi =(nn+n’°) f—".q.ﬁq.iq.fl__M de
X P ny, nm, m M En
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1,1,[ ] _ (m tn') (i + V) (Vs + V) Proved.
d& | X' X3 Lo, 2 e(l-g)
Example 165 Starting with v, moles of 4, and v, moles of 4,, show that:

(a) Atany valueofe,

G=e[vats + vty — vty — Voptg] + vyt + vophy
(b} Atequilibrium,
G(min) = vft;, + Voily,

where the subscript e denoles an equilibrium value.

@ G-Gumin _ et | oxx
RT ENE LI M E ot
(d) Ate=10,
G - G (min) vi ' v, Y
I Tz;("m zm[v +|v ] [v +2v ] -l e
1tV 1tV
(e) Ate=1,
G - G (min) vi T ve T
irmm =ln[ 3 ] [ 4 ] —lnx)? x)e
vyt Vv, vyt v,
Solution
(a) Gy =y + lyiy + [ty + gy
where, m=vi(l-g,m=v(l-g,m=v;e and n,=veE
Grp=twi (1 -+ iyl —€) + flaVze + tv,€
= €vafty + Volty— vl — vy it
. + Vil TVl Proved.

kN

G=g vty + Vol — Vit — Vgl + Wi + va iy

(b) Atequilibrium, [BG] =0
. N

[‘aa—G} = Wally + Vi, — Vil — ol = 0.
E Tp
G(m) = Vi, + Yol Proved.
(c) We have from (a) end (b),
G - G(min) = [yt + vylty— Vi it = Va o] + Vi) + Vally
— Vil — VaHae

For an idegl gas,
4= RT [# +lnp+Inx]
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G - G(min) = ETEI: Vady + Voiy — Vi — Yoy +InpR P YT

+WRT (¢, +lop+lox)
+%RT (¢ +Inp+inx,)
-V RT (¢ +Inp+lnx,)
-V, RT (¢ +Inp+Inxy,)
= ¥yt V-V -V xv“.‘l.'v‘
=RTg} ~Ink+imp’ " " 434

+RTInx" +RTIn 52 -RTlnx)! —~ RT In x2

v, vy v,

= Xl xis PN

= —p S e 3“4 I R

RT|-In +in v tlnx! xp? —Inxg g
Xie X2e Xt xy

RT i V2

G =G (min} _ E[l LAY x;';]
I T

¥I V2
Xy X2z

+inxt 2 —in g a2 Proved.
() Ate=0,
m=vi(l-8=v,m=nll-=,
Ay = vae=0, my=n,e=0.
X, = —.h..._ﬂt = _vl . = _____Vz
M VY, v +V,
Substituling £ = 0, Eq. of (c) reduces to
G, — G (min
%—v)— =In x;" -.r;’ —lnxl-x?

v, ' v, T
=In ] 2 —In "'lvel x;g Proved.
v, t+v, Vl + Vq

(e) At£=1, Eq,(¢) reduces to

- i he R W]

G —G(min) _ . 13’14 T3 T4e v, v v W
T - vV v v tinx’ -t —inalxg
RT xy ! xp? xyd x31 :

— v ¥, ¥
=lnx? -5 - Inx;l-xgt
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Again, X, = and x, = — . sincen, =0andn, =0
i TV v, vty ! 2
al £=1.
. vy Yy
- ¥
E (min) _ In 3 Y4 —Inx? x;* Proved
RT Vs +v, Vit+V,

Example 16,6 For the dissociation of nitrogen tetraoxide according to ihe
equation

N204 = ZNOZ
Show that the degree of dissociation at equilibrium is

" where ¥ = initial volume end ¥, volume at equilibrium. At 50°C and 0.124 atm,
there is a 77.7% increase in volume when equilibrium is reached. Find the value
of the equilibrium constant.

Solution

N204 —_— 2N02

Starting with 1y moles of N;O, at temperature T and pressure p, the initial
volume Vj is

Fo=n; —
0= Mo~
If V, denoles the volume at equilibrium, the temperature and pressure
remaining the same, then

\ Fo=ng(1- &) + 2y 6] BT

where g, is (be value of the degree of dissociation at equilibrium, This ¢an be
wriflen:

Vo=(1+¢g}¥,
ar, &= i -1 Proved.
)
Given ) FolVe=1777, £ =077
Now, ny =y vi{l - &) =ne(l - £)

ny=mg Vs, £, =hg: 25,
En=m{l +£)

t-¢ 2
1+£ i

L

1+e,

n=
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Example 16.12 {a) Propane (g) at 25°C and 100 kPa is burped with 400%
theoretical air at 25°C and 100 kPa. Agsumne Lhat the reaction ocours teversibly at
25°C, that the oxygeo end nilrogen are separated before the reaction fakes place
(each at 100 kPa, 25°C), that the constituents in the products are separated, and
that each is at 25°C, 100 kPa. Determine the reversible work for this process,
(b) f the above reaction occurs adiabatically, and each constituent in the products
is at 100 kPa pressure and at the adiabatic flame temperature, compute (a) the
increase in enlropy during combusticn, (b) the irreversibility of the process, and
(c} the availability of the products of combustion.

Solution The combustion equation (Fig. Ex. 16.12) is
’ CiHe(@) +5{(4) 0, + 5 (A 3TO) Ny >
3C0,+4H,0 (g) + 150, + 752 N,
(a) wrev= E m; Ei _E nege
R P
From Table 16.1

Weev = (§f° ) CyHy(m} ~ 3 (§r° )(;a;)2 -4 (Ern )Hzofg}
=—23316 — 3(— 394,374) - 4(— 228,580)

=2,074,128 kl/kgmol Ans.
2,074,128
=25 00 47,0356 ki .
42007 : 8 Ans
(b) Hy=Hp
(%) et =2 (Ao + Ah]coz +4(h, + M)sz

+15 Ahg, +75.2 Ahy,
From Table 16.¢ -

— 103,847 = 3(- 393,522 + Ak Jgo, + 4 (- 241,827 + Ak Yy 00

+15 Ahg, +75.2 Ahy,
Using Table C in the appendix, and by trizl and error, the adiabatic [lame

temperature is found Lo be 980 K.
The entropy of the reactants
wl:.\f

CaHa (@) -
Each at — . ﬁz% Each at
25°C _ — pre
100 kPa ’ 0 100 kPa

[, R— - e f——— Nz

. '

Fig. Ex. 16.12
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tempernture of the products is limited to 827°C. Estimatc the air-fuel ratio used
and the peTcentage excess air.

Ans. 66, 3138%
A mixture of methane and oxygen, in the proper ratio for complete combustion
and at 25°C and 1 awm, reacts in a constant volume catovimeter bomb. Heat is

. transferred umil the products of combustion are at 400 K. Determine the heat

ransfer per mole of methane.
Ang. = 794414 klkgmol
Liquid hydrazine (N,H,} and oxygen gas, both at 25°C, 0.1 MPa are fed to a
rocket combustion chamber in the ralio of 0.5 kg Okg N;H,. The heat transfer
from the chamber to the summoundings is estimated to be 100 k)kg N;H,.
Determine the temperature of the products, assuming only H,0, H;, and N, to be
peesent. The enthalpy of the formation of N;H, (1) is + 50, 417 kJfkgmol.
Ans. 2855 K
If samrated liquid oxygen &t 90 K is used instead of 25°C oxygen pas in the
combustion process, what will the temperature of the products be?
Liquid etheno] (C,H,OH) is bumed with 150% thoorelical axygen in a steady
Now process. The reactants enter the combustion chamber at 25°C, and the
products are cocled and leave at 65°C, 0,1 MPa. Calcutate the heal transfer
per kg mol of ethanol. The sothalpy of formation of C.H,CH (1) is — 277,
6534 kJ/kg mol.
A small gas rurbine uses CgH, 5 (1) for fuel and 400%4% theoretical air. The air and
fuel enter at 25°C and the combustion products leave at $00 K. If the specific fuel
consumption is 0.25 kgfs per MW output, determing the heat mansfer from the
engine per kg mof of fuel, assuming complete combustion.
Ars. ~ 48,830 klfkgmol.
Hydmogen peroxide {H;O5) enters a gay genctator 2t the rate of 6.1 kg/s, and is
decomposed to steam and oxygen. The resulting mixture is expanded through a
turbine to atmoapheric pressure, as shown in Fig. P 16.22. Determine Lhe power
output of the turbine and the beat transfer rate in the gas geoerator. The enthaipy
of fermation of H.O4{1) is - 187,583 kifkgmol.
Ans. 38.66 kW, — 83.3 kW

500 kPa -
25°%C B 500 K i
500 kFPa ‘b‘l 5as W
., genarator -
HaOr . T o ~. |Tusioe
100 kPa
Fig. P 16.22

AD intemal combustion engine bums liquid octane and uses 150% Lheoretical
air. The air and fuel enter at 25°C, and the producis leave the engine exhaust
parts at 900 K. In the engine 80% of the carbon burns to CO, and the remainder
bums 1o C0. The heat trunsfer from this engine is just equal to the work done by
the engine. Determine (a) the power owsput of the enpine if the engine bums
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o [%2) (17.3)

Neo fluid is truly incompressible, although liquids show little change in density.
The velocity of sound in common liquids is of the order of 1650 m/s.

17.1.1  Velodlly of Svand in an Ideal Gas

For an ideal gas, in an isentropic process

pv¥ = constant
or L - consiant
p\'
By logarithmic difTerentiation (Le., first taking logarithm and then dilTerentiating)
dr _, 42 _,
P P
dp P
— =T ——
ap " p
. dp
) =L andp=pRT
ince € ap p=p
¢ =yRT
or c = JyYRT {17.4)

where R = characteristic gas constant
. Universal gas constant
Molecular weight

The lower the molecular weight of the fluid and higher the value of 7 the
higher is the sonic velocity at the same temperanrre. ¢ is a thermoedynamic

property of the fluid.

17.1.2 Mach Number

The Mach number, A, is defined as the ratio of the actual velocity ¥ 1o the sonic
velocity c.

hd

c
When M > |, the flow is supersonic, when M < 1, the flow is subsonic, and when .
M = 1, the flow is somic.

17.2 Stagnation Properties

The iscotropic stagration state is defined as the state a fluid in motion would
reach if it were brought 1o rest isentropically in a steady-flow, adiabatic, zero
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work output device. This is Lhe reference state in 8 compressible Nuid flow and is
commonly designated with the subscript zero. The stagnation enthalpy &,
(Fig. 17.2)}is related to the enthalpy and velocity of the moving fuid by

ho=h+ Y (17.5)

— =k

Lol

Fig. 17.2 Stagnation slale

For en ideal gas, # = (T} and c, is constant, Therefore
hy-b=c(T,-T) (17.6)
From Eq. (}7.5) end (17.6)

2
Ty=-T) = VT

2
Lo,V
T 2¢, T
The properties without any subscript denote static properties.
Since &= YR
Y1
L. Y0-D
T 27RT

Using Eq. (17.4) and the Mach number
L;jnnfz_—l.uz (7.7

The stagnation pressure p, is related to the Mach number and static pressure in
the case of an ideal gas by the following equation

Y- - 10— 1)
P (i) =(1+ r-i Mz) (17.8)
P T 2



Comprasible Fluid Fow
d
o av <0
Ag pressure decreases, velocity increases, and vice versa.
The continuity equation gives
w=pAdV
By logarilhmic differentiation
dp, da  dv _
p A A%
44 __dv _dp
F| A% p

Substituting from Eg. (17.11)
d
d4 _ S _E [l —y! dp:|

4 PV op p\(2 dp
dd _ dp

oF T = W (1 —Mz}
dd _ av

Also - =(M-1) v

When M < I, ie., the inlet velocity is subsonic, as flow area A dec
pressure decreases and velocity increases, and when flow area A

— 701

(17.12)

(17.13)

{17.14)

reases, the
increases,

pressure increases and velocity decreases. So for subsonic flow, a convergent
passage becomes a nozzle (Fig. 17.4a) and a divergent passage becomes a

diffuser (Fig. 17.4b)

When Af > 1, i.e., when the inlet velocity is supersonic, as now arca A
decreases, pressure increases and velocity decreases, and as flow area A

—
wel wat |
Subsonlke Subsonic|
_--// T N
(a) Nozzle {b} Diffuser
mJ-\ Mal, |
Supemnlc Supersonic |
~— ﬂl
{) Diffusar (d} Nozzha

Fig. 17.4  Effect of area changy in subsonic and supersonic flaw at inlet to duct



702 —— Baric and Applied Thermodynamics

increases, pressure decreeses and velocity increases. So for supersonic flow, a
convergent passage is a diffuser (Fig. 17.4¢c) and a divergent passage is a nozzle
(Fig. 17.44d).

17.4 Critical Properties—Choking in Isentropic Flow

Let us consider the rmass rate of flow of an ideal gas through a nozzle. The Mow is

isentropic

w=pAdV
®_ P oM=L yRT
or y RTC RT YRT M

T
=i-pu S0 LJZ-M
VT VT Y
3(1‘,_)""”"(10_)”2,_@_ AN,
T T JT, YR

_ 1Y P M 1
= |= . 17.15)
- {r+020y-1 (
R % 1+ 2 L Mz)

Since py, Ty, ¥ and R are constant, the discharge per unit area w4 is a function
of M only. There is & particular value of Af when w/d is a maximum.
Differentiating equation {17.15) with respect to M and equating it fo zero,

d{w/d} _ Y _Po |
- T+ 2iy - 1
aM RJﬁ(HylezJ

(15424) -

1__*"_2_(_";& =0
2(1+—-—7'2 Mz)
My+1) =2+(y-1)M
M2 =1
ar M=1
So, the discharge w/4 is maximum when M= 1,

Since V=cM= ¥ RT . M, by logarithmic differentiation
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For diatomic gases, like air, y= 1.4

* 1.A/0.4
£ - (%) =0.528
Py .

The critical pressure ratio for air is 0.528,
For superheated steam, y= 1.3 and p*/p, is 0.546.

For air, I 0.833
)
. -0 )
and A (—2—] =0.634
i) rtl
By substituting M = | in equation (17.15}
W P 1
A % 5 ( PPNCEN AT (17.21)
=)

Dividing Eq. (17.21) by Eq. (17.15)

H

(¥ + 1520 =-1 .
4 _[( 2 y-1 2)] 1
RECI | S | SR Anily ¥ 2417122
A* [{7“)[ 2 u 172

The area ratio A/4* is the ratio of the area at the point whete the Mach number

is M 10 the throal area 4*, Fipure 17.5 shows a plot of 474* vs. M, which shows
that a subsonic nozzle is converging and a supersonic noxzle is diverging.

4

—— AJA
[

1

0 ! ! i L I
a 05 10 15 20 25 30

— M

Fig. 17.5  Aree ratio as a fanction of Mack number in an issniropic nogie

17.4.1 Dimenstoniass Velocity, M*

Since the Mach number M is not proportional to the velocity alone and it 1ends
towards infinity at high speeds, one more dimensionless parameter M* is ofien
used, which is defined as

w=-Y _ VY (17.23)

c* V*
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where c* = JYRT* =V*
B M= v? —!f_. c?
' c,z - CZ CQZ
= “A Cz
c*l

For the adiabatic flow of an ideal gas

vz
T+cpT=c0nstant=h0=cpTU
V2 YRT _ YR,
2 y-1 y-1
v2+ ‘,2 _ c.g
2 y-1 y-1
c* JYRT® T* J 2

Mie L MY _yHl
y-1 M y-1
On simplificalion

_m;,;z
Mt —2 (17.24)
1+ L
2

When M<l, M'<l
When M>1, M >1
When M=1, M=1
When M=0, M*=0

When M=w, M'= ’7—“
71

17.4.2 Pressure Disiribution and Choking in a Nozzle

Let us first consider a convergent nozzle as shown in Fig. 1 7.6, which also shows
the pressure ratio p/p, along Lhe lengh of the nozzle. The inlet condition of the
MNuid is the siagnation state at p,, T;, which is assumed to be constant. The
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| >>‘/
G o By

— 5

Fig. 17,11  Farno line on &-5 diagram

Let us next consider the locus of states which are defined by the continuity Eq.
{12.25), the momentum Eq. (17.26) and the Eq. of state (17.29). The impulse
function in this case becomes

F=pd+pAv?
ot the impulse pressure { is given by
= F_ i, @GP
y prpv¥i=p+ ) (17.31)

Given the vatues for fand G, the equation relates p and p. The line representing
the locus of smtes with the same impulse pressure and mass velocity is called the
Rayleigh line. The end states of the normal shock must lie on the Rayleigh line,
since [, =/, and G, = G,

The Rayleigh line may also be drawn on the A-s plot. The properties upsiream
of the shock are all known. The downstream properiies are to be known. Let a
particular value of ¥, be chosen. Then p, may be computed from the continuity
equation (17.25) and p, from the momentum equation (17.26), and s, from
equaiion (17.29b) may be found. By repeating the calculations for various values
of ¥, the locus of possible states reachable from, say, state x may be plotted, and
this is the Rayleight line (Fig. 17.12).

Since the normal shock must satisfy Eqs (17.25),(17.26),{17.27), and {17.2%)
simultanecusly, the end states x and y of the shock must lie at the intersections of
the Fanno line and the Rayleight line for the same G (Fig. 17.12).

The Rayleigh fine is also a model for flow in & constant area duct with heat
transfer, but without fiiction.

For an infinitesimal process in the neighbgourhood of the point of maximum
entropy {point @) on the Fanno line, from the energy equation

dh+Vdv =20 (17.32)
and from the continuity equalion
pd¥+V¥dp=20 (17.33)

From the thermodynamic relation
Tds = dh—vdp
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(1+£1M3J(2—7M3 —1)

T, 2 -1

k. 17.41

3 CZIA (74b
2r-1n

Then
&:&-L
o Iop
(Fn-53) %)
=AY — Y r- (17.42)
(I+T—Mf)(£—M§~l]

2 y-1

The ratio of the stagnation pressurcs is a measure of the irreversibility of the
shock proceas. Now

Poy P Py Py
pox py Py Pex
and

APL=(1+T__1M2

)ﬂ[]f— 1}
Py 2 7

- Fily=-1)
Por =(1+J"—l M)
Ps 2
yHY-1)
* -Ki]—Mz 11y -1)
Py |2 % [Z_T’Mz_f;‘]
P |1+ L=l 1A I £
2 :
(17.43)
Poy _ Py Py
P Py Py

- fly-1 -
=(1+T_IH§)Y Y [_2LM§_1_L:I {17.49)
2 Y+l r+1

For different values of M,, and for y= 1.4, the values of M, p.Ip,, T/T,. p./p,,
Poy/Pays and po/p, computed from Egs (17.39), (17.40), (17.42), (17.43), and
(17.44) respectively, are given in Table D.2 in the appendix.

To evaluate the entropy chenge across the shock, for an ideal gas

ds=c, L R 4p
T P
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T,
sy#s,=cp].u—’—R ln-E’-'-
L Px
T (7~ 11%
=cp []_u ¥ _ In [p_y]
L Px
-1
since R=—cp(r )
14
m—
s,—5=c,ln T
(Py*'Px)Y !
T./T
Gl —_knfr 745
(pwfp“) Pox .

The strength of a shock wave, P, is defined as the ratio of the pressure increase
to the initis! pressure, i.e.

Substinuting from Eq. {i7.40)
=2r M2 r-t 1

yH1L T 4l
=}%{T M- 1) (17.46)

17.6 Adiabatic Flow with Friction and Diabatic Flow
without Friction

It was staied that the Fanno line representing the stales of constant mass velocity
and constant slagnation enthalpy also holds for adiabatic flow in a constant area
duet with friction. For adiabatic {fow the entropy must increase in the flow direc-
tion. Henee a Fanno process must follow its Fanno line to the right, as shown in
Fig. 17.13. Since friction will tend to move the stale of the Nuid to the right on the
Fanno line, the Mach number of subsonic Mows increases in the downstream
section (Fig. 17.13}, and in snpersonic (tows friction acts to decrease the Mach
number. Hence, friction tends to drive the flow to the sonic point.

Let us consider a short duct with a given A and G, i.e. a given Fanno line with
a given subsonic exit Mach number represented by point 1 in Fig. 17.13, If some
more length is added (o the duct, the new exit Mach number will be increased due
to friction, as represented by, say, point 2. The iength of the doct may be further
incrzased vl the exit Mach number is unity. Any further increase in duct length is
not possible without incurring a redection in the mass {low rate. Hence subsonic
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ho

PR

Mot

I

Fig. 17.13 A Founo line on fi-5 plot

flows can be choked by friction. There is a maximum Hovw rate that can be passed
by a pipe with given stagnatign conditions. Choking alas occurs in supersonic
Now with frickion, usnally in & very short length. It is thus difficull to use such
Mows in applications.

Diabatic flows, i.e., lows wilh heating or cooling, in a constant area duct, in
the absence of friction, can be Lreated by the Rayleigh process {(Fig. 17.14). The
process is reversible, and the direction of enlropy change is determined by Lhe
sign of the heat wansfer. eating a compressible {low hes the same effect as
frictian, and the Mach number goes towards unity. Therefore, thete is a maximurn
heat inpul for a given flow ratc which can be passed by Lhe duct, which is then
choked. Although the cooling of the {luid mcreases the llow stagnation pregsure
with-a decrease in entropy, a nonmechanical pump is not feasible by cooling a
compressible flow, because of the predominating effect of friction.

—»h

Fig. 17.14 4 Rayleigh line on k-5 plot

SOLVED EXAMFPLES

Example 17.1 A siream of air flows in a duct of 100 mm diameter at a rate of
I kg/s. The stagnation temperature is 37°C. At one section of the duct the static
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F,  F/F* 10284
Py = 1.447 % 0.18 = 0,26 MPa

T,=1111%x310=3444 K=71.3°C Ans,
Impulse function at inlet

Fy=pyd, + pid; V3

1 2
=pd | 1+ =—=V¥;
Py ( RT, ! J

=p 4 (1 + rMY)

=018 % 107 x 0.11(L + 1.4 x 0.76%)

=3582kN
Internal (hrust 7 will be from right to left, as shown in Fig. Ex. 17.2

Tm=F2—F; =3.3ﬂFl—F|

=2.364 x 35.82

= 84.68 kN
External thrust is from left to night

Ton = Poldy — Ay}
=0.1x10° (0.44 - 0.11)
"=33kN

Net (hrust = Tigy — Text

=84.68 -33 =51.68 kN Ans. {c}
Example 17.3 A convergent-divergent nozzie has a throat area 500 mm? and
an exit area of 1000 mm?, Air enters the nozzle with a stagnation temperarure of
360 K and a slagnation pressure of 1 MPa. Determine the maximum flow rate of
air that the nozzle can pass, and the sialic pressure, stati¢ lemperature, Mach
number, and veloeity at the exit from the nozzle, if (a) the divergent section acts
ag a nozzle, and (b} the divergent gection acts as a diffuser,
Solution

i = -!—g—]-ll =72
A* 500
From the isenirapic flow tables, when A/4* = 2 there are iwo values of the
Mach number, one for supersonic flow when the divergent section acts as a

nozzle, and the other for subsonic flow when the divergent section acts as a
diffuser, which are M, = 2.197, 0.308 (Fig. Ex. 17.3).
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Example 17.4 Whena Pitot tube is immersed in a supersonic stream, a curved
shock wave is formed ahead of the Pitot tube mouth. Since the mdius of the
curvature of the shock is large, the shock may be assumed to be a nonmal shock.
. Afier the normal shock, the fluid stream decelerates isentropically to the total
pressure p,, at the enrance te the Pite! tube.

A Pitot tube traveling in a supersonic wind-tunnel gives values of 16 kPa and
70 kPa for ihe static préssure upstream of the shock and the pressure at the mouth
of the tube respectively. Estimaie the Mach nuinber of the tunnel. If'the stagnation
temperature js 300°C, calculate the siatic temperature and the total {slagnation)
pressure upstream and downstreamn of the tube.

Solution  With reference to the Fig. Ex. 17.4
=16 kPa,p, = 70 kPa

=70
& =4.375
: Px ﬁ

From the gas tables for normal shock

~— Curvad shock frant

————y -
- - ~ .= Plicr tube
T T Ee—
wl o/
,___,.v"_‘h
fig Ex 174
When Py _ 4375, M, = 1735, 2L =334, 22 =25
Py Px £«
T
2L = 1483, 22 2080, 0, = 0.631
(A Pox
Tp=T,=573K
Tox 1+"'2 Mf]};
=(1+02x3)T,= 167,
1= =3k
16
T, =358 x 1483 = 530K = 257°C
FPoy 70
=Py o 70 g3
P ™ 584~ 084 2

M, = 1735 Ans,
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Ay A
A 2% o B 183= 1582
A* A A" 1875
When 4,/4* = 1.582, from the isentropic flow tables, M, = 0.402 Ans.
£ .95
Py
Py =0.895x 1653 =147.94 kPa Ans.
Loss in stagnation pressure oceurs only across the shock
Pox—Poy =210 - 165.3 = 44.7 kPa Ans.
Entropy increase, s, — 5,
=—Rin Foy.
Pon
- 0287 1n 2L
165.3
=1{.287 x 0.239=0.0686 W/kg K Ans.

REVIEW QUESTIONS

17.1
17.2
17.3
17.4

17.5
17.6
17.7

- 178

17.9
17.10

17.11
17.12

17.13
17.14
17.15
17.16
17.17
17.18

17.19

What is a compressible fluid?

What wre the basic Jaws in compressible flow?

How is senic velocity defined in terms of pressure and density of the fuid?
Show that the sonic velocity in an ideal gas depends on Lhe temperatur: and the
nature of the gas.

What is Mach number?

What is a stagnation state? Whal do vou mean by siagnation propertics?

What are a nozzle and a diffuser?

Explain the effect of arca change in subsonic and supersonic flows.

What do you understand by choking in nozzic flows?

Show that the discharge through a nozzle is maximum when there is a sonic
condition at its throat.

What do you understand by critical pressure ratio? What is its value for air?
Explain the efTect of srea ratio as a function of Mach number in an isentropic
nozzls?

What is M*?

What is o shock? Where does it occur in a nozzle?

What is the impulse function?

What is a Fanno line? Why do the end swtes of a normal sheck lie on the Fanno
line?

What is a Rayleigh linc? Why do the end swates of a normal shock also lie on the
Rayleigh linc?

Where does the local sound velocity eccur on the Fanno line and on the Rayleigh
line?

How is the strength of a shock defined?
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Explain the occutrence of choking for adiabatic flow with friction end for diabatic
flow without Friction.

PROBLEMS

17.1

17.2

17.3

17.4

175

17.6

17.7

Adr in a reservoir has a temperature of 27*C and 4 pressure of 0.8 MPa, The air is
allowed to escape through a channel at a e of 2,5 kg/s. Assuming that the aic
velocity in the rescrvoir is negligible and that the Aaw through the channed 1s
iscnlropic, find the Mach number, the velocity, and Lhe area at a secrion in the
channzl where the siatic pressure is 0.6 MPa.
A supersonic wind wnnel nozzle is 10 be designed for AY = 2, with a throat section,
0.11 tm® in area. The qupply pressure and temperatare at the nozzle inlet, where
the velocity is negligible, are 70 kPa and 37°C respectively. Compute the mass
flow talz, the exit area, and the fAuid properties at the throat and exit. Take
7=1.4.
An ideal gas flows inle a convergent nozzle at a pressure of 0.565 MPa, a
temperatore of 280°C, and oegligible velocity., ARer reversible adiabatic
expansion in the nozzle the gag Nows directly into a large vessel. The pas in the
vessel may be tmaintained at any specified state while the nozzle supply stote is
held constant, The exit area of the nozzle is 500 mm”. For this gas y= 1.3 and &,
= 1.172 k)/kg K. Dctermine {a) the pressure of the gas leaving the nozzle when
its wmperaturg is 225°C, and (b) the zas mass flow e when the pressure in the
vessal is 0.2] MPa

Ans, 0.36 MPa, 0.98 kg's
Air MNows adiabatically through a pipe with a constant area. At point 1, the
stagnation pressure is 0.35 MPa and ¢hw Mach number is 0.4, Funher
downsiream the stagnation pressure is found to be §.25 MPa. What is the Mach
niumber at the second point for subsonic Now?
The intake duet to an axial flow air compressor has a diameter of 0.3 m and
compresses air at 10 kg/s. The static pressure ingide the duct is 67 kPa and the
staghation lemperature is 40°C. Caleulate the Mach number in the duct.

Ans. 0.526
Show that for an ideal gas the (racticnai change in pressure across a small
pressure pulse is given by
ET\2
r ¢
and that the fractional ¢hange in absolute \emperature is given by
dr dy
T = 3] p

An airplane flics at an altitude of 13,008 m (temperature — 35°C, pressure 1B.5
kPa) with a speed of 180 m/s. Neglecting frictional clfects, calculote (o) the
critical velocity of the air relative to the aircraft, and (b) the maximum possible
veloeity of the air relative to the aircraf).
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18.2.1 Resistance Concept

Heat flow has an analogy in the flow of electricity. Ohm's law siates that the
cwrent J flowing through a wire (Fig. 18.2) is proportional to the potential
difTerence £, or
£
R
where 1/R is the constant of proportionality, and R is known as the resistance of
the wire, which is a property of the material. Since the temperature difTerence and
heat Mux in conduction ere similar to the potential difference and electric cwrent
respeclively, the heat conduction rate through Lhe wall may be written as
! R !

- ASAANA

13

I=

Fig. 18.2 Ekmiml-re:islanu conenpt

h _L-8H _h~h

T x/kA R
where R = x/K4 is the thermal resistance to beat flow offered by the wall
(Fig. 18.3). For a composite wall, as shown in Fig. 18.4, there are two resistances

in series. The slope of the temperature profile depends on Lhe thermal conductivity
of the materiel. ¢; is the interface temperature. The total thermel resistance

by, —
=. k4 2
Q I

R=R +R=—1 422

K4 K4
and the rate of heat flow .
. =h-5
Q R
x Xy X2

L 4
ty N t

.1 LIPINGA

R= KA \ Q z-" / S,
R Ry Q

t [/ Q 1
AP AA Q e AN A AN . e
h b &

Fig. 183 Thowmal resiriance offered Fig. 18.4 Heat conduction through

by a wall resisiance in series
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Again, t,-14,=0-R =Q- ;‘A,&omwhjchtimbccvaluawd.
1

For two resistances in parailet (Fig. 18.5), the totsi resistance R is given by

1 L+L0r R‘_—&

R R R R+R
where Ri= - emdRy=—=*
R K4
and he rate of heat flow
f _fz
=0
¢ R
Q] nl
47 g
Q-A—< 4 aQ
& [\ '\ﬁ\\ %
RN Ka\ Lt
L=
o Ry
i I}
a- 0
& R

Fig. 185 Heat conduction through rerlsiance in parallel

18.22 Heal Conduction through a Cylinder

Let us assume that the ingide and owiside surfaces of the cylinder (Fig. 18.6) are
maintained at temperatures f, and {, respectively, andy, is greater than £,. We will
alse assume that heat is flowing, under steady state, only in the radiat direction,
and there is no heat conduction along the length or the periphery of the cylinder.
The rate of heat transfer through the thin cylinder of thickness dr is given by

dt
=—k4 =2
Q dr
dt
=-K2mrl — 18.3
rl (18.3)
where L is the lengih of the cylinder.
=1z = Q dr
dr= - —
o 'L‘t r=n 2RKL r
-.- tz_ll=_Lm_rg_

KL
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Fig. 18.8 Heat conduction through a sphere

where A4 is the spherical surface at radius r normmal to heat flow,

Q=-Kinr g
dr

r='z a=" @ dr

t=4 r=n ank r?

-t =——L [L_1
2 t 4k L L5

A K{y —t,)nn
Qz_
n=h
h—t

Ty

o Q=_mg.m.

(18.7}

where 4, = geometrical mean arez

=4xr, r;
and x,, = wall thickness of the sphere
=rhon
Here the thermal resistance offered by the wall to heat conduction is

R=—x
XA

g

Thus similar expressions of thermmal resistance hold good for flat plate,
cylinder, and sphere, which are

X Xy
‘Rplltt '“ﬂ’ cylinder ml.m and
X,
R = —¥
T Ky

where £ is the thermal conductivity of the wall material.
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r.:} B
N\

-

- [
Fig. 18.17 (¢} Flow aorums 2 oplinde

Re, ¢ n
0.4-4 0.989 0.330
4-40 0.911 0.385
40 — 4000 0.683 0.466
4000 — 40000 (.193 0.618
40000 — 400000 0.0266 0.805
For flow acrass a sphere, constant wall temperature:
Gases: Nuy =037 R
Water and Oil :  Nuwy =[1.2 +0.53 Ref ™) Pr®? (18.24)

Free convection
Let a fluid at T,,, with density p,, change to temperature T with density p.

Then the buoyancy force,F=-(-PLTp—plg—

Now, let § = coefficient for volume expansion

then i=pi + BT, -T)

or po=p{l+B-AT)

F=8-g-AT

where AT=T,-T

For an ideal gas

1(dv 1 R_1 1

=—|—| =—=—==— (K
B U[B'T]p v p T( )

The heat transfer cocfTicient in free convection may be assumed to be a
function of the variables as given below
&=ﬂL)chplpll'l1gﬁAT)
By dimensional analysis, the above variables may be arranged in three non-
dimensional groups
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L (M)l{&]h
K i K

or Nu=8- -G P

where

Nu =Nusselt number = hTL

3 "+
Gr = Grashof number = gﬂﬂﬂ#

Pr = Prandti number = %

For a large number of experiments made on fluids it has been found that

exponents 2 and b are of the same value. So the expression reduces to !
Nu=2B- (Gr* Pr)" (18.25)

L 15 the characteristic length, which is the length in Lthe case of a vertical piate

and cylinder, diameter in the case of a horizontal cylinder, and radius in Lthe case

of a sphere.
For Gr. Pr < [0, the Alow is laminar, and

Nu = 0.59 (Gr. Pn)"? (18.26)
and for Gr. Pr> 10°, the flow is turbulent, and

Nu = 0.13 (Gr. Pr)’? (18.27)

184 Heat Exchangers

A heat exchanger is a device in which heat is transferred between two moving
Musds.

Heat exchangers may he parallel low, counterflow or crossflow, depending
upon Lhe direction of the motion of the two fluids. [ both the Nuids move in the
same direction, it is a parallel Now heat exchanger. If the fluids flow in the
opposite directions, it is a counterflow heat exchanger. If they flow normal fo
each other, it is a crossflow heat exchanger.

18.4.1 Parailel Fow Heat Exchanger

Let us assume that the cold Muid (subscript €} is fowing through Lhe inner tube
and the hot fluid (subscript A} is flowing through the annulus. The hot Nuid enters
ar ¢, and leaves at 4y, while Lhe cold fluid eaters at ¢,; and leaves at ¢;. Let us
consider a differential lengih dL of the heat exchanger, as shown in Fig. 18.18,
where the hot [luid is at £, and the cold fluid is at ¢, and Lthe temperature difference
between the two MNuids is Ar (= &, — ¢,). At varies from A, at the inlet to Ar, at the
exit of the heat exchanger. Let 40 be the rate of heat transfer in that differential
lengih. Then by energy balance,
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or _ Yy, s
1
s, d(Ad) -
v L
At
v In Af: =H'P UUAD
Substituting the expression for
At A, - A,
In Ar: =——‘-Q—-— - Uy Ay
Ar, - A,
2= T;Af-— Us 4y
Az,
where Al =4, — 1 and At =1, — 1o
R=Updp
= Ay o (fy — fa)
=M Clla—te1) (18.28)
where At, , = log-mean temperature difference (LMTDY)
_ Ay —Ag,
) 1o 24
Ar,
and 1 1 P 1

Updy  Wdy KAy Fody

1842 Counterflow Heat Exchanger
The two fluids [low in opposite directions (Fig. 18.19). la the differemiail length,
the rale of heat transfer
dQ =y, ¢ dr,

= . di

=Uy-dd,- At
where both ds, and dr, are negative for positive x direction {towards the right).
Now

Al=f —t,
d(an) =dt, - dt,
90 , do

Myl M
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Ea, Wim?

T increasing
o+

9

Lm
Fig. 1821 Radigtion intrnsity EL varying with i and T.

wherc th,, ¢, M, C.. fy, 1, and U are usually given. Two tasks are mostly
encountered;
1. To estimate the surface area required (4,).
Then either 1., or 4, is given. We can use the LMTD method to find 4,.
2. For a given heat exchanger (i.e. 4,), to estimate the exit temperature f,
andf, .

We cannot find 4, and i directly by the LMTD method. We have to use trial-
and-error method. Assume ¢, find Q, 4, , AT, and then &', If @' = ), assume
another ., and repeat calculations till Q} =Q.

£-NTU method can here be easily used. We introduce three terms in this
regard.

(a) Heat capacity matio, R = ﬂ = —C-M' (<1}
(), Cou
where  (m1c), = smaller value of shyc,, 8nd mrc, = Cyy
and (mc), =larger value of the two rirc, and mrc, = Cp,,
{b) Effectiveness, £= - Actual he}at ansfer
Maximum possible heat transfer

In a counterflow heat exchanger, €.8., (¢, Jnm = %, OF (£ Jnax = fi,-
- rhh Ch (‘Iq _fh]) = ”"c € (‘c, _fq)
{rjm)s (fh| - fq ) {"."c)s ('rhl - 'rcl )

=N
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When one of the two fluids undergoes phase change, R = 0. Then,
g=g=1-¢" (18.33)
For a balanced heat exchanger, sy ey, = M c,,
R=1, A=A, = Ay,
thy =ty = oy = b, OF, th = £, = Iy ~ 1,
U Ap Aty = Updg {1y — 1= My ety — 1)
= (e}, (ty, —th,)

NTU = UP-"O = 'y " ny

‘hi - i‘ICI ('rh| - :hz) + (thz - f‘:l )
NTU(fh] ff-z) NTU
= (18.34)
NTU(ty, =1, )+ {t, —¢ ) NTU +1

18,5 Radiation Heat Transfer

All bodies radiate heat. The phenomenon is identical to the emission of light. Two
similar bodies isolated together in 2 vacuum radiate heat to each other, but the
colder body wilt receive more heat than the hot body and thus become heated,

11 Q is the total radiant energy incident upon Lhe surface of a body some pant of
it (Q,) will be absorbed, some {{,) will be reflected, and some (Q,) will be
transmined through the body. Therefore,

=0t 0+ O
ar %+%+%:1
ot a+p+r=1

where @ is known as absoerprivity, p as reflecrivity, and 7 as iransmissivity, For
an gpague body, ¥=0 and o + p = 1. Most solids are opaque.

A body which absorbs all the incident radiation is called a black body. A black
body is also the best radiator. Most radiating surfaces are grey and have an
emissivity factor £iess than unity, where

- Actual radiation of gray body at TK
Radiation of a black body at TK

It can be shown that the emissivity or ability to radiate heat ig equal to l.he
absorptivity or ability to absorb heat (KirchhofF's law), which justifies the
statement Lhat good absorbers are also good emitlers. A brigbtly polished surface
will have a low absorptivity and low emissivity.
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The rate at which energy is radiated by a black body at temperature T (K) is
given by a Stefan-Boitmann law

Q=odT!
where ¢ = rate of energy radiation, W
A = surface area radiating heat, m*

and o = Stefan-Boltzmann constant = 5,67 x 107 W/m? K*

1f the radiation from a heated body is dispersed into a spectrum by a prism, it is
found that the radiant energy is distributed among varions wave lengths. The foral
emigyive powerof a body, E, is defined as the 1014l energy emitted by the body at
a certain temperature per unit time and per unit surface arca at all wave-lengths.
The monochromatic emissive power, E,, is defined as the radiani epergy enitted
by a body per unit time and per unit surface area at a particular wavelength and
temperature. The variation of £, and A and T'is shown in Fig. 18.2], At a cenain
termperature,

E=|Ed, (18.35)
L]

= Area under the curve at that temperature,

Thermal radiation exicnds over a spectral range of wavelengths from 0.1 um to
100 gm and the spectral energy distribution of a black body is given by Planck's
law:

G
I T (18.36)

where A = wavelength, tim; T = temperature, £
C, = 3.743 % 108 W, (pmy¥/m?; C; = 14387 % 10! pm K.

E;p is called the monochromatic emissive power of a black body. The
emissivity of a surface is then:

=£ (18.37)
Ey
where Ey is the tolal emissive power of a black body. A gray body has the
monochromatic emissivity, £, constant over all wavelengths.
E
£ = —2_ < constant for a gray body (18.38)
Ep

Real surfaces are not gray and have a jagged emissive power distribution as
shown inFig. 18.22.

The actual radiant energy Lransfer between two bodies depends upon the
{i) two surface lemperatures, (i} the surface emissivities, and (iii) the geometric
orientation of the sarfaces, i.2., how they view cach other. A radiation shape
Jactor F, {or view factor) is defined as the fraction of energy leaving surface 1
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350

00+

250 T= 1922 K

- m=£= 1 (Blackbody)

Y £ =08 (Gray body}

Monochremalic emiasive power, £; kW/m2 pm
g

100+
50
u T T T L}
1 F4 3 L 5 8
Wavatength A um

Fig. 18.22 Comparizm of ideal blackhody, gray body and real surface

and reaching surface 2. Similarly, F,, is the fraction of energy leaving 2 and -
reaching 1. It can be shovwn thai

lF12 Az;Fz} (1839}

which is known as the reciprocity theorem.
The total emissive power of a black body is given by:

IEmdl j W—dﬂ. ot

which is the Stel‘s.n-Boltzrnann taw, as statcd earlier,
Chants of F,, for three geometries are shown in Figs 18.23, 18.24 and 18.25.
In g¢stimating radiant heat transfer from gray surfaces, two terms will be
introduced.
Radiosity (/) = total energy leaving a surfbce per unit area and per unit time
(sum of emined and reflected energies)
Trradiation (G) = total energy incident on a surface per unit area and per unit
time.
The energy balance for the gray body (Fig. 18.26) assumed to be opaque
(r=0) gives:
J=eEy+ pG=€Ep+(l - 6)C
G =[-eE)[]l -€]
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Fig. 1827 Surface resistance in radiation netiwork

Let us now consider the exchange of radiant energy by two surfaces 4, and 4,
(Fig. 18.28). Of the total radiation which leaves the surface 1, the amount thet
reaches surface 2 is J; A; £y, and of the total energy leaving surface 2, the

amount that reaches surface 1 is J; A, Fy;.
=)
‘{/
“\.___“-.

Fig. 18.28 Rediaiion interaction betioeen fiwo gray surfaces

e

The net energy interchange between two surface is:
Q-2 =J1 4y Frp~Jy Epy 4y
h-h
=W =S, Fyp=—/——
-4 Fyy V(A4 Frp)
The denominator 1/{4; F|,)}is cafled the “space resistance” and the numerator
(J, - J3) is the potential dilference, as shown in Fig. 18.29.

(18.41)

4 s

.
AF1z
Fig. 18.29 Space resintancy in radistion redwork

Figure 18.30 shows a network which represenis two surfaces exchanging
radiative energy with each other.

Egyd-2 ... A g . 2By
{— & 1 “"52
Ay ArFiz Azez

Fig. 18.30 Radiation nerwork for fwe gray surfaces
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e of heat wansfer by radiation
Qr = O'A] 9.1-2 {T:u - T:’) = hrAI{'rw - ff)
where A, is known as Lhe radiation heat transfer coelTicient.

b =0T (T, + T+ Th {18.48)
Total rate of heat iransfer
g=0.+0,~h.+h)A e, - {18.49)
SOLVED EXAMPLES

E ple i8.1 A cold storage room has walls made of 0.23 m of brick on the
o1 e, 0.08 m of plastic foam, and finally 1.5 cm of wood on the inside. The
o ¢ and inside air temperatures are 22°C and - 2°C respectively. If the inside
and outside heat transfer coefficients are respectively 2t 12 W/m® K, and the
thermal conduetivities of brick, foam, and wood are 0.9, v.02, and 0.17 W/mK
re crvely, determine (a) the rate of heat removed by refrigeration if the total
wall area is 90 m?, and (b) the temperature of the inside  faee of the brick.
Solution Figure Ex. 18.1 shows the wall of the cold storage

-1 + I + X2 + 5 + 1

U h K & kK K

1,023 008 | + 1

12 098 002 100x017 29
={0.0833 + 0.2347 + 4.0 + 0.0882 + 0.0345

= 4,4407 m* K/'W

h n fz iy L.~ \/\J___
Q R Rz Ry Ry R. @

Fig. Ex. 18.1
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- 6.28 X 50 x 35

0.3443 + 0.7092 + 03448 + 0.6410

. =2.334 kW Ans.

Example 183 Three 10 mm dia. rods4, B and C protrude from a steam path at

100°C to r length 0f 0.25 m into the atmosphere al 20°C. The temperatures of the

other ends are found to be 26.76°C far A, 32.00°C for & and 36.93°C for C.

Neglecting the effects of radiation and assuming the surface film coefficient of
23 W/m?K, cvaluate their thermal conductivities.

=2334 W

Solution  If the tip loss is neglected, the tip temperature ¢, is given by

[/ ™ 1

fy ~t, coshm!
Forrod 4,
2676-20 676 _ 1
100 — 20 80 cosh mf
coshm/=11.8
or, mi=3.16
1/2
m=>38 2 gami= [ﬂ}
0.25 KA
Here, P=:rdandA=%d2
23X X x0.01%4 s
————— = (12.64
Kxaxo0ixoor (26
K, =57.58 W/imK tns.
Forrod A,
32-20 _12_ 1
100-20 80 coshmi
coshm/ = 6.67
ml=246
_26 . [ 28xaxeorxa 17
or. m=2 _gg=| 2R ERDUIXT
0.25 Kxmx0.00x0.01
9200
Ky= =852 W/mK Ans.
B (1047
Forrod C, 1 _3693-20 _ 1693
cosh m! 100 -20 80
coshml = 4.73
or, mi=2123

or, m=223025=892
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in 30 min? The peas are supposed to have an average dia. of 8 mm. Their density
is 750 kg/m® and specific heat 3.35 KJ/kgK.
* Solution From Eq. (18.14)

=t _ & hrTyip eh)

fo =t
Here,
PV _150X4x(di2) _ 750 d _ 750, 0008 _,
A 3x4m(d/2) 3 2 3 2
2-1 _ hAT __hT__58Bx107°7
25-1  pe¥ ¢ 335
-3
n gy = S8X107 X 3600 T
335
=051 A=31 min Ans. (a)
=1 _(58x 10} x 10 x 6035
(®) 25-1 ¢
t=9.5°C Ans. (b)
© St _ (58 % 10130 x 60335
25-1.
1. =4.1°C Ans. (c)

Example 18.6 An oil cooler for a lubrication system has 1o cool 1000 kg/h of
oil (c, = 2.09 ki/kg K) from 80°C to 40°C by using a cooling water flow of L 0(X)
+ kg/h available at 30°C. Give your choice for a parallel tow or counterflow heat
exchanger, with reasons. Estimate the surface area of the beat exchanger, if the
overail heat wansfer coefficient is 24 W/m? K {e,, of warter = 4.18 klkg K).

Solution Rale of heat transfer

by = BO°C
£y = 50°C
T t..,=40"c
&= 30T
A= 30°C by = 10°C

— s Aot

Fig. Ex. 18.6
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Example 18.8 An oil fraction at 121°C s to be cooled at the rate o 20.15 kg/s
in & simple counterflow heat exchanger using 5.04 kg/s of water initially at 10°C.
The excha.nger contains 200 tubes each 4.87 m Jong and 1.97 ¢ o.d., with U, =
0.34 kW/m K. If the specific heat of oil is 2.094 kJ/kgK, calculate the exit
wemperature of the oil and the rate of heat transfer.

Solution

rty = 2015 ks, ¢y = 2.094 W/kg K, £y, = 121°C,
. =5.08 kgfs, ¢, = 4.2 kIkg K, ¢, = 10°C,
U, = 0.34 kW/m’K
A, =ndy I =200 2x 00197 x 4.87 = 60.28 m*
{mc) gy = 20.15 x 2.094 = 42.19 kW/K

{1) aiee = 5.04 % 4.2 = 21,09 KW/K
Coun = 2109 kW: €, = 42.19 KW/K

R= S L 2L g
C,., 4219
NTU = Uado _ 034x60.28 oo
Coom 21.09

_ _l-exp[-NTU(1-R)] _ 03849
i-Rexp[-NTU(1-R)] 0.6925

At
0.5558 = — BT

Ihl. - {"'I
Alpyrger = (8D = 0.5558 (121 — 10)
=61.69°C
Af“ er x[ﬂ.!'{‘)w et a
Aoil:m{ﬁ[—c}.l‘u" =30.84 C="h|_,]|2
t, = 121 - 30.84 = 90.16°C
= exit temperature of oil. Ans.
Q = ﬂ‘!’h Ch [:hl - fhz] =42,19 x 30.84
=1308 kW Ans.

Example 18.9 Water flows inside a tube 5 cm in diameter and 3 m long at a
velocity 0.8 m/s. Determine the heat transfer coeflicient and the rate of heat
transfer if the mean water temperature is 50°C and the wall i3 isothermal at 70°C.
For waler at 60°C, take K = 0.66 W/mK, v = 0.478 x 10°® m¥s, and Pr = 2.98.
Solution Reynolds number,

1

_ gD 08X005
Re= = —————0

v 0.478%107°
83,700

1

The Mow is turbulent,
Prandd onmber, Pr = 2.98 -
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What are the three basic modes in which hent is wansfemed?

Why are good electrical conductors also good thetmal conductors?

What is Founier's law of heat conduction?

How does the slope of the temiperature profile in a wall depend on its thennal
conduetivity?

Show that, for estimating radial heat canduction through & cylindncal wall, the
log-mean urea of the inner and ouler surfaces b @ to be comsidered,

Show that for estimaling radial heat conduction through a spherical wall, the
geometnic mean area of the inner and outer surfaces should be considered.
How do fins affcct the heat wansfer rate?

How is fin efficiency defined?

What is meant by transient heat conduction?

What is lumped-capaciry analysis?

What are Diot number and Founer number? What is their physical significance?
What do you understand by natural convection and forced convection?

How js heat wansfer coelficient defined, What is its dimension”

What are the Lhree resistances olfered to heat transfer from one fluid to another
through a clean wall?

What is Raynolds number? What is its critical value when the flow through a
mbe becomes turbulent?

What are Prandtl number and Nusselt nomber?

For fildly developed laminar fow in a tabe, what are the values of Nusselt
number {a) for constant wall temperature, {b) for constant walt heat [lux?
What are the gxpressions of Nusselt number for (a) laminar flow and (b)
turbulent flow, over a (Tat plac?

What is Ditlus-Bocelter equation? Where is it used?

What is Grashof number? When does it become significam?

What is a kcat exchanger?

Why are counter(low heat exchangers superior to parallel flow heal exchangers?
What is log-mean lemperature difTerence?

Why do the directions of flows of the twe fluids in 2 heat exchanger become
immaterial when ene of the two fluids undergoes phase change?

When is &-NTL) method convenient to use in beat cxchanger analysis?

Define (a) effectiveness. {b} heat capecity ratio and (¢) NTU, in regard to a heat
exchanger.

Derive the expression for ¢llectiveness in n {a) parcalic) flow heat cxchanger,
(b) counter-flow heai exchanger.

What is Lhe expression for elfectiveness when one of the fluids undergoes phose
change?

Find the expression for effectiveness of a balanced heat exchanger with equal
heat capacities.

Delie absorpivity, reflectivity and transmisgiviry.

What is emissivity? Whalt is KirchhofT's law?

What is a black body?

What is the Stefan-Boltizmann law?

Whal is 1he vicw factor? Why is it significant in radiant hes1 exchange between
two bodies?

What is the reciprociry theorem?
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18.37
18.38
18,39
18.40
18.41

18.42
18.43
18.44

What is a gray body?

What are meant by {8} monochromatic emissive power. {b) (o2l emissive power?
What ig Planck’s law of thermal radiation? Explain its imporiance.

Define radiosity and irradiation for a gray body.

Explain {a) surface resistance and (b) space resistance in radiant energy change
betwien two gray hodies.

Give the radigtion network for two gray surfaces and derive the view factor.
What do you mean by “Tlooting node™?

How would you define the heat ransfer coeMicient for combined convection and
radiation?

PROBLEMS

18.1

18.3

18.4

18.5

I18.6

A room has a brick wall 25 cm in thickness. The inside air is at 25°C and the
oulside air is al ~ 15°C. The hest transfer coclficiems on the inside and butside
are 8.72 and 28 W/m® K respectively. The thermal conductivity of brick is
0.7 W/mK. Find the rae of heat transfet through the wall and the inside surface
temperarre.
For the wall in (he above problem, 11 is proposad to reduce the heat tansfer by
fixing an insulating board {K = 0.05 W/mK), 1.5 cm in thickaess, to the inside
sturfece, Find the rate of heat transfer and the inside surface temperature,
Sheets of brass and steel, each | cra thick, are placed in conusct, The outer surface
of brass is kept at 100°C and the outer surface of steel iz kept at 0°C, What is the
temperature of the conunon interface? The thermal conductivities of brass and
steel are in the ratio 2:1.

Ans, 66.7°C
In a pipe carrying siearm the outside surface (15 cm QDb is ot 300°C. The pipe is
to be enovered with insulation (K = .07 W/mEK) such that the outside surface
temperature does nal exceed 60°C. The atmosphere is at 25°C and the heat
wansfer coefficient is 11,6 W/m? K_ Find the thickness of insulation reqirired and
the rate of heat loss per m length of pipe.
The passenger compartment of 3 jet manspon is essentially a cylindrical be of
diametar 3 m and length 28 m. It is lined with 3 em of insulating material
(K = .04 WimK), and must be maintained at 20°C for passenger comfen
although the average culside temperature is— 30°C at is operating height, What
rote of heating is required in the comparanent, neglecting the end elfects?
A hollow sphere {K = 35 W/mK), the inner and outer diameters of which arc
28 e and 32 cim respectively, is heated by means of a 20 ohm ¢oil placed inside
ihe sphere. Calenlgiz the curmenl required to keep the two surfpees at a constant
temperature dilference of 54¢C, and caltculate the rate of heat supply.
{ajDevelop an expression for the steady state heat transfer rate through the walls
of a spherical container of inner mdius r; and outer adiuy ry. The (emperatuses
arc 7, and &) at radii 7, and v, respectively. Assume that the thermal conduchivity
of the wall varies as

K =Ko+ (K, ~ Kg) -2
41
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initial temperature of lhe ball waz 65°C and in 1.15 min Lhe temperamure
decreased by 11°C. Calculate the heat transfer coelTicient for this case.
[Ars. 3741 WimK]
A cubical picce of aluminium 1 ¢m on a side is 10 be heated from 50°C to 300°C
by a dicect fMlame. How long should the alominium cemain in the Aame, if Lhe
flame temperature is 8{H°C and the convective heat tunsfer coclMicient is
190 W/m?K? For aluminium, take p = 2719 kg/m’ and ¢ = .871 Wkghl
’ [Ans. 8.36 1)
The cooling syster of an electronic package bas 1o dissipare 0.153 kKW from the
surfage of 2n aluminium plate 100 mm = [50 mm. It is proposed to use 8 (ins,
cach 150 mm jong and | mm thick. The temperature difTerence between ihe plate
and the surmoundings is 50 K, the thermal conductivity of the plate and fins is
0.15 kW/mK and the convective coetficient is 0.04 KW/m?K, Calculate the height
of [ins required.
[Ars. 30 em)
0il (e, = 2 kWkgK} is coeled from 110°C to 70°C by a flow of water in a
counterflow heat exchanger. The water (c, = 4,18 kI/kgK) flows at the raie of
2 kg/s and js heated from 35°C to 65°C. The overnll heat ansfer coefficicnt is
0.37 k'W/m?K. Determine the exit temperatures of oil and water, if the water flow
rate drops to 1.5 kg/s at the same oil fow rate.
[Ans. 72.5°C, 72.5°C]
A lank contains 272 kg of oil which is stired so that its temperature s uniform.
The oil is heated by 2o immersed coil of pipe 2.54 ¢m dia. in which steam
condenses at 149°C. The oil of specific heal 1.675 kIfkgK is to be healed from
32.2°C 10 121°C in | hour. Calculate the length of pipe in the coil if te surface
coeflicient is 0.653 k'W/m?K.
[Ans. 3.47 m]
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electrons jump ic higher orbits, and when cooled, the electrons come down to
lower orbits, each orbit representing a cernain energy value of the atom. All the
orbits are, however, not available to the electron. Only those orbits are allowed
which, according to Bohr-Semmerfeld rule, satisfy the action integral:

§pdg=nh, {19.2)
where p ig the momentum and g, the corresponding coordinate of the electron
(e.g..pydx orpyd &), and s an integer (1,2, 3, ... ). The intcgration is to be done
for one cycle of closed path. For a gas like hydrogen, the Eq. (19.2] yields:

hw-2r=nh

mri Y 2m=nh
r

nh
n
where m is the mass of the electron, v its velocity, and r the radius of its orbit. The
shove equation states that the only possible circular orbits of the electron are
those in which the angular momentum (fw} of the electron is a multiple ofA/2 5.

mor=Iw= {19.3)

19.2 Quantum Principle Applied to a System of
Particles

Let us consider a system of N particles of an ideal gas contained in a cubical box
of side L, Let the mass of each of the identical pariicles be m. The panicles are
moving, about with different velocities in the box and making only elastic
collisions with the walls. Let us focus our attention on one of these particles
moving with velocity v having three components v, v, and v,. From Eq, (19.2),
for the x-component motion of the particle,

§mvxd.r=n,h, n=1273, ..
or mu 2L =n k
_ h
or v, =y, il (19.4)
where n, is the quantum number in the x-direction. The discrete values of v, are:
v, =1 A 2 A 3—’-'—— and so on.

2mL’ " 2mL’” 2mL
The permissible values for the speed are called speed levels. For a
macroscopic body, say a marble of mass 2g in a cubical box of side 10 cm,
R 6.624 % 107> -5
Iml  2x2Zx107'kgx10x107%m
= 1,656 x 107 nv/s
which is a very small speed interval.
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For a hydrogen atom of 3.3 x 10" g in the same box,

B _ 6624x107M)s
2mi 2% 33x 0T kgx107'm

Thiz specd interval is relatively large. Hence, in the case of such a microscopic
particie, the quantum view and the continuum view have different meanings. We
may say lhat the continmmm view is a special limiting case of the more genernl
quanium view.

The kinetic energy of the particle in x-direction,

=107 m/s

1 1 A
£‘=3mvi =?mnf pavE
2
o -2 A 19.5
&= M el (19.5)
The discrete set of permissible values of €, is:
A A’ h?
=1 .4 9 d .
e i gy R

Each of these energy values is called anenergy level. A particle is said to occupy
an energy [evel when it has one of these values,
Similarly, in y and z directions,
2 2
=2k d e=n?n
ey ¥ BM.LZ ary El " SM.LZ

where n, and r, are the quantum numbers in the y and z directions respectively.
Therefore, the discrele values of Lhe total kinelic energy of a particle are:
E=E, + € YE,
hZ
Bmi?

In velocity space a spherical surface at a radius of velocity v is called a speed
or velocity surface representing the energy level £ = mv/2.

Permissible points on the specd surface represent guanturs sfates belonging to
this energy level. Since the velocity camponents are quantized, the tips of two
components v, and ©, ., , are spaced by a dimance of A/(2mL). In the three
dimensional space, each state occupies an exclusive volume, called a unit cefl, of
(h/2mL)’. Within a spherical shell at mdius v and of Lhickness dv, the number of
quanturn states dg is equal to the volume of the shell divided by the volume of the
unit cell, or:

=0+’ + ) (19.6)

1 2
dg = 3 (4m) oo Al o
[ar2mL)pP X

19.7)
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The factor 1/8 is used because only ibe positive octant of velocity space is
concemed, without distinguishing between v, and - v,.
In terms of energy,
v = [(2e)/m]"?

or do=1 1’1 €12 ge
2¥m

From Eq. (19.7),
ip
dg=—4xﬂ;1' El l £-|f2d£
k m 2¥m
= 4’:’;"’ [2m ]2 de (19.8)

where ¥ =I*, the volume of the box,
Here, dg represents the number of quantum states in the energy interval from
eto g+de.

19.3 Wave-Particle Duality

When a collimated beam of light is projected through a pin-hole aperture on to a
screen, one observes diffraction rings with the intensity distribution across the
tings (Fig. 19.1). The diffraction phenomenon is due to the wave nature of light.
Interference phenomena also confirm ii. Again, there is the Com ton effect in
which a paricle of light or photon strikes an electron and changes jls trajectory.
This exhibits the particle nature of light. Thus, the basic units of light, the photons,
behave both like particles {of zero rest mass}) and like waves.

When a cathode ray, consisting of an electron beam at very low pressure,
produced by filament heated to a very high temperature (~ 2000 K), is accelerated
to 2 potential difference and passed through a very thin metaf foil (~ 0.1 pm), and
the electrons are collected on a photographic plate, it shows dilfraction panem

. Pin hole /’
/s
..
=~ ~

Cotmaled
fight beam

_»~ Pholographic
T\ Plate

{2}

rings

Fig. 19.0 Diffraction exhibizs the wave natore of light
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Fy _mdy
o’ T ot
2
or %ﬁi l}p 3{2 (19.12)

where V, is the phase velocity equal to (T/m)"?and y is the amplitude of vibration
at time ¢ af any distance x from the fixed end point.

Teo solve the above partial difTerential equation, the method of separation of
varigbles will be employed.

Let y=f{x) gt)
where fis a function of x oniy and g a function ol t only. Differentiating y twice
with respect to x keeping ¢ constant, and with respect to ¢ keeping x constant,

@y _ ¥y
PR~
2 &
ond w
Substituting in Eq. {19.12)
Fr_1 ,d%
£ vl e
¥ 2
A A N it T (19.13)

fad g7 an
where & is the separation constant. Since each side of the equation is a [unction
of a single variable,

1 g _

A a_ -

or %§-+a2 Pog=0 (19.14)
The characteristic equation is:
m, + ot =0
or my =Eiab,
80 that the general solution is:
g=C, cos(ak, ) + C;sin(a¥, N (19.15)
Let aV,=w=2r
where eris the anguler velocity and v the frequency. Since ¥, = v,
_2nv _am

wvi A
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and ¢=¢ o,
so that the wave equation becomes:
2 8
Vig+ ’S“’ (- py=0 (19.20)

This is the fime-independent Schridinger wave equution. In general, as for
the vibrating string, the wave function w is dependant upon position as well as
time. and may even be a complex fnnction having real and imaginary pans.
Consequently, there is a corresponding general time-dependant Schridinger
wave-equarion, but for stationary states of the syslem (standing waves}, the case
of interest 10 us here, we need consider only this form of equation (Eg. (19.20}).

19.8 Probability Function: y

The quantum mechanics developed by Edwin Schrodinger differs from Newton's
classical mechanics in its aim as well as its method. [nstead of avempting to [ind
equations which give the exact positions and velocities of particles, Schrodinger
devised a method of calculating a function of time and position from which the
most probable positions and velocities of panticles could be derived.

Schrddinger postulated a pariicular second-order differential equation for
wave functions w of the coordinates of a system and time. The square of the
absolute value of a given wave function, ly¥|, is interpreted as a probabiliry
distribution function. Solutions of the Schrddinger equation give a series of
allowed encrgy levels for many of the systems considered.

A fundamenual postulate ot quantum mechanics is that the quantity yy* dydy
dz is the probability that the paricte represented by the wave [unction wix, v, z, £}
is in the elemental volume dx dy dz at1he lime s, and y* is the complex conjugate
of . Thus, yry* is the probability density for the particle,

Since the particle must be somewhere in space, it is necessary that the
probability density satisfy the normalizatian condition:

Tfj Wy dr dydz=1 (19.21)

19.% Particle in a Box

Let us assume a monatomic ideal gas confined in a box of dimensionsa, band e,
such that:
O<x<a,0<y<handl<z<e,
Molecules have only translational kinetic energy. For simplification, let us

consider that the particles move only in thex-direction, The Schrodinger equation
applied to a single parnticle gives

a2y, , 3T'm
dx? W

[e.— o w, =0 (19.21)
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22 2
o wa=[Z] ol ]

Therefore,
142
Voo oy, nz = [::‘c‘] sin [ﬂxﬁ f] sin [uvﬂ: %]

sin [n,rr -:—] (19.32}

From Eqs {19.27, 19.28 and 19.29),
E=E*TE TE,

i | ,.,2 n?
SN UG B -5 19.33
&m [ R -4 ( )
Ifa=b=c=L,then
kZ
£= Py [nex + nzy + nzl]
which is the same cquation developed earlier, Eq. (19.6), from Bohr-Sommerfeld

action integral.
If ¥ is the volume of the cubical box,
2

Imp3
which shows the energy values depending upon the volume of the system.
The specification of an integer for each n,, n, and n, is the specification of a
quanturm state {or enetgy state) of a particle, All states characterized by values of
the n's such thata® + i'lZ +#*, = constant, wiil have the same encrgy.

[7 + nl, + n?) (19.34)

If Jl'l2 + mzyI + n =66,
1 2 3 4 5 6 7 8 9 I 11 12
m 8 1 1 7 1 4 7 4 1 L] 5 4
n, 1 8 1 4 7 1 1 7 4 5 4 5
n, 1 1 % 1 4 71 4 1 7 4 5 5

All the 12 staes for which a?, + nzy + n%, = 66, have the same enctgy
2

=66 8 th 77 - There are 12 quantum states with the same energy level, and it is

said that this energy level hag a degeneracy (or statistical weight) of 12. In any
actual case, 1, + nz), + n%, is an enormous number so that the degeneracy of an
actual energy level is extremely large.

When a particle has a number of quantum states at a cerain energy level, itis
said 1o be degenerate. The degeneracy is designated by g. 16 s, =1, the
particle is at its lowest energy level, £= (34°)/[8m ¥2"], which is non-degenera:e
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g=1) Ifnzx+ nzy +nz‘ =11, the degeneracy is 3, if it is 12, g is again unity with
n, =n,=m,=2Ifitis 14, g = 6, and so on.

19.10 Rigid Rotator

A diatomic molecule may be approximated to a “dumbbell” with its two atoms
connecled by a massless spring (Fig. 19.4). The molecule is fre¢ to rotate about
ils centre of gravity (c.g.) and may also oscillate along 1 ine of centres.
Let r be the interatomic distance, and a1, and m, be the masses of atoms at the
respective distances r; and r, [rom the ¢.g. Since,
r=r +r; and myr = myr,
it ds
Moy and = myr
m; +m; m t+m
Moment of inenia of the molecule is:

=

mym
I=mpP +miy= 1"t oy
my + m,
s My My

w oem is the reduced mass of the molecule.

m t+om,
ikviog Schridinger equation in spherical polar coordinates, the discrete
e 1y values of rotational KE are determined as given below:

3
/

)
N
3
/_H_“"\.
—

. Vp m( & """
& oAU U O N
N ,U ;O

‘ {b} Harmonic ascifiator

Pig. 19.4
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"2
= (7 + 1 19.35
B Bﬂ.'lf JU+1) { )
where j=0,1,2, ...

19,11 Harmonic Oscillator

Lot us now consider the solution of the Schrédinger equation for a one-
dimensional harmonic oscillator. The results can be applied to the vibrational
motion of a diatemic mojecule and also to the behaviour of crystaltine solids.

For a particle of mass ar, (he polenitial energy for one-dimensional harmonic
motion;

4. = % mi?, = -:1!- m2 v, 1l =2mf V2 (19.36)

where x is the displacement of the particle from its equilibrium position atx =0
and v, is the frequency of ascillation.
One dimensional Schriidinger equation is thus:

2
- %"--p sfz’" [, -2 met ¥, Py, (19.37)
X

Solutions of Eq. (19.37) are desired for which y, — 0 a3 x — £ =, which
yield

'Exzﬁrib:hvo("'}"%‘) {19.38}
where n =0, 1, 2, .., Discrete energy levels are thus oblained. A finjle energy

-;— Av, is associated with the lowest (or ground state) energy level.

19.12 Phase Space

A monatomic gas having only translatory motion of its molecules is the simplest
system to consider from the statistical viewpaint. Wheo the position and motion
of each atom of the gas are prescribed, the stare of the gas is corapletely specified.
If the six quantities x, y, 7, p,, p,. P, are given for each atom, the state of the gas
is determincd, Let us imagine a six-dimensional hyperspace or phase space
having three-position and three-momentum coordinates. Every particle has its
representative point in phase space, and is known as the phase point,

Let us subdivide the phase space into small clements of volume, called ceils,
and the volume of one celi, H, 1s:

H = dxdy dz dp, dp, dp,
This volnme is small compared to the dimensions of the system, but large

enough to contain many atoms, Every atom of the gas must be in a celi. The cells
are numbered 1, 2, 3, ..., i, ... and the number of pamicles in the cells are Ny, Ny,
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Ny oo Ny .. with &, > 1. The basic problem of statistical mechanics is to
determine how the particles distribute themselves in the cells of phase space.

Heisenberg's uncertainty principle places a qnantitative limnit on the product of
the unceriainties in the position and momentum of the panicle,

Ax Ap, = h, Ay Ap, = h, Az Ap, = k

where / is the Planck’s constant, 6.624 x 107 J-s. The total uncertainty in
localing a particle in phese space is:

Ax Ay Az Ap, Ap, Ap, = K’
The particle ties somewhere within an element of phase space of volume k°,
which is known as a camparrment. The oumber of compartments per ¢ell is:

g=HiK {19.39)
where g >> 1 and 4° has the dimension of volume in phase space, since
(s = Nms)’ = m® (Ns)’
#* = (length)’ x (momentum)®
A quantur stale comresponds Lo a volume 4% in phase space, and an energy
level corresponds 10 a celf of volume A, so that g is nothing but the degeneracy of
the energy level.,

19.13 Microstate and Macrostate

The basic problem in statistical thermodynamics is to determine Lhe most probable
distribution of the particies among degenerate energy levels nnder the constrainis
of constant total number of panictes and constant systemn energy. in other words,
the object is to determine the most probable wity in which the particles distribute
themselves in the cells of phase space,

If all he six coordinates x, y, z, p,, p, and p, of each parlicle in a systern are
specilied in phose space, it defines the microstate of the system. Such a
specification exactly Incates the compartment in wbich each particle of the system
lies. This detailed description is not necessary to detetmine the observable
thermodynamic properties of a system. For exampie, the pressure exerted by a
gas depends upon how many molecules have the specified momenta, ie. how
many molecules lie within each element of momenum space dp,-dp, -dp,.
Similarly, the density of a gas depends on how many molecules are there in each
volume elemnent dx dy dz of ordinary space. Thus, the observable properties
depend only on how many panicles lie in each celf of phase space and do not
require any information on whieh particle lies in which cell. A macrostate of a |
system is defined if the number of particles in each cell of phase space are
specified. In Fig. 19.5, three cells i, j and k are shown to have four compariments
each. The particular microstate is specified by stating that there is one paricle
{denoted by a} in compartment 1 of cell ; two particles in cell j, one each in the
compartments 2 and 4; three particles in ¢ell &, one in compartment 2 and two in
compartment 3, and so on, The corresponding macrostate is specified by simply
mentioniog that ¥; = 1, ¥, =2 and ¥, = 3.



Statistical Thermodynamics _

Therefore,
lnx!=j In x dx
1
We know,
Judv =w—jvdu
Putting u=Inxandv=1rx,

Iln.rd.t =ln.r-.r~_|'x%d.r=.rln.r—.r

X
Inxt=f lnxdr=[rlnx-x*=xlax-x+1

Since x is large, 1 can be neglected. So,
Inx!=xlnx-x {19.43)
This is known as Stirling 's approximation,

13,16 Maxwell-Bolizmann Distributdon Function

Taking logarithm of both sides of Eq. (19.42), and using Stirling’s approximation,
InW=ZX[Nlng -NlaN+N]

As the particies in the cells of phase space shift around, they change from one
energy level to another, and A;'s will change. 1f the system is in thermodynamic
equilibrinm with maximum B, a small change in F represented by & In B will be
zero. Since the value of g, is assumed to be constant,

Sow=Y [m g, ON, — W, NLSN, — N, 8N, + 5~i]=o

or Em%b‘.&’i =0 (19.44)

where ¥, is the number of particles in the i-th cell (or i-th energy level) in
thermodynarmic equilibrium. However, 5N;'s are not independent, but are subject
to the equations of constraint,

1) N = IN, = constant
LEN,=0 (19.45)
{2) U/ = Lg, N, = constant
Ze, 6N, =0 (19.46)

Laogrange 's method of undetermined multipliers will now be used. Multiplying
Eq. (19.45) by —In B and Eq. (19.46) by — f] and adaing to Eq. (19.44),

¥ [In%—lnﬂ—ﬂsi]ﬁh'i =0
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Z

(19.65)

{19.66)

(1%.67)

=KN1n7+KﬂU+KN
where IN, =Nand Lg N=U.
95 _ gyl (B 9B
(au)v KNz aﬁ(au)v”‘ﬁ”‘”(auk
Since Z=Egi e P
daz _ -M__Esi‘vl 2ge ™ -
dﬁ u*ie Ny
Y gyl _LZ)(28 98 .
(o) =22 (-F)(55), e x(55), -8
From TdS=dU+pdV
a5y _
(a—uv]v-lf"r
KB=1UT
or B= /XD
The constant 8 is thus determined. Thersfore, from Eq. (19.61)
- N8 ek
h Z €
where Z=Y g T

The internal energy U of the system:

v-Sep 2 5 g
From Eq. (19.68),

dZ 1
ar T wE 2E

N dz
U —Z—xﬂdT

- 4
or U=NKT T (In2)

From Eq. (19.65),
4 1
S=KNh = +K—U+KN
N KT
=KN[In£+l]+£
N T
The Helmholtz function, F= U - TS, is given by
F=-er[1n£+1]
N

{19.68)

(15.6%)

{19.70)

(19.71)
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Therefore, from Eq. (19.72),

3 342
z=m V[ZKKT]
A m
or z= T’; 2% mKT]? (19.73)
Substituting in the equation,

~l= Ngl e—(q)’KT
Z

3
= —"_V(zfrgi LR (19.74)
Substituting N, by &N,
P m? drdydz do, dv, do,
v (2mmKT)y?
e—{m{v?, + ‘,2, +vIMIKT)

V L2rnKT
dx dy dx do, do, dv, (19.75)

Integration of this equation over all values of p,, 7, and v, gives

2 32
EN=N [_'"_] [M] dr dy dz
m

. [_‘" ]m M+ 3, 4 Ty

v L2axT
4N N
or, =
dedydz ¥

The number of atoms per unit volume of ordinary space is thus a constant,
confirming that the aloms are uniformly distributed in the gas volume.

The Eq. (19.75), when integrated over all the values of x, y and =, gives the
disiribution of atoms in velocity space, as given below:

42
=Nl AmEN2KT]
N N[2 ] ¢ dv, dv, dv,

This equation is precisely the same ax, the Maxwell-Boltzmann velocity
distribution as derived from the kinetic theory of gases and given by Eq. (21.49),
provided X is recognised a3 the Boltzmann constany.

Now,

4
Z= i [2x mKTP?

nZ=1ln V+%ln r+% n2xmK-3Ink
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The internal energy of ke gas from Eq. (19.69),

2T
u=l§Ta.ndc‘,=if_l
2 2
The resuits agree with the kinetic theory and the equipartition principle

From Eq. (19.71),

F=-er[m£+l]
N

=—-NKT]:In V+%-In(2frmKT)—3|nh+ln N+l]

-_[9F] - mxT
P [E}V]., v

ar pV=NKT=nRT
which is the equation of state of an ideal gas.
From Eq. (19.70),

Now,

z U
s=nk[mZ ]+ U
["H+]+T

= NK[ln V+%ln T+%ln2ﬂ.‘mk

3 NKT
—3lnh-InN+1 |+ = —
] 2 T
NOW. V:ﬂ
r
In¥F=InN¥+mK+InT-Inp
Substituting,
S=n§[InH+an+lnT—lnp+%lnT
3 3
+Eln2an—31nh—lnH+l+?
The molar entropy

__%5[5s 5 3
=R|=IhT-hp+=IK+=In2m
5 [2 n g > n 2]1'12 m

Sink+ %] (19.76)
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where C is a constant
N=[dN, = C[e* " as
Let £, = mean energy of a single particle associated with coordinate z

i z £,0N, ) _[e,e"*"”d.:

E sz [e- £, fK.de

If &, is & quadratic function of 2, i.e. &, = az?, where & is a constant,

i .1
_[azz-e a?/KT g,
o

', E!= =
_[e"":z"nd.:
o
Let af/KT=y
a
— 2z dr=4d
XT f
1z
d,=i[£] a
2| ay
o 172
Numerslor =I yKTe”'-l[E] dy
A 21 ay
1 (K2 7 b 1 (KT VR
= dy = — LLE
2 Va J,y CYTTT R 2
- 172
° 2| ay
172 =
S LA Tt g,
a 0
1 (Knlfz J_
=_ n
2 Ja
1 (X9 Jx
g=2 a2 =-;-—KT (19.79)

If the energy associated with a particular coordinate is a quadratic function of
that coordinate, the average energy of a particle is %KT . This is the principle of

equipartition of energy.
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19.24 Statstics of a Photon Gas

Thermal radiation can be considered to be 2 photon gas consisting of photons
which have no rest mass, but possess momenta. The number of photons though
treated as particles are not conserved. The total energy of the photons is, however,
constant. There is no restriction on the number of photons occupying the same
quantum number or a compariment in a cell of phase space. Thus, the pAotorns
Sfollew the Bose-Einstein statistics, the thermodynamic probability of which is
given by:

{2 +¥ -1
i (g —1)IN)
The condition of the maximum thermodynamic probability gives

W=

Z]ngl 'EN o

subject to the constraint of total epergy of photons {and not the oumber}, i.e.
Lg 8N =0
Multiplying the above equatien by — f and adding to the earlier equation:
E[ln atN_ ﬁsl] SN =0
N
Since &V;'s are independent,
g+
]n 1 l =
N, Be
1
or, MNig=—F— (19.80)
|’ i 2&" -1

where i = 1/KT. The encrgy of a photon of frequency vis

e=Av
and ils momentum is

p = AlA= hvic=€lc
where ¢ is the velocity of light. Since light can be both right-handed and lefi-
handed polarized photons, the degeneracy g; of the energy level £ is

2 dxdydz dp, dp, dp,

1 E

Substituting o ¥ for the N, in Eq, (19.80), putting £ = pc and f = 1/KT,

Sy 2EOED B, |
h3 e]:fKT -1

Integrating the equation over x, y and z, we get the distribution of photoas in
momentuim space,
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Substituting d’¥ for N, € for &, and the expression for g,

oy =2 FW drdydz dp, dp, dp,
[ntegrating overx, y and z
1 ;
d'N= k-;mdpx dp, dp, (19.89)
To evaluate B, let us make the substitution
B =g %7,
where g, is the reference energy which is a function of temperature. Then,
2V 1
PN =5 R TGy dp, dp, dp, (15.90)
This is the distribution of electrons in mumentum space, The number density of
electrons in Lhis space:

rid 1
=0 et VET || (19.91)
When T=0K, let &, = £, For 2 cell in momentum space for which € < g4,
2V
[ (st T=0K, e<gy) (19.92)
e

At abgolute zero, the density of representative points in momentum space is
constant and equal to 2¥74” in all cells for which £ < £y
Ife>gpatT=0K,
Po=0(atT=0K, €> &)
There can be no electron whose energy is greater than £, at 7= 0 K. Thus, £,
is the maximum energy of the electron at abselute zero, which is referred to as
Fermi energy (Fig. 19.8).

e SN
Ao,

a E£< Emp EmOE > Emy £

Fig. 198 Lrsirifiution in momentum space of Fermi-Dirae statiities at
T =0K (full iime) and twa higher tomperatures Ty and T,
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Therefore, z is also multiplicative.
2= Zyans " Fron " Zwiby Telect " Fruel Tchem
To determine thez of a molecule, it is necessary to find each of the contributing
parlition functions,
4
e kM (Eq.19.73)

{evaluated earlier)
The energy levels of a simple harmonic oscillator are:

By = (n " %)hv (Eq. 19.38)
With g, = 1,
Zo= i‘-{(“ 4)nv}/kT

LE]

= J e nbVKT - hvi2KT

a=0
- e-hv—"ZKT [1 + euhv."KT + e~2hw‘KT + e—3}|\r.l"KT + ]
& hv/ZKT

Similerly, Z_,, Zs, ... €1C. A€ to be evaluated.
So far z refers to a single particle. The total partition function of N identical
distinguighable particies:
Zy =2V = [Ze PN
For ¥ indistinguisbable particles,

N
L =— N! {19.103)

19.26.1 Internal Energy
Average energy of a parlicle is:

_2Ne _FEeP Feoh
EN Ee b, z

Now,

5] -tz e

ﬁ=-%[§—§]:-[a%ﬂv
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dQ=Tds
which is valid for a reversible process.

19.26.8 Properiies of Ideal Gases
As shown in Fig. 19.11,

P e e | da
Now,
¥
2= Fe@mk1 - %ﬁ(hmﬁnm
[ dln z _1
da a
o NKT 1 _ NkT
be a V
ar 2V =NKT
which is the equation of state of an ideal gas.
For an ideal gas,

G=U-TS+pV=U-TS+nRT
uU-r[%uE“Em%] +nRT

C

-2
PTar|

19.27 Spedfic Heat of Solids

(19.112)

(19.113)

(19.114)

(19.118)

(19.116)

The classical theory of specific heat of a solid assumes that the molecules of a
solid, when displaced from their equilibtium positions, are acted on by a linear
restoring foree, and oscillale about these positions with simple harmonie motion.
With increasing temperature, the amplitude and, hence the enerpy, of oscillawory
motion increases. The specilic heat at constant volume is a measure of the energy
thai must be supplied to increase the energy of these molecular vibrations. Since
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both K.E. and P.E. of a harmonic oscillator are quadratic functions of their
respective coordinates, the equipanition principle applies, and the mean total
energy is KT [%KT for KE and %KT for PE}. The molecules are free to

oscillate in three dimensions, and 50 a mean energy 3KT is assigned Lo each
moalccule. Therefore, the total energy U of a system of N molecules in thermal
equilibrium at a temperature T is

U=3NKT=3nRT
e, = 3R
Figure 19.12 shows expenimentat values of ¢, and ¢, for copper. At high

temperatures, c, ~ 3R, but it decreases to zero at 0 K.

The first explanation of the decrease in ¢, at low temperature was given by
Eiostein, who suggested that qunantum theory should be applied. Each atom
bebaves like a simple harmonic oscillator with normal frequency v. The encrgy
levels of a simple barmonic oscillator are:

s=(n+%) Av,n=0,1,2,3
The parition function is:
z= Zpr[—(n + %)hWKT]

- _exp(~AV/2KT)
l - exp (-hVIKT)

30 x 107

Cat/mola-K

Joules/mole 4

0 Ym-— . . . 0
5 200 400 600 E00 1000 1200

Temperature, K

Fig. 19.12 ¢, and ¢, for copper as funcifons of temparature al o constant pressure of 1 atm
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{b) Neglecting relativistic effects, the wavelength is:

-M
po b 6625x107 .

my 9106 %107 x10°
{¢) Since the wavelength is very small in {a), the motion is rectilinear and
quantum considerations are not important in this motion. In case (b), although
7.3 % 107" m is & emall distance indeed, it is quite Jarge for the motion of
microscopic particles like electrons. Therefore, the quantum effects can influence
significantly on electron motion.

Example 19.2 Consider a cubical box of edge 10 cm, contrining gaseous
helium at 300 K. Evaluate the energy £, and its corresponding a1,
Solution

£‘=%KT= % x 138 x 107 x 300
=20.7 x 1072 Jmolecule

For r-directional component,

o

g, = n

Y gmat

where a is the side ol the cubical box.
n, = %[a me, "2

010 [, 4
= X
6.625x10™ [ 6.023x 107
=158 x 10* Ans.
Example 193 Calculate the number of ways of amanging seven
distinguishable particles in four boxes so that N;= 1, ¥, =2, My =3 and ¥, = 1.
Solution Eq. {19.40) applies to this case, so that

172
x 20,7 x lO”n]

W= NI " =7><6><S>(4
TN 12 2
=420 Ans.

Example 194 Calculate the number of ways of arranging six indistinguishable
particies in four boxes which are (a} distinguishable, (b} indistinguishable.
Selution  (a) Since the boxes are distinpuishable,
W= gilg + M -1 - H4+6-1)
M;! 6!
_4x9IxBx7x6!
6!

= 2016 Ans.
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_ (6624 %107 [ 3x 847 x 102 x 10° |
8x91x107 | ¥
=113 %107 ¥ Ans.

Average clectron epergy at T=0K,

= _3 3 19 19
Eg==Ep == x113x 107" =678x10"J
P8
3
£0=EKT
Equivalent gas temperature:

—1%
=28 Zx6TWXI" _ 558000k  Ans
3K 3x138x10

(<) From Eq, (19.101),

_EKTR _ 2% x138x107% x 300

C
28, 2x113x107"°

¥

=0.018% ' Ans.

The electron contribution to specific heat is very small, For solids, Lhe primary
contribution to gpecific heat is by lattice vibration.

REVIEW QUESTIONS

19.1
9.2
9.3
19.4
9.5
19.6
19.7

19.8
9.9
19.10
w1

19.12
19.13

19.14
19.15

What are the discrepancics of ¢lassical mechanies?

Explain the quaniom theory of thermal radiation, Whnt is quantumn numbe?
What is the action integral of Bohe-Sanmerfeld?

Explain (he quantum principle applied to a sysiem of particles.

What is the difTerence between the quantum view and continnum view?
Explain encrgy levels of particles, quantum smtes and degencracy.

What do you mean by wave-particle duality? Explain bow photons and ¢lectrons
exhibit this duality.

What is de Broglie law? What does it signify?

Derive the wave equation of the transverse vibration of a swretched string.

How did Schridinger apply the differential wave cquation to the matter waves of
de Broglic? What do you menn by time-dependent and time-independent
Schridinger wave cquation?

What is probability distribution function? How does quantum mechanics
basically dilfer from classical mechanics?

What is probability density”? What is the nommalization ¢ondijtion?

How are the discrete cnergy levels of a particle in a box derived with the help of
Schradinger wave equation?

What are deg te and non-tegenerate particles?

Give the diserete energy levels of a rigid rolator and a harmonic oscillavor.




19.16

19.17
19.18

1%.19
19.20

19.21
19.22

19.23
19.24

19.25

19.26

19.27
19.28

19.2%
19.30

19.31

19.32
19,33

19.34

19.35

19.36

19.37
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What do you mean by phase space? What are ceils and compartments? How do
they relate 1o energy levels and quanium states?
What is the significance of 4° in phase space?
What are the constraints on the mast probable distnbution of panicles in phase
space?
Explain the terms: microstate, macrostate and thermedynaroic probabiliry,
Explain the statement: Al microstates are equally probatle.
Which macrostate refers to the thermodynamic equilibrium slaie?
Derive the thermodynamic probability for distinguishable particles based on
Maxwell-Bolzmann statistics. How does the expression get aliered for
indistinguisheble panicles?
What is Stirling’s approximation?
Show that the Maxwell-Bolizmann distribution function of particles among cells
in phase space ol cquilibrium is given by:

N ig = 148
where § is a conswunt.
Explain the physical model of Base-Einstein statistics. Show that the number of
microstates for a given mecrostate of indistinguishable particles is given by:

W= qmi(gi+ ¥ - DI - 1) M)

From the above rclation of W, show that the Bose-Eingiein distribution function
is given by:

Nig, = L[Be™ - 1)
where 8 is a constant,
What i3 Pauii’s exclusion principle? What are fermions?
Derive the expressions of thermodynamic probability and distnibaniton function
for Fermi-Dirac statistical model.
(ive a comparison of M-B, B-E and F-D suatistics.
What do you mean by partition function? What is the most probabile distribution
of the molecules in a gas among the possible energy levels?
Explain the relation of entropy with thermodynemic probability. Establish: § =
Kin W
Why is second law called a law of probability?
Show that A = 1/KT.

Show that: (a) I = NKT? %m z,

(b)S=KH[]n%+l]+—¥n

Show that the partition function of a monatomic ideal gas (or translational K_E.)
¥
Znns = ? l:zl"mxn]'IIJ
Derive the Sackur-Tetrode equation for the absolute entropy of a monatomic ideal
£as,
Establish the principle of equipartition of enerrv by showing that the encrgy

associated with 2 particular coordinate being a quadratic funcrion of that
coordinate is equal to (/2 AT,
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19.6  Ap azgon atom (atomic weight 40) is moving berween two walls 10 cm apart. 1§
its quantutn number is 10%, how much energy is required to change its quantum
number to (a} 10° + 1, (b) 10%7

19.7 Consider a sriatomic warer molecule {atomic weight 18.02). It is contained in 2
cube of 10 cm side. Find the kinetic cncrgy of the molecule if its translational
quantum numbers are n, = 10°, n, = 10 and &, = 10", Whar are the
wavelengths assaciated with each of the quanmum numbers?

188 Calculate the rolational energy levels for a diatomic hydrogen melectle for the
first five values of f fi.e., f=0, 1, 2, 3, and 4). The mass of 2 hydrogen atom can
be considered to be equal to that of a proton {r = 0,742 A},

189 1t is obszrved that light emitied from a rowting oxygen motecule must come
from adjacent rotational states, i.e. %; =L Petcvmhe the frequencies of the four
lowest mansitions if f = 1.95 % 107" g cm™,

19.10 If an argon atom vibrates about an equilibrium location in simple harmonic
motion, how much energy is required to change its vibrationat quantum number
from 1010 117 Agsumc the consunt & in the force acting on the atom F = - &, as
2 kN/m,

19.11 The equation of a translaiional system

)
X

ﬂ: n 3 &m £,
+—+—=
a8 R
is analogous to the equation of an ellipsoid

2 2

¥ z
iz_*"_z"'_z_ =7
a b ¢

[

where # is identified as {$m E,Wrz, Realizing 1hat only 1/8 of the volume of the
ellipsoid iz defincd by positive values of the variables necessary to determine the
number of states of encrgies berween 0 and £, prove that the number of staes
hetween £and £+ deis

4rmV
&= *‘;’ [2m g]'"?

dg,

where ¥ is the volume of the gas.
19.12 For a particle in a cuhical box of side L, find the number of quantum states at
each of the following energy levels:

@12- 2 L w252 ana (361
Bk 8mit 8m L’

Ans. (a) 1, (0¥ 9. {c) 6

19,13 If @ panticle has a translational cnergy 34%/(8mL?), what are the poasible
directions for its velocity?

Ans. 8

[9.14 A perticle with a mass of 1072 g is moving in a small cubical box with edges of
length | cm. Find the spacing between successive pemmissible valucs of the
velocity components.

15.15 The unceriainty in the position of an electron is given by Ax = 0.5 A, Delermine
the uncenainty, Ap, m the jinear momentum of the electron. An elecrron is placed
in & cubical box of side g = 0.5 A. Estimate the lowest cnergy, £, avnilable to the
electran.
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Temperature diatnibution
Ty / along the thin md
—

\

RH\Q'TZ

]
z
== da

——— e

T |

JQ -
1
“ Insuiation _
Hat ) P
Eserir TeServoir

Fig. 20.1 Steady frreoersible flow of heat along a thin vod

J J -7
S B N 20.1)
I e Tz

Let us focus our atiention on the rod, rather than oo the universe. Since the hot
reservoir underwent an entropy decrease, it may be said that itJost entropy to the
rod, or that there was a flow of eniropy into the rad equal to Jo/T; per unit time.
Since the cold reservoir underwent an entropy increase, it may be said that Lhe
regervoir gained entropy from the rod, or Lhat there was a fTow of entropy from
the rod equal to Jo/t, per unit time. But since Jo/T > /T, the entropy outux
from 1he rod exceeds the eotropy inllux to the rod. The differeuce must have been
generated within the rod due to irreversible heat transfer through a finite
temperature difference. So the rate of entropy productioo, o, within the rod is:

s g o I-5
= - _=JQ
& T T g

M7 =T+ATAnd T, =T, so that a small temperature difference exists across
the rod, ‘

T

a=Jq % (20.2)
If J5 represents the entropy flow per unit time (W/m2K), equal to ST,
a=J A—: (20.3)

AsAT— 0,0 —0, sothat when the temperature difTerence vanishes, the rate
of entropy production becomes zero, and the heat transfer process becomes
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reversible. The rate of entropy production is thus 2 measure of the extent of
imeversibility inherent in the process.

Let us now suppose (hat 2n electrical enrrent J; (ampere/m?) is maintained in
the same rod by virtue of a dilference of potential AE across its ends, while the
rod ig in contact with a reservoir al temperature 7{Fig. 20.2). Electrical energy of
amount/, A £ is dissipated in the rod per unit time, and a1 the samg rate heat llows
out of the nod, since at steady state the rod undergoes no energy change. There is
an increase of entropy (SAEWT of the reservoir per unif time, while there is no
entropy change of the rod. Therefore, the entropy change of the universe per unit
time is (J; Agl/T, which is positive, If we now focus eur attention oo the rod, it
may be said that there was no flow of entropy into the rod, but Lthat entropy flowed
out at the rate (JAEYWT, which muset have been produced internally. So, the ate of
entropy prodnction is;

AE

o =J|: —T- [204}

If now a temperature dilference AT ond a potential dilference AE
simultaneously exist across the rod with both the heat curreni and the electrical
current flowing along the rod, the total rate of entropy generation would be:

AT AE AT AE

O=dy e S = L {20.5)
Qo Uy sty Ur
L9
E+ AL —1—® ——= £
A “"
< Reservair al — -
tomporature T

Fig. 20.2 Steady fisw of clectrical carrent in the rod

20.2 Onsager Equations

It has been found experimentally that in the absence of AE J; depends only on
AT, but when there is a AE as well, then J; (and also./5) depends on both AT and
AE. Similarly, when both AT and AE exist across the rod,J/, a1so depends on bath
of these difTferences. The heat flow and the electrical current Now are imeversible
coupled flows, which exist becanse of the finite potentials across the rod. If the
depanare from equilibrium conditions in the rod is not ioo great, /5 and J; may be
assumed to be linear functions of AT and AE, as given below

Js=1-|t'éft +L12%.§’ {20.6}

. AT AE
S=iy -+ ! Ly w3 (20.7)
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where L’s are called phenomenological coefficients. The above equations are
known as Onsager equations, which express the linearity between the fluxes and
the forces. The L's are coelficients connecied with elecirical resistance, thermal
conductivity and the thermoeleciric properties of the rod. Only three of the four
L’s are independent, for it can be proved that, if the departure from equilibcum is
not great,

Lip=1in {20.8)

This is known as Onsager reciprocal relation.

20.3 Phenomenological Laws

A large number of phenomenological laws exist, which describe the imeveruible
processes in the form of proportionalities, e.g. Fourier'y law between heat flow
and temperature gradient, Fick ‘s faw between flew of matter of a componentina
mixture and its concentration gradient, Ohm ‘s Jaw between electrical current and
potential gradient, Newton 's law between sheaning force and velocity gradient,
the chemical reactivn faw between reaction rate and chemical potential. The
causes which are responsible to the occurrence of these irreversibie phenomena,
such as, the {emperature gradient, potential gradient, concentration gradient, and
chemical affinity are called the generalized forces, denoted by X,(i=1, 2, ..., n).
The irreversible phenomena, such as heat flow, electrical current flow, diflusion,
chemical reaction rate, etc. caused by the forces are called flixes, symbaolized by
JG =12, .., n). Athermodynamic force may be defined as a quantity which
measures the extent to which the system is displaced from equilibrium.

When two or more of these phenomena occur simultaneously, they interfere
and give rise to new eflects, The examples of such cross-phenomena are:

{1} The two reciprocal phenomena of thermoelectricity arising from the
inlerferenee of heat conduction and electrical conduction, viz., Seebeek efTect and
Peltier effect.

(2 The coupling of diffusion and heat conductioo giving nise to thermal
diffision, called the Soret effect (concentration gradieot formed as a result of o
temperature gradient) and its inverse phenomenon, the Difour effect (temperature
differcnce arising when a concentration gradient exists).

Two coupled !ra.nsporl processes can be expressed in the generalized form

=L”X| +L,% (209}
=LK +LipX {20.10}

For two pnmary proccsses {say, heat conduction and flow of electricity) the
basic or primary faws will be of the form:

Jy = Ly X, for process | alone, say, heat conduction, where Jy = Jo, X =
d7/dx and L, is the thermal conductivity, and,

Jy = Ly X5, for process 1 alone, say electrical flow, where J, = J), X; = dE/dx
and L, is the electrical conductivity.
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1f process 2 influences process 1 and vice versa,
Ji = L X; (ihe quantity ol heat flow J; due to electrical potential X, );
Jy = Ly X (the electrical current flow J, due to lemperature gradient X,).

. Thelatter two processes are called coupled processes, and the coefliciems
and L, are called coupling coefficients. The first digit in the subscripts of the L's
refers 10 the Mux and the second digit refers to the force. IM'L|, = Ly, = 0, the
fluxes are dependent only on the primary forces and are uncoupled.

20.4 Rate of Entropy Generation: Principle
of Superposition

The rate of eniropy generation is the product of forces and Muxes. From

Eq. (20.5),

ag= JQAT+J[A__J5£+_II£
7? T T T
= JK, + I, 20.11)
AT
where J] :JQsz,Jzzjl,Xlz_T“'z'—
o AT g AE
T T

The rate of entropy genertion in irreversible steady state coupled processes is
thus the surn ol the entropy generation for each of the processes, i.e.

0-=JIXI+J;X1+J;X3+... {2011&)
This is known &s the priaciple of superpasition as stated by VerschafTeli

{Prigogine, 1961).
Let us consider a control volume (Fig. 20.3} in which the properiies vary from
point 1o point and with Gme. The internal energy:

u=fx, y, 1,1

Jw\\\/' S é-’n
/_/ ' i )/
Tl \\

-

Fig. 20.3 Heal and work flow in 2 control volume
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ar, div Sy = EdivJ+ J gred £
By Kirchhoff's law, div/, =0
divSy = Jygrad £
By substituting in Eq. (20.15),
du

Therefore, fi] 3 =—div/y-Jigrd £
9s __ dvJg JigrdE
" T T
. adT J,ged £
=_diy 22 ., B80S S BIRCE
VT T

ds, . a7 dE
+divig=-J, BEROT _ , B
P ar v 5 Q'—Fi— J[ T

Therefore, from Eq. {20.16),

o=-J, g";‘rd Ty gdE (20.20)

204.3 Enlropy Generation due to Heat and Mass Flows

For a system of variable composition Gibbs entropy equation is given by:
Tds=dU+pdV- Y g, dm,

OT per ullit mass
Tds=du+pdv- Z iy dey

where ¢, =m,/m = mass fraction of component & and p, is the chemical potential
of componentk.

Let us consider a region of fixed volume and mass in a motionless Muid
mixture, Then, :

Tds=du- ) g deg
ds du de,
T— == - =k
dt  de L dt

For the control volume (Fig. 20.4), the continuity equation for the component &
gives: ’

or {20.21)

% §, paNe =—§ fda=—§ dividy

where J_ is the rate of flow of substance k per unit area of the surface.
Therefore,

P ‘-Ek—+ divJ =0 (20.22)
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Js:l L '
LS =g (20.43)
[Jf T=c¢ L]J

L|2=L125.=ATS. (2[}(44)

The ratio of the heat flux to the electric current at constant temnperature is
called the heat of transport, Q*, the heat transporied by the cumrent. From
Eqgs (20.35) and (20.42)

[J—‘:‘] ~rle . o* 20,45}
JI T=¢ LZZ
or, Ly=ap* (20.46)
From Eqs (20.44) and (20.46),

o* =TS (20.47)

From Eq. (20.40),

2 "?
Ly =k+ b2 g TS

=k+2TS (20.48)
Substituting the expressions of L. L3, L;; and L, in the equations {(20.31 to
20.33),

Js=—TE —~A5* 'E; (2049
J]=—A.S"';—T—l ::_E (20.50)
x x
dE
dp=-[k+ ATS*?] %‘{* - ATS* ar {20.51})

These are the governing equations of thermoelectricity.

20.6.1 Thermocouple

A thermocouple is a device for recording the temperature at a point within a
system {Fig. 20.5).

Seaback Effect Two wires of dissimilar materials A and 8, such as capper and
constantan, are joined together, say by soldering, to form the hot junction o, which
is keptin contact with the system whose termpetature is to be measured. The eods
b and ¢ are connected to the leads of the material D (oftev copper). The joims b
and ¢ are immersed in an ice bath to form the cold junction. The leads are
connected to a potentiometer atd ande. When the temperature at the hot junction
Ty is dilferemt from the temperature at the cold junction T, an electric current
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From Eqs (20.45) and (20.47), the rate at which beat is transporied into the
junction by the current./| is:

okt =hQa=ATSy
and the rate at which heat is transported out of the junction by the current is:
Ugls =/ Qu=4TSp
At sready state, from the first law,
PR
o=+ Uh-Uals

PR .
= AJ + LTS ~Sh) (20.55)

IR,
["6 -~ 2 ] is the rate at which excess heat is to be removed per unit area,

2
R
over and above the Joulean heat TJ' p keep the junction isothermal, and is
called the Peftier heat. Therefore,
Peltier heat = J; T (S, - Sp)

The Pelrier heat (W/m®) is proportional to the current J; and the constant of
proportionality is called the Peltier coefficient, .

Therefore,

fap=TCA-Sl {20.56)
The Peltier coellicient is called the Peltier emy, since its unit is voits. The

Peltier emf at a junction depends op temperature and the materials of the junction.
If Ohrnic (or Joulean) heating is neglected, then Eq. (20.55) reduces to:

Jo= A TS, -Sul=F %, (20.57)
If the current is reversed, in direction (Fig. 22.7),
Jo=Ugl~Uda =4 T(S5-SY)
=—1, a5 (20.58)
Peltier heat is, therefore, absorbed in the junction to keep it isothermal at
wmperature T. Peitier effect is thus reversible.

I

S ——— Vi ——— }

i

# 7 WU 77/ Y

TJ'Q

Flg. 20,7 Reverzal of curvent in the function of dissimilar matevigi
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Thomson Effect Let us consider an element of length Ax of a rod or a wire
through which heat is flowing steadily by conduction due to & temperature
difTerence AT (Fig. 20.8). If an electric current J is sent through Lhe element, it is
found that the ernpernture distributioo in the element is aliered by an amount that
is not entirely due to Joule effect, The mate, at which the electrical energy is
dizsipated into internal energy increase of the elemeny, is greater or less than Lhe
PR healing, the difference depending on the megpitude and direction of the
current, on the temperature, and on the material. This phenomenon is known as
the Thomson effect. Allowing for Joule effect, the heat that must be supplied or
exiracted laterally at all places along the element to restore Lhe initial temperamure
distribution (without electri¢ current) is called the Thomson Aeat.

£+ B8 /,J‘o

A T+AT

A
E—

(aby, 4

T

Fig. 20.8  Coupled flow of heui and electricity in an element

T

Let Jg, represent the heat that must be removed laterally per unit area in upit
time from the element camrying a current to restore the element to its original
temperature distribution. If AE is the potential difference across the element, the
rate at which electrical work is done on the element is JAE. The rate at which heat
is rensporied per unit area by the electrical current into the element is (Jg)pear
=J{(Q*} + 57, and the rate at which heat is transporied by the current out of the
elemen 1 it area is (Joby = H{Q), both in kW/m*. The conduction heat
flowing uwo and out of the element is the same and need not be considered here.
By first [aw,

Jo= WBE+ NP W, ar- M2
=HAE+(T+AD ("o ay— TS"]

Now, (S-),m=s*+—:-§far

Therefore,

L]
JB=JJ[AE+TS'+T%AT+S'AT
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+E§:(M)2—rs*]
dT
Jh=J ds* . 20.59
or a |AE+TF-AT+S AT (20.5%)

x
neglecting the small quantity % (an%

From Eq. {20.503,

dT dE
J=-asr St a2
! dx dx
dE J, dr
el B £
or dr A dx
Also,
AE=-9E ol pr i gedT Ay
dx A dx
= J;i Ax - AT {20.60)

Substituting AE in Eq. {20.59),

E 3
J'0=J;[J—i Ar—S*AT+ r%— AT+S*M‘]

JE ds*
=3 Ax+ T —— AT 20.61
/1 'odr 20.6%)
The cwmrent density J| is given by
dE AE
J=-A—=1—
! dr T Ax
Therefore, the Joulean heat per unit area is:
JAx _ I
JAE -Jy =2 =LA
1 I 2 2 X
From Eq. (20.61),
Jt ds*
Jo- " Ax=J5 T —= AT 20.62
S B T 2062)

This is the excess heat that mus: be removed per unit area from the element

laterally, over and above the Joulean heat, and is the Thomson heat. The quantity
=

T% AT is expressed in volts and is called the Thomson em/f. Thomson heat is

proportional to J; as well as AT and the constant of proportionality is called the

Thomson coefficienr, 0. If heat is added to keep the same temperature, o is

positive. If heat is removed, o is negative. So,
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o=-T ds* {20.63)
dT
The Eq. {20.62) becomes
2
Sy -2 Ax =— gy AT (20.64)

A

The differcnce in Thomson cocfficicnts for the two wires 4 and £ in the
thermacouple

Op— g =— T% (S -S4l (20.65)

Thus, afi the thermoelectric effects can be expressed in lenns of Lhe entropy
transport parameter.S™ and the temperature, as given below:

Ty
Secheckeffect:  Epg= [ [S~SgpldT
L

Pelsier effect: Zap =TS, - 53]
Thomson effect: o, — 0y =—T % (8% — Sl

Differentiating £, g with respect to T,

dEA.B =S?‘—S;]
dT
PEp  d e n
d AB - L 5% ~S
o ar:ar Pa~Sel
Therefore,
dE, B
Zn=T 20.66
AR dT (20.66)
d o, - 0, rdzE““’ (20.67)
an: - ==T7—— .
A- TS d7?

The above equations are known as Thomson s first and second relations,
which were derived by Thomson {(Lord Kelvin) by a different procedure. If for a
given thermocouple, the relationship between the emf and the temperature is
known,e.g.,

Eyp=ayt, opr + a0
where ¢ is the Ceisiug temperature and the «'s are constants depending on the
materials, then both the Pelicr coefficient of any juncuon and the dilference in
Thomson coefficients of the rwo wires at any temperature can be computed,
The Sesbeck emf of a Ihermocouple can also be expressed in terms of the

Pelticr emf"s at the junctions and the Thomson’s emf’s in the wires, as given
below:
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Ap B=Lg /L,
—_— = 20.75
[M’]IH_U oT ¢ )

This quatient is called the thermomolecular pressure difference. A temperature
difference beroreen the two veszels causes matter to {low thus sefting up a pressure
difference.

The thermomechanical effect may be connecied with thermomolecular
pressure difference from Eqs. (20.74) and (20.75),

Ap ~h-U__ 0%
' [ML_,U T vT (20.76)

where O* = U™ - k called the heat of transfer.
The above equation is very importimt in the thermodynamics of irreversible
processes, some applications of it being given below,

20.7.1 Knudsen Gas

Let us constder an ideal gas cantained in a vessel divided into two pars by a
capillary whose diameter is small compared to the mean free path of gas
molecules (Fig. 20.10), Every molecule arriving at the hole of the capillary will
pass through it freely.

The rms velocity of a molecule passing through the capillary is [(4KT¥m]'2,
instead of [(3XT)m]'? (see Lee, Sears and Turcotie, 1973). Therefore, the mean
energy of the molecule is:

Lyt - L 4K T

2 2 m
The energy transferred with each unit of mass is

=2KT

v =2KT=2 % T, ' 20.17)

where (i is the molecuinr weight.
The enthalpy of a monaiomic ideal gas is

3 R R 5 R
h=wtpp==—T+t=—TF==—_T
2 i 2
[ Capidary
. — ¥ y —— N
P1J 27}

Fig. 20.10 Tino veuels connected by o capillary
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Therefore, from Eq. (20.76).

S RT_,RT
Ap _2p g 1R _1p
T vl 2 e 2T
which leads to
pi/py = [TYVT,)" (20.78)

20.7.2 Ordinary Ideal Gas

If the diameter of ihe hole is large in comparison with the mean free path, the
energy transferred with an element of gas is the whole energy of the gas or its
cnthalpy, so that

=k
of, ApfAT=0 or pi=p;
Thus, there is no thermomechanical effect for an ideal gas under ordinary
conditions.

20,73 Othker Applications

A lemperature gradient giving rise to a pressure gradient and mags ransfer is also
demonstrated in fountain effect, in which liquid helium below the A-peint
{2.1B K) upon heing heated flow from vessel ! 1o vessel 2. The same effect
manifests itself in gases or liquids when a membrane separates the two vessels. A
difference in concentration {or Ap) arises as a result of temperatura difference. 1t
15 called thermo-osmagis.

20.8 Stadonary States

In the domain of irreversible thermodynamics, a stationary state is defined as the
state of a system when all the thermodynamic properties of the system get
independent of time.

All natural processes are characterized by certain forces X, X;, ..., X and
[Muxes S|, Jy, ..., Jy. Letus fix a number & of these forces, viz., X;, X5, ..., X at
constant values by means of external constraints. The remaining forces
Xy rts Xy eny -ooy Xy are kept free. The sysiem will undergo a narural evoluion till
the free forces are destroyed and finally arrive in a state of minimum entropy
productioo compatible with the ¢constraints imposed, Thus we have,

[aa] =0 (wherei=k+1,k+2,...)
Xie K)ok

a5

We call this state as the stationary state of -th order. Since g is a quadratic
function of X7s, it cen be proved that when &'s of the forces are kept [ixed, the flux
JK 1 Jk+2’ aaey Jn vanish.

Hakrnia
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SOLVED EXAMPLES

Example 20.1 Show that in the case ol imeversibie coupled flows of heat and
eleciricity.

(8) Fo=L(ATY +(Lyy+ Ly)) AT AE + Ly (AEY

Ty =20, 5, — (To)yp=2J5

9 _d
® 3ar 3AT
{¢) Show that with AT fixed, the equilibrium state obtained when J; =0

involves a minimum rate of entropy production.
{(d) Show that with AF fixed, the equilibrium state obtained when Jg = 0
involves a minimum rate of entropy production.

Soiution
From Eqs (20.6} and (20.7),
AT AE
Js=Ly T +Lyy—— T
AE
L:u — "'le T
From Eq. (20.11),
AT AE
o=J -

TPao=J,TAT+JTAE

=[tu &L+, 22 mag

TAE
=L AT+ (Lyz + L AT AE + L {AEY Proved

AT AE
i G4 ia ]

(a).
From Eq. (20.11),
To=Js AT+ AE
d [a.!s } a7 ]
—— (To);y=AT +J + AR | —L
oAE M 0AE Jap OAE |yr
=4 T-I‘Ti +S+AE L—Z’
AT AE
[t L ]”'
=J+J=24 Proved (b).
Similarly,

7 T = JS+AT[aJ5] +A5[ﬂ]

3
AT AT AT lus
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=J3+AT%AE£2—'~

=Js+Jg=24 Proved (b).
From (a),
_Lyant ATAE (AE)
a= _”Tz +2L, T? +Lly 71
For minimum rate of entropy production,
od AT Ln
| =0+2L,—+2—=
[BAE]M 2 AE=0
AE
bhe==ta 37
Substinuing in Eq. {20.7),
AE AT AE _
==Ly — AT A —+ Ly - =0 Proved (c).
Again,
a0 L AE
=——| =2=SAT+2L,-5+0=
[anr]u 2 Loz +0=0
AE
Lyy=-L
23T
Substituting in Eg. (20.6),
AE AT AE
JS —-'le AT T LIZ T =0 Proved (d).

Example 20.2 The difference between Seebeck coefficienls for bismuth and
lead is given by

—43.7 (V/deg) — 0.47 (4 V/ideg*y
where ¢ is in °C.

(a) Calculate the emf of a Bi-Pb thermocougple with the reference junction at
°C and the test junction at 100°C. (b) What is the Peltier coefficient of the test
junction at 100°C? What Peltier heat would be transferred at this junction by an
electric current of 10 amperes in 5 min? Would this keat go into or out of the
junction? {c) What is the difference between the Thomson coefficients ot points at
50°C?

Solution
(a S,-8p=-437-4%
100
Eyp=- | [437+0471ds
0
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where fis in °C, @, = - 5.991 x 10°°, @; = - 0.036 x 10°%, @y =5 x 1072,
Calculate {a} the Peltier heat transferred at a junction at (i) 1000°C, (ii) 500°C by
a current of 0.001 amp in one hour, (b) the temperature at which Peltier heat is
zero, and {c) the difference in Thomson coeficients at the above temperatures.

Solution
Eg,, = [ISi-S3]dT

dE . e
Tpp=T 2> = T[S}~ S5]

Given: E=a(T~273)+ ‘—:2- (T-273p + % (T-273)
% = @+ (T-273) + @, (T~ 273)?
Bpp=1273 [ 5951 x 107° - 0,036 x 10 x 1000 + 5
x 1072 x (1000)%]
=-0.047 volt
Peltier heat at 1000°C = 11, g J¢ = 0.047 x 0.001 x 3600
=—0.1687] Ans. (3)
AL 500°C,
%, p =— 0.0286 volt
Peltier heat = — 00286 x 0.001 x 3600
=-0.103J Ans. (8)
When 7, 5= 0,
T(e; + oyt + ayf) = 0
ora + aytai=0
—a, t[ad - aa,a,]”
=% [a3 1 @3]
24,
0.036 31078 £ [{0.036 X 107¢)* — 4 x (~5.991x107¢) (5 x 10"2) ]
B 2X 55X
0.036 X107 £ [1.296 X 107'% +119.82 x 107"
= 10—“
0.036 X107 %+ 37.63x107°

lo-ll
_ (0.03640.037)x10°°

T =0.073 x 10°
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20.14

20.15

20.16
20.17

20.18

20.19

20.20
20.21

2022
20.23

20.24

20.25

10.26

£ = degree of reaction,
A = chemical affinity = {v; gy + vy 1, — [u, + vopg] or [y,
+ gl - [y + v

What will be the enwopry gensmtion for muitiple forces (temperature gradient,
¢lectric potential pradient, concentration gradient and chemical afTinity)
simultancously exising in a syslem?
Why is Omsager’s reciprocal relation often called (the founh law of
thermodyniamics?
What do you mean by entropy of ransport?
Establish the governing equations of thermo-¢lectricity a3 given below:

k+ATS*? dT dE
dx

dT , dE
J=-ase il a2
! dx dx

d7 dE
Jo=-[k+ATS) S —arse ==
¢ [ ] dx dr

Explein the “Scebeck effect”. Show that the Seebeck emf is given by:

T

Epo= ) [S3-Sh1dT

. Tc

What is thermoclectric power of a thermocouple? Show thal it is given by Lhe
difference of the entropy transpori parameters of the bwo wires,
Explain what you undersland by Peltier effect. What is Petticr hear?
Show that the Pelier emFis given by:

mip=TIS3-5%)
Show that Peltier eflect ia reverzible.
Explain Thomson effect. What is Thomson heat?

»
Show that the Themson emf'is given by T ‘LS—TA T.

Show (hat the difference in Thomson coeflicienls for Lhe two wires A and & is
given hy

d * -
O =T o5 [Sa-5sl

Establish Thomsom"s first and second relations of thermoelectricity as given
below:

dE,p
BB ™ ar
d’E,
O, -0y =- T —28

dar?
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volumng element dY is small compared to the dimensions of the container,
but large enough to contain many molecules.
6. All directions of malecular velocities are equally probabie.

21.2 Distribution of Molecular Velocites in Directon

Let us imagine that to each molecule is attached a vector representing the
magnitude and directioo of its velocity? When all these velocity vectors are
transferred to & common origin, we have a distribution in velocity space
(Fig. 21.1). Let us now construct a sphere of arbirary radius r with its centre at
the origin (Fig. 21.2}. The velocity vectors, extended if necessary, intersect the
surface of the sphere at as many points as there are molecules. The average
number of these velocity points per unit area is Nf(4 #+°), An element of area on
the surface of the sphere of radius » in an arbitrary direction specified with
reference to a polar coordinate system by the angle & and ¢ (Fig. 21.2) is given
by:

¥y

~ N /‘///

Vi

/ /

vz

Fig. 21.1  Velocity veciors of molecudes in selocity space

d4 = * sin 6-d@-d¢
The number of molecules having velocities in a direction between @and 8 +dé@
¢rand ¢ + dé, which is denoted by dzN“. is

N
el

d*Ngy = 7 7 5in 9-d6-d¢

N .
= —— sin §-d6-d 21.1
ag o ¢ (21.1}
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vy

raln ¢
s HdAsrn@d ¢ rde

Fig. 21.2  Eirmenial area on the surface of a sphere in pelocity ghace

When we divide the two sides of the equation by volume F and substitute
n = NIV, we get:

gy = 4—';rsin g-d6-d¢ . (21.2)

The magnitude of the molecular velocity is the speed. Not all the molecules
have the same speed. The speed of the molecules can vary from zero 1o the speed
of light. However, for mathematical convenience, we will assume the molecular
speed varying from zero to infinicy.

21.3 Molecular Collisions with a Stationary Wall

Any surface in contact with a gas is conslantly bombarded by the gas molecules
from all directions and with all speeds. Let us consider the area d4 of such a
surface {(Fig. 21.3) with the angles O and ¢ so specified. The number of molecules
travelling, in the B¢ direction and wilh a cerlain velocity © are designared by
dng,,. The collision of any one of these molecnles with arca d4 is called a f¢o
collision. The stanted cylinder {Fig. 21.3) has edges in the direction &, ¢ and a
length vd¢, equal to the distance wavelled in the 8¢ direction with speed v. The
number of 6¢v collisions with area d4 in time dr equals the number of Gpv
molecules in this volume.

Let dn, represent the number of molecules per unit volume with speeds
berween v and v + dv. From Eq. (21.2}, the number of @¢v molecules per unit
volurne is:

Prggy = 4—;'1"‘, sin -d@-d¢

The volume of the cylinder is:
d¥ =dA pdrcos 0
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The number of 8¢r molecules in the cylinder, and hence, the number of Hgo
collisions with area d4 in time dv, is:

Ho;rnal
! Z J
, /
/ 7 . 7

// y 9 /{:‘"5 /
s ;/-‘f. i\ p i r

/" Ao, / : /
V4 wa /

1
-

Fig. 213  B¢v collition of molecwles with o wall

vddde
ar
The number of collisions per unit area and per umit time is

Prgy dV = da, sin 6-cos 8-d6-d¢

L an, sin 6 cos 646 dé (21.3)
an

The total number of collisions per unit area aod per unit time made by
molecules with specd v is found by integrating over 8 from zero to #/2, and over
# from zero to 2x. This gives:

xi2

2

1 . 1 1
—uod sin9cos 6d0 | d¢=—vdn, =217
45 H,_l { ¢ ir 2

= -}'—vdnv (21.4)

The towal number of collisions per unit area and per unit time made by
molecules having all speeds is given by:

177" 1 -
— vdn, =—nT 215
4\"[0 ! 4 ( }

where T is the arithmetic mean speed defined by:

-I.Udn,, TUdl’lv
0

p=2 = (21.6)

Tdﬂ,r
I

Multiplying the numerator and denominator by volume F,
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Here,

7 - 3 N, v _ Nt + Nyod +--- _ ¥ mut
EN! N[ +N2 +-ee n

21.5 Absolute Temperature of a Gas
Since 7 = N/V, Eq. (21.15) can be written as:

pVE—;-mNU_Z 21.16)
For an ideal gas,

pV=nRT,
where n = number of moles, ® =universal gas constant 8.3 143 kJ/(kgmol-K) and
T = absolute temperature. Now,

n=N/Ng,

where X, is the Avogadro’s number, 6.023 x 10% molecules/kgmol. Therefore,
the idesl gns equation of state is:

V=N 7= NkT @L17)
Ny
where X = Boltzmann constant = 1.38 % 10 J{molecule-K). From Eqs (21.16)

and (21.17),

or U = [3 KTim]'? (21.18)
where v, is called the root-mean-square (rms) velocity of molecules, whichis a
function of temperature. Now,

1_=_1 3KT _3
2mv zm - ZKT (21.19)
The mean translational K.E. of 8 molecule is proportional to the absolute
femperature, or conversely, the absolute temperature of a gas is a measure of the
E_E. of the molecules.

The totel translational K.E. of the molecules, U, is

=%~xr (21.20)

The speed of a pressure pulse in an ideal gas is given by
v, = [y RT]'*

1aldria
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or [p+vi,][v-bl=§r i21.2%)

where v is the molar votume (m*/kgmol). This is knowp as the van der Waals
equation af state.

21.% Maxwell-Bolzmann Velocity Distribution

ft was shown that the mms velocity of the molecules of a gas 1s related to the gas
temperature. If all the molecules of a gas at a cerain lemperature move at the
same speed, then the rms value describes the velocity magnitude of atl the
molecutes. However, the apeeds of gas molecules vary widely, and it is thus
necessary to determine the veloeity distribution of the moilecules, so that the
number of molecules moving with any particular velocity can be determined,

Let us consider a volume of gas at a constant temperature, the molecules of
which are moving at different velocities. The instanlaneous velocity veclor of
each molecule is resolved into components o, v, and v,. Let us imagine a velociry
space (Fig. 21.7) e that Lhe gurface area of a sphere represents, at an instant of |
time, all molecules of equal velocities. Each molecule has a representative point
in velocity space. The number of molecules whose velocities lie between p and

0
L z .
&N\
, v,

Yy
By
///—hh\\\ -dv hVal 7
/T O
¥

( ) v+dv ’1 ¥y
\\ \_//

Fig. 21.7 | elocity space

D + dv would be represented by the spherical strip of thickness dv, and be denoted
by d¥, . Since the total number of molecules & is very large, the strip dv, elihough
small, still containg a large number of molecules, Let d¥,, represent the number
of molecules whose r-component velocities lie betweenv, and v, + do,. Then the
fractinn {d¥, YN is a funclion of the magnitude of v, and the distance dv,, or

— =/ )y, (21.26)
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where f(v,} is called the distribution function for x-component of velocity.
Similarly,

(21.27)

dn,
and L =S @) b, (21.28)

Some of the mulecu]% of d¥, have y-comiponent velocities lying between o,
and v, +dv,, and let this be repmenlcd by dsz vy A differential of second order
lev v has been used, since this és a small fraction of an already small fraction,
but snll large enough to contain many molecules. Sinee the number of molecules
ia large, the following retation holds good.

da*N, . dN,
—_Y = 7 (21.29)
dex N
or dZN\,_I vy = dw, dN‘,y N
=Nf(v S (D,,) do, dvy (21.30)

Similarly, d N‘,‘I vy, v, [Epresent the number of molecutes whose velocity
components would lie between 7, and v, + dv,, 7, and v, + dv, and D, and
v, + do,. Therefore,
N, v =N (B f(v,) (D) dv, do, du, (131
The number of representative points per unit volume, or the density of points in
velocity space, represented by g, is:

3
Yo ¥y, ¥y

p= dv, dv, do,

=N (0,) S (o) f(m) (2132)

Since the velocity distribution is isotropic, the density is the same in any volume
element 50 that;
dp = Nf'(0,)f (0,) S (@) dv, + Nf ) S'(0,) (@)
do, + Nf (v} f (v} (v} dp, = 0
F
f(t’:)dvx_'_f( )')dvy f‘(vx)dl? =0
f(@,) f(v,) £(v,)
At aradial distance v from the origin,
1:r2=vi+vi+vlz=cunslam
wd, + ody, +udy, =0 (21.34)
To solve the Eq. (21.33) subject to the constraint of the equation (21.34},

Lagrange's method of undetermined mulifipliers is applied. Muitiplying
Eq. (21.34) by 4 and adding 10 Eqg. (21.33),

(21.33)
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[f(af"‘ |y T

S(v)
+ (L2224 Ay Ao, =0 21.35
[f(v,) ] : (@13
where A is called the Lagrange’s multiplier.

Since 0, ¥, and v, are now independent variables, the coefficients of dv,, dp,
end dv, are individually equated to zero.

rw)
A-D = {} 21.36
o) (21.36)
rw)
Ty Hho =0 (21.37)
Sy
AD ={ 21.38
flo) * ( )
From Eq. (21.36),
eI 1L, o
dv, Foy)
) __ 35 a0
fogy oo

vl
].nf{v,)=—J.T" +lna

-{avd)i2

or flo)=a-e (21 :39)
Similarly, So)=a.e M) (21.40)
and floy = a2 (21.41)

whete « is the constant of integration. The symmetry provides the same
integration constant for all the three equations,
Substituting the expressions for f{z,), f(v,) and f{7,} in Eq. {21.32),
&N
“ NP0} b 0P 4 ] = e

p=Na*e oy U J= do, dv, dv,
or p=Na®ePV (21.42)
where Br=An
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The density is found to be a function of v only, and it is maximum at the origin
where v = 0 and falls off exponentially with v* {Fig. 21.8). To calculate the
pumber of molecules with speeds between v and v + dv, the volume of the
spherical shell of thickness dv at a distance v from the origin is multiplied by the
density of points, so that

—_— V¥

Fig. 21.8 Density of velocity poinis

v, =4 gv” dvp (21.43)
Substituting for p from Eq. (21.42), the total number of molecules:

N=[ar?Ne et
1]

=42Ne [PV do (21.44)
0
To integrate the above expression, let x = %07, so that
x

dr = 2 z?du=2ﬁ\f; do,

s _pta2 _tx ., dx

-l do= | ——=
I Y Y

l “I(!-'!)—i X dx

- €

28 -o[
=;r(1)=;£

28 \2) 2 2
whereT'{n) = j =1 e dx (> 0) is called gamma function, the values of which

b

are given in Table 21.1.
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Substituting o and B in Eq. (21.42) for p,
Yatrta ry 4 ¢4

The speed distribusion function for each of the three velocity components may
similarly be determined. From Eqs (21.26) and (21.39),

372 2
&N, =N[—L] B ap, do, dv, (21.50)

dN, = N/(v,) dv, = Nae *"3V2 gy,

v2
= H[ = ] e X' gp
2RKT *

dN, N 12 'ﬂ‘r
L = : 21.51
dv, Jr [ 2 KT) ( )
A plot of dv,/du, vs. v, at a certain temperature is represented in Fig. 21.10.

112
The curve is symmetric about v, = 0 and has a maximum value an[ Z;KT:I .

i,
dv,

- T

)
Qv E-:—- d_v,{_._ "

Fig. 21.10 Maxwell-Boltprarn diuribution funcrion for x-component velocity

21.10 Average, Root-Mean-Square and Most
Probable Speeds

The average speed, T, of a gas molecule is defined as the sum of the speeds of all
molecules divided by the number of molecules.

jde

l T 2 3 -p?
— |vagvedv N
N{ ¢
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E..

Let x = 0, then vdo =

and

S|
|»
&
L]
»

[~ ]
H
- 4fs 8-

]
™
[ %]
A
oA ™
H
)
L
)
X
B
]
1
B

S

KT 142
r

o
1
S
|

or

o

[}
| —
e
e

112 .
] (21.52)

The root-mean-square speed 15 defined as the sum of the squares of the
velocities of all molecules divided by the number of molecules,

j vPaw, .
P =0 =l‘|'024x02N%e‘p""dv
Jde 49 ~
L1
- 4B Tv‘e"ﬂz"’dv
E{I
Putting = v,
3“
. iy (5 FI S S
JE{ B op2
_4F 1 3 (5/2)-1 x
= dr
I 235£x ¢
-_2 S3Y__ 2 3 z7_ 3
_ﬂzJEr(z) [N 7T 2B
152
or V= [37”] (21.53)

The most probable speed is the speed at whick Lbe largest number of molecules
is moving. It is the speed which occurs most frequently. To determine Urnpn Lhe
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expression of dN,/d, is differentiated with respect to v and equated to zero. From
equation (21.49), using 3,

(2[5 pee

w\d /) dv
or AN PP 20+ v - F 2y e P =0
Jr
T = 1/f
or Opp = [2KT/m]'? (21.54)

The relative magnitudes of the three speeds are shown in Fig. 21.11 and their
values are in the following proportions:

vy
dv

g T i
— ¥
Fig. 21.11  Relatioe magnitudes of v, Fand 7,

DO, =1:1.128:1.224 {21.55)

Vo
21.11 Molecules in a Certain Speed Range
To calcnlate the number of molecules with speeds in a certain range, it is

necessary to integrate the speed dismibution function between the limits of that
range (Fig. 21.12). The number of molecules having speeds between ¢ and v is

given by:

ditv
dv

Fig. 21.12  MNumber of molecules in the speed range of o and ©
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e P do

Leat x = fiv = v/v, and dx = fdv, then on substitution,

Integrating by parts,

= [e:j'(x)—-j_?.re_"z] (21.56)
t/2
where x= [%] 7 and erf (x) is the error function defined as:
erf(x) = __2__} e dx
vr 0

The values of erf(x) as a function of x are given in Table 21.2.

Table 21.2 Values of the Ervor Fimciion

2 o
erf{x)=ﬁ-‘[ £ dx
4

X erf{x} x erfix} x erf{x}

0 0 1.0 0.8427 2.0 0.9953
02 0.2227 1.2 0.9103 2.2 0.9981
04 04284 1.4 09523 24 0.9593
0.6 0.6039 1.6 09763 2.6 0.9998
0.8 0.7421 1.8 0.9891 2.8 0.9999

To compute the number of molecules having velocities lying between 0 and
Upyp» Lhe value of x will lie between 0 and 1. Then, from Eq. (21.56),

Nh_,=N[crf(l)-72;1¢"]

2
=N|og427-—=
[ JExz.ﬂa]
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.t

=04167 N

i.e. 41.67 per cent of the molecules have speeds between 0 and v,
Similarty, to find the number of molecules having x-compenents of velocity
between 0 and v,

From Egq. {21.51), °

d¥, = N% P doy

Putting x = v, = v v, where dx = § dv,
N = -J"% ¥ dr
N P o
No=—=| ¥ dr (21.57)
NF {
Now, I e dr= 5 erf(x),
] 2 .
N
50, Nox= T erflx) (21.58)
For =1,
=N =
No, = Y x0.8427=04214 N
For ' X =ac,
Ny_.=N2 -
The number of rnolecules having x-component velocities betweenx and =,
N, _.= N_N erf (x)
2 2
= % (1 —ed (x}) (21.59)

21.12 Energy Distrbution Fanction

The molecules of a gas at a certain temperature have different velocities and hence
different kinetic energies. The translational kinetic energy £ of a meolecule of mass
m moving with a velocity v, is

£=%mvz

Differentiating,
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de=mvdv=m,f2—f do = v2Zme do
m

An expression for the mmnber of molecules with translational kinetic energies
within & cerlain range, say between £ and £ + de will now be derived. From
Eq. (21.49),

4 f m Ve de
dM. = __(_) L T &8
TR 2kt W Y me”
Therefore,

dv, _ 2N 2 et

<5 & 21.60
de  Jm (KTP2 °© { )

The notation of d¥, has been changed 1o dN,, since the distribution is now
expressed in terms of £. The above equation is known as the Maxnweli-Belizmann
energy distribution funcrion where d¥, represents the number of molecules
having energy between £ and £ + de. Figure 21.13 shows the distribution of energy
of molecules. The most probable energy of the molecules is given by making:

dhe
de

b 3

|
—-—>—| ~— deMT
—= T

Fig. 21.13  Moxwell-Boltrmana energy divtribution function

a4 [ d¥e :i - 2N [e-mcr Lo
del de | Jm(KT)"? 2
1 -
+ 62 (_ _) ¢ arKT:| =g
KT
Cn Simplification,

=

Eqp = KT (21.61)
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Chapter 19. The kinetic energy sssociated with v, is a quadratic function of 7,,
and the mean value of £, as found carlier, is % XT. For rowtion, the kinetic
energy is % e and the mean rotational kinetic energy nesociated per degree of
freedom is % KT. Similarly, for a simple harmonic oscillator, the potential
energy is —;— kx?, where k is the force constant, and the mean potential energy is

% KT, Therefore, for all the degrees of freedom in which enetgy is a quadratic

function, equal amounts of ececgy are associated, and the total energy of a
molecule is shared equally among all the degrees of freedom. This underlies the
principle of equipartition of energy.

21.14 Specific Heat of a Gas

Following the equipartition principle, the mean total energy of a molecule having
Jdegrees of freedom is:

E= % KT (21.62)
nd the wnal energy of N molceules is:

U=NE=~£—NKT=§::§T

or, molal internal energy, ¥ = % RT

and molal specific heat at constant volume:

3u:| fz
=|l==| ==& 21.63
G [3T v 2 ¢ )
For an ideal gas,
¢ -6,=R
fe.m . 423
= s + =

& 2 R+R 2 R

and r= cpfc‘, = -I—}i {21.64)

It is to be noted that c,, ¢, and y are all constanis and independent of
tenperature.
For a monatomnic gas which has only translational kinetic energy, /= 3. Thus,

_3z 35  _5% -3 _
H-——ERT,C‘,-E.R,CP—ER EﬂdT—?—l.ﬁ'?.
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Petit reated a solid as consisting of ntomns, each regarded as o harmaopic oscillator
of three degrees of freedom. For simple harmonic motion, the energy associated is
partly kinetic and partly potential. If the equipartilion principie holds good for

solids, % KT is assigned for kinetic energy and —;— KT for potential energy, so

that for each degree of freedom the enerpy associated is X7, and for three degrees
of freedom it is 3IKT. So the total energy of N molecules is:

U=3NKT=3nRT

or «u=3RT
and the molar specific heai at constant volume is:
c, =3 R =249 Wkgmol K (21.65)

This is known as the Dufong-Petit law which siates that the molar specific heals,
at constant volume, of all pure substances in the solid state, at temperatres,
which are not too low, are nearly equal to 3 R . This agrees well with practical
values. But as T—3 0 X, ¢, — 0. So the ciassical theory of specific heat of a
solid fails at very low temperatures, and the soiution requires the methods of
quantum mechanics as propoased first by Einstein and then improved by Debye
{Chapter 19). Figure 21,15 gives the variation ol e, /3R with 8/T, where 8 is the
Einsiein tempezature hy/K. It shows thatas T—3 0,c,—3 8andas T— o5, 0,
—r IR,

10—
Expetimenial
P
% 05— ._
O - Einatein
0 ; { 1 I
0 0.5 10 15 20
Be/T——»
Fig, 21.15  Specific Aeat of solids
SOLVED EXAMPLES

Example 21.1 Calculate the rms speed for oxygen at 300K What is the mean
transiational kinetic energy of a molecule of oxygen?



X t
I .E = _ﬂdf
N XD, 4F
2N - N AU
In —1 -
N ¥
2N -N _ P(_Am]
N rig
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rld
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e
: [ AT
Since, p¥ = NKT,

Ny = i‘—:, wherep, is the pressure of gas in the left chamber, and M= P, /KT

wherte pr, is the initial pressure. On substitution,
- &[l + (_A_ﬁfJ] 1
14 2 €xp 27 (N
Similerly, on the right side of the membrane,

] LA
4 L ¥ 4

Ab
LW N -Nd

AD
=— [N-2M;] dt
o -2m)

dN,  _ A%
N-2N, 4V
Let x = N— 2N, so that dx = - 2d¥,.
Initially, N, = 0 (evacuated), .. x=N
x=N-IN,

dx _ { AD
e [
san 23X ;£o4V
N-2N, _ AvUs
In -5 = _A20
N iV
l— 2)\"2 =exp[_ AD‘]
N 2¥V

X,

]
| |

—

i

B

=

|
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=1}
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: )

Equations (1) and (2) show the variations of pressure with time in the left and
right chambers.
Al‘=0,pl=Pomdpr=0Atf=m,p1=pr=Paa Ans.

Example 21,4 A spherical satellite is moving in the onter fringes of the earth’s
atmosphere where the molecular free paths are very much large compared to the
satellite radius r. By treating the satellite as maving with velocity u through a
- space with particle density » of stationery molecules of mass m, derive an
expression for the drag due to elastic collisions with these molecules of the
rarcfied gas.

Sofution 1t is the case of collision (elastic) of a molecule with a moving wall
and it will be assumed that the relative velocity of the moiecole before and afier
collision remains unchanged {Anicle 21.7). The loss of kinetic energy in one
collision is:

-%-m (v cos &)° —% (v cos 8- 2u)’ = 2 mou cos 8- 2mu’

Loss of K.E, in all collisions per unit area per unit time

= I“[—-; vdn, smewsedecm][z Mo con & — 2w
$6v

= 2 [Ivzdn 1rﬁm‘n B cos® 0d@ Id¢

-uj vdn, ‘j}sm B cos 840 Idlﬁ]

= l R 12.'r——mu2vrr%21r

2% 37 2m
=l

mnv u—% mnD U

3
The drag on the spherical salellite due to collisions of molecules:

[lmn?n—lmnﬁuz]llxrz
L3 2

u

—anmr’[sv —uv] Ans,

Example 21.5 A thin-wzlled vessel of volume V maintained st constant
{emperature conlains a gas which leaks oul slowly through a small hole of area
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A. The pressure outside is low enough so that back leakage into the vessel is
negligible. Find the time required for the pressure in the vessel wo decrease to 1/e
of its original value, expreased in terms of A, Vend v.

Solution Rate of molecular collisions per unit are g = %55. Neglecting back

leakage of gas into the vessel from outside, the net rate of flow of gas molecules
through the hole of ares 4 is given by:

AN 1o LN
a antAT

’]’ﬂ=_ PLAT,,

W N Lev

where N and N, are the initial and fina] number of molecules of gas in the vessel
and ¢ is the time.

N . 1dos
N 4 ¥V
Again, p¥ = NKT, assuming the gas 1o be ideal. Since V, K and T are constant,
PPy = NN,
Therefore,
L1Am 1 —l
ppo= e ¥V == e
e
i dor _ o . _4v
7 1, .. Time required, ¢ Y Ans.

Example 21.6 Taking the speed distribution law,

Ml
dN,=4aN|—J_| @NEDZy
" [zﬂcr] ¢ v

and setting y = dN_/dv, show that the maxima of the curves for different
temperatures fall on an equilateral hyperbola given by
oo = AN
® edm’
where v, is the most probable velocity.
Solurion

aN m O 2
¥ my=4 g N| —— (mr}IKT) o2
F ”[Mrr] ¢

For y 1o be maximum, dy/dp =0 when
V=00, =7
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The most probable velocity v, = [2KF/m]
Substituting v, for v and for [2KT/m]'?,

1 -ivd o wivig)
y=4er[l.-’vm]3I e T tmyL

Ll
or AN 11
VIR Ty e
_ 4N
O =TT

Therefore, the maxima of the isotherms fall on an equilateral hyperbola giver
by the above equation (see Fig. 21.9).

Example 21.7 Compute the most probable speed, the mean speed, and the root-
mean-square speed for helium at 0°C,

Solurion Mass of an helium atom = —LBB =665x 10 g
6.023 x 10
2x138x107% x 27315 12
= [2KTim]"? =
Unp = [2KT] 6.65x 107
= 1064 m/s Ans.

8x 138% 107 % 27315 T”
4 x665%x 107

=1201 m/fs. Ans.

s = [3ETIm]'? = 1303 mys. Ans,

U = [RKTinm]"? = [

Example 21.8 Calculate the collision rate of oxygen molecules on the wall per
unit area at | atin and 0°C.

Solution
mo, = _-"ifuﬁ
6.023 x 10
U = [$KT'xm}'?
Rate of molecular collision

=531 x 1072 g/molecule

=Ln5=_]___.p_ LLY] ”z= P
4 4 KT| nm RrmkT]"?
101325 x 10°

C2A %53 x10B x 138 x 1072 x 273.15]
= 2.845 x 10 collisions/m’s. Ans.
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Fig. 20.1 Free paths of a gas molecule

-2 - L 2.2)
agnvt aon
On an average, the diameter {#) of the molecules is (2 to 3) x 167 m, the
distance berween molecules 3 107 m (or 10d), and the mean fiee path is about
3% 1078 m (or 100d)
If motion of all the molecules is considered and all the molecules move with
the samic speed, a correction is required and A is obtained as;

A=0.75/gn (22.3)
If the Maxwellian velocity distribution is assumed for the molecuoles,
A=071%on {(22.4)

For an electron moving among molecules of a gas, the radius of the elecron is
so small compared to that of 2 molecule that in a collision the electron may be
treated as a point snd the centre-to-centre distance becomes r, instead of 2», where
r is radius of the molecuie, Also, the velocity of the electron is so much greater
Lhan the velocities of the molecules that the later can be considered stationary.
As a result, no comreclion is required, and the elecrenic mean free path A, is given
bry:

A = dlon (22.5)
where o=4nr

22.2 Distribution of Free Paths

The distance travelled by a molecule between successive collisions or the free
path x varies widely. It may he greater or less than 4, or equal to it Jusi like
distribution of molecular velocities, we will now determine how many molecules
will have free paths in a cermin range, say between x and x + du.

Letus consider 2 larpe number of molecules Ny, &t o certain instant (Fig. 22.2).
1f the molecutes collide, they will be assumed to get removed from the group. Let
Mrepresent the number of molecules left in the group afier wavelling a distancex,
Then these N molecules have free paths larger than x. In the next shon distance
dx, letd ¥ number of molecules make collisions and get removed from the group.
So, these dW molecules which have free paths lying hetween x and x + dx are
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Flg. 22.2 Molernles colliding and getring removed from the group

proportional to V and todx. Since N is always decreasing, d is negative and it is
given by:
d¥=-P Ndx (22.6)

where P, is the conswant of propodtionality, known as the colfision probubiliny.
Then

dMN =P dx
InN=-P.x+ A
where A is a constant. When x = 0, N = N, and g0 4 = In N,,. Therefore,
N=N, P> (22.7)
The number of molecules that remains in the group falls ofT exponentially with
x, From Eq. {(22.6),
dN¥N=-P, NyeP" dx (22.8)
Using this expression for d, the mean free path A becomes

" hr
I:dN _[—J:PcNoe dx |

A= =2 =

[dN N, P,

Since A = l/on, P, = on. The collision prebability is thus proportional o the

collision cross-section and the number of molecules per unit volume. The
Eq. (22.7} can thus be writien as

N=Nye™* 22.9)
it is known as the survival equation which indicates the number of molecules

N, out of M, which survive collision and have free paths longer than x. A plot of
NiN, vsx/Ais shownin Fig, 22.3. If/A=1,ie.,x= 4, N/N,=0.37. The fraction
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1
—xfd
Fig. 223  Plot of survival eguaiion

of free palhs lonécr than A s, therefore, 37% and the fraction shorter than 4 is
63%.
DifTerentiating Eq. (22.9)

Ny an
dv=02 s dx
A

or, dNfdr = — _";'A ¢ (22.10)

This equation represents the distribution of free paths, It is ploned in Fig.
22.4. The area of the narrow vertical strin of thickness dx at a distanee x from

t origin s d¥, the xcules w P le =
between x and x + dx.

w- O

R T B

Fig. 22.4 Distribution of free paths
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22.3 Transpori Properties

A simple treatment based on the concept of Lhe mean free path will now be
given for four transport propenies of a gas, viz., coefficicot of viscosity,
thermal conductivity, coefficient of diffusion and electrical conductivity, which
govemn respectively the transport of momentum, energy, mass, and electric
charge within the gas by molecutar motion.

223.1 Cogfficlent of Viscosity

Let us consider 2 gas lowing over a Nat stationary plate, Due Lo viscous effect
there is the growih of a boundary layer over the plate surface.

The velocity of fluid a¢ the surface will be zero, and it gradually increases 1o
free stream velocity as shown in Fig. 22.5, drawn for laminar Now. Let us imagine
a surface P-P within the pas at an arhitrary height from the plate where the Muid
velocity is v and the velocity gradient du/dy. The veluc1ty u is superposed on the
random thermat motion of the molecules.

LY Ya
Random fharmal
K : motion of mokacules I V"“*'Y“B
- Skape = 3¢

Fig. 22.5 Flow of @ gas over a flot plote

Let us consider a volume element d# a1 a distance r from an element of area
d4 in the plane P-P, making an angle & with normal to dA (Fig. 22.6), the plane
P-P being the same as shown in Fig. 22.5. The volume element is very smali
when compared with the physical dimensions of the system, but large enough
to contain many molecules. The total number of molecules in d¥ is rdF, and the
total gumber of collisions within d¥ iu time ds is 4 Zn-dV-dt, where z is the
collision frequency of a molecule, n is the number of molecules per unit volume,
and the factor 4 is required since two molecules 2re involved in each collision.
Sinee two new free paths onginate ar each collision, the towl number of new
free paths, or molecules, originating in d¥ is ZrdVds. If we assume tbat these
molecules are uniformoly distributed in direction throughout the solid angle 41,
then the number headed towards the elemeutal area dd is:

znd¥ dr
4x

where dw is the solid angle subtended at the centre of d¥ by the area d4 and is
equal to {dA eos Gyt

dw
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; Normal
dv
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e N
8 8
~ \\
1 aw 3
) )
dA

Fig. 22.6 Transfer of momentum acvors the planr P-P by molecules
in random thermal motion

The aumber of molecules that leave d¥ and reach d4 without having made a
colligion may be found from the survival equation, Eq. (22,9}, as given below:
rdVF d: dw e_ﬂl
an

Since dV = /% sin §- 48 - d¢ dr, the number of molecules leaving d ¥ in time
dr and crossing d4 without any collision i3
L 4B o 3 bin a0 dpdr dr ™
i r

The totai number of molecules crossing dA in time dr from the top is

LTH] ix -
Ny = 2nddd o Bcos 68 Jd¢ [ ear
an Ll ¢=0 r=0
ZndA dr 1

-21-2;:'.1-- Tmise @D

Since the dimensions of the physical syslem are very much larger than the
molecular free path, the integral over » has been extended to infinity.

But z = ¥ /A, 50 the number of molecoles crossing the plane P-P from the top
(or botiom) per unit arca and per unit time is +n¥. This is the same result
obiained earlier in Sec. 21.4 without considering any intermolecular collision.

These molecules crossing the plane P-P may be visualized as carrying
properties characteristic of an average distance ¥, either above or below the
plane at which they made their las! collisions before crossing. To find 7, each
molecule crossing from dV is multiplied by its distance r cos B from the P-P
plane, it is integrated over 8, ¢ and r and then divided by ¥, crossing the
plane.

_ Jde_ J'roosBdN
JdN thl

y
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_; 1 il
- Nﬂ[”j o5 ZrdAdee sms.coss.dedwnmsa]
re g
"i2 2K =®
=;[M [ dneost0a0 | ap ] re? d,]
New | 4% 4o, $=0 =0
ZndAd 1, )
f"’ 3 =22 (22.12)
?and,! dr 3
The velocity of gas at a height 7 above PP is,
2 . du
+=A—
“TIG

if the velocity gradient is considered constant over distances of the order of a
free path.

The net momentum in the direction of flow carried across the plane by the
molecules crossing PP from above per unit area and per unit lime is:

The difference between the sbove two quaniities is the net rate of transport
of momentum per unit area and per unit time, given by:
1 nmv A Ay
3 dy
From Newtoo’s law of viscosity, this is the viscous force per unit areg

=L %, where u is the coeflicient of viscosity.

Therefore,
p=% nmv A (22.13)
Putting o= //An from Eq. {22.2},
1 my
= 22.14
3 3o { }

where ¢ is the collision cross-section.
For a gas with a Maxwellian velocity distribution,

¥ ={8 KI'am]'?, 1= 0.70%an
Therefore, from Eq. (22,13),
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The net rate of energy transfer per unit area is the difference of the above
two quantities, which gives:

| - dr
- KA-—
5 nvf a5
By Fourier's law, this is given by:
dr
=5 2
7=k
where k is the thermal conductivity of the gas. Therefore,
k= ? nv fK2 (22.17)
1 v/K
or, k== 22,18
6 o ( '

For a gas with a Maxwellian velocity distnibution, .
¥ = [8KTinm]"? and A = 0.707%0n
k= ; IK kpiama (22.19)

The above equation predicts that the thennal conductivity of a gas, like
the viscosity, is independent of pressure or density, and depends only on
temperature. It increases as the temperature increages.

For a monalomic gas, /= 3 and putling 6= rd?,

1 KST 2
k= [IPE [ " ]

Dividing Eq. (22.15) by Eq. (22.19),
ik = 2mifK (22.20)

= - % L. LR
=MINy, K=RiNyc,= R =21—,
But m = MIN, » €

where M is the molecular weight and N, is the Avogadro's number. Therefore,
on substitution in Eq. (22.20)
pefk=1 ) {22.21)
or, Prandtl number, Pr=pcjk=1v (22.22}
The results given by the Eqs (22.21) and (22.22) agree with the experimental
values only as regards arder of magnitude.

2233 Coefficient of Diffusion

In p pgaseous mixmure, diffusion results from random molecular motion
whenever there is a concentration gradient of any molecular species. Let us
coasider two dilferent gases 4 and £ at the same lemperature and pressure on
the rwo opposite sides of the partition in a vessel (Fig. 22.8). The number of
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molecules per unit volume (p/KT) is, therefore, the sarme on boih sides. When
the partition is removed, both the gases dilTuse into each other, and afler 2 lapse
of time both the pases are uniformly distributed throughout the entire volume.
The diffusion process is oflen superposed by the hydrodynamic flow resulting
from pressure differences, and the eflects of molecules rebounding from the
walls of the vessel. When more than one type of molecule is present, the rates
of diffusion of one species into another are different. To simplify tbe problem
we assume: {1) the molecules of a single species dilfusing into others of the
same species (setf-diffusion}, (2) the containing vessel very large compared
with the mean free path so that collisions with the walls can be neglected in
comparison with coliisions with other molecules, and (3} a yniform pressure
maintained so that there is no hydrodynamic low. Of course, if all the molecules
are exactly alike, there would be no way experimentally to identify the dilfusion
process. However, the diffusion of molecules that are isotopes of the same
element is a practical example of the self-dilfusion process.

Partition
AL S /'///// Ll
. i
o] o~ ® ®
VA S O . e |
] 8
¢ O * 9 p
O ®
3O ) ® ® v
FE R I

Fig. 22.8 Diffusion of gases A and 8 whea the partition is removed

Let n denote the number of molecules per unit volume of one gas. blackened
for identification {Fig. 22.9}. Let us consider diffusion across an imaginary
vertical plane y-y in the vessel. Let us also assume that » increases from ieft o

y
//\dv

Ny

\\)\ S o o] g
.'\&‘ o C o
@ o\ . © o o
o a‘f"\ w )

- roOE 8 —m * = * 5
L o .

Fig. 22.9 Diffusion amft an imaginary plane
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From Eqs (22.23) and (22.27)
D= % 2z (22.28)
Putting z = T/4,
D= % pa (22.2%)
For Maxwellian velocity distribution of the molecules,
v =[8KTam]'? and A = 0.707/5 n,
2 12
D= —— [KTix 22.30
3o, [KTm] {22.30)
2
De—— —
3 d%n,

The equation applies to diffusion in a binary mixture of almost identical pases.
Dividing Eq. (22.15) by Eq. (22.30),

WD=n-m=p
or, Schmidt number Sc=piphD =1 {22.32)

Measured values of Schmidt number for the diffusion of ikatopic fracer
molecules yield vafues between 1.3 and 1.5, which indicale qualitative agreement
of theory with measured data.

or, [KTim]'? (22.31)

22.3.4 Electrical Conductivily

Conduction of electricity in a gas arises as a result of motion of the free eleclrons
piesent in the gas. When high-energy atoms in the gas coilide, some collisions
cause ionization when an electron is separated from its atom, so that a negatively
charged electron and a positively charged ion are produced from the neutral
atom. Most gases at room temperature do not have many such high-energy
molecules and thus have very few fiee elecirons. At high temperatures,
however, an appreciable number of electrons may be liberated and the gases
may become highly conductive. In absence of external ¢iecurical Helds, the
electrons will be distributed uniformly throughout the gas volume. As an
electrical field is impressed on the gas, the charged particies are accelerated
with a force

F=gE=m, 9% (22.33)
det
where g, is the charge on the ¢lectron and E is the electric field strength (volis
per metre). Integrating Eq. {22.33)

o = dx, - g, Et
i de m

At?=0,v, =0, x,=0. Similarly, the velocity of a single charged ion is:
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Y= m, onl8KT
Using n=p/KT,
12
v, = 2% £ | ZKT (22.37)
ap | 8m,

where ¢ is the atomic cross-section.

The flux of charge across unit area per unit time is called the current densiry,
J. The current density is defined with respect to the average drifl velocity by the
following equation,

JS=n.q.0, (22.38)
where n, is the number density of electrons. The matian of the ions is neglected.
From Egs (22.36) and (22.38),

1
J= %t p (22.39)
mﬂ
The current density is proportional, to the clectric field and the constant of
proportionality is called the efectrical conductivity, o,
J=a, E
From Eq. {22.39), g, is given by

Putting =7 1,=4/an,

gtn, 4 [5m, 1"
On

12

The electron drift velocity v, is also proportional to the electric ficld and the
proportionality constant is called the electron mobility, i,

v, =HE
From Eqg. {22.36)

lul'.' = (qe'!feyme
Again, using

i, =T, 1,=4/0n,

112 172
p=de 8 .’E'_'.'s.] =8 | 2% (22.42)
m, On|BKT On | m KT
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N0
N=——°J e dx = zero Ans.
10

Example 22.4 Calculate the coelficient of viscosity of oxygen at 1 aun pres-
sure and 300 K.
Solution
From previous examples, we have
m = 5.31 x 107 kg/molecule
T =445 m/s
c=384 x 107" m’
Therefore, H= 1mg
i o
_ {531x107%} kg/molecule X 445 m/s
T 3%384 %10 " m?/molecule
=205 x 107 kg/ms Ans.
=205 x 107* Ne/m® Ans.

Example 22.5 Calculate the thermal conductivity of oxygen at 1 atm, 300 K.
Solution

For oxygen, a diatomic gas, the degree of freedom /= 3.
T =[8 KTinm]"? = 445 més
o=nd = 384 x 107 m?
1 5K
o
445m/s X 5 X 138 X 10™% J/molecule K
3.84 x 107" m? /molecule
=0.0133 W/mK Ans,

If the gas has Maxwellian velocity distribution,

k=

Il

al— ol

= LIX \kprnmn

3 0
1 5%138x10" J/molecule K
3 384 %1077 m*/molecule

1.38 X 1073 (J/molecute K} X 300
2531 X107 kg/molecule
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I8 X107 m2K | mx531x107%
= 0.0095 W/mK Ans.

_ SX138x10°2 [1.38)(10"3)(300]"2
= m/s

Example 22,6 Determine the pressure in a cathode-ray tube such that 90% of
the electrons leaving the cathode my reach the anode 20 cm away withous
making a colligion. The diameter of an ion is 3.6 x 107" m ond the eleciron
temperature is 2000 K, Use the electronic mean free paith A_ = 4/on, where 7 is
the cross-section of the jon.
Solution
The sutvival equation is
N=Ny e
where ¥=09 N,andx=02m
0.9 =
x/d=0.1053
A=02/01053=19m
a=4xr = 4mx (1.8 x 10719
=40.715 x 107 m?
4 4
=E—— =109 m
& on 40715 %X107% xn
_ 4
n= -0
40.715X 1077 X1.9

Pressure in the cathode ray tube

= 5.17 x 10" molecules/m’

p=nKT
=5.17 x 10" x 1.38 x 1072 x 2000 N/m?
=14.27 x 107 = 0.1427 Pa Ans.

Example 22.7 Oxypen gas is contained in a one-litre [lask at simospheric
pressure and 300 K. (a) How many collisions per second are made by one
molecnle with the other molecules? (b) How many molecules strike one sq. cm
of the flask per second? (¢) How many molecules are there in the flask? Take
radius of oxygen molecule as 1.8 x 1070 m.
Solution
{2} Number of molecules in the (lask at

1 atm, 300 K = ¥/V = n = p/KT

i 101.325 X (000 N/m*
138 x 107 J/molecule - K X 300K
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anode, 20 ¢m away, without making a collision? Take for ion o= 4.07 x 107
m? and T= 2000 K.

Solution
The survivail equation is
. N=N, e
Here, N=09M,x=02m
0.9 =
&= 1111
xid=In 1.111
=02/0105=2m
Electronic mea.nfrecpa&nl,=¢=+ =2m

on  407xi07¥ xa

n = 1.23 x 10'* molecules/m’
Now, pressure p = nKT

= 1.23 x 10% OIS ) 3p 102 — L x2000K
m

molecule K
=3.395 x 1072 N/m? Ans.

Example 22.10 A be 2 m long and 10~ m” in cross-section contain CO; at
amospheric pressure and 0°C. The carbon atoms in one-half of the CO,
molecules are rdioactive isotope C'*. At time ¢ = 0, all the molecules at the
extreme left end of the tube contain redioactive carbon, and the number of such
malecules per unit volume decreases uniformly to zero at the other end of the
tube. (a) What is the initial concentration gradient of mdioactive molecules? (b)
Initially, how many mdioactive molecules per sec cross a croes-section at the
mid-point of Lhe wbe from ieR to right? (¢} How many cross from right to lefi?
What is the initial net rate of diffusion of radicactive molecules across the cross-
section? Take o= ¥ =4 x 107 m?,

Solution
(8) Number of molccules/m® at 1 atm, 273 K
n=p/KT= w =2.69 x 107 molecules/m®
138 x10°% x273

Concentration gradient, da/dx = (- 2.69 x 107°)?

= — 1.345 x 10* molecules’m® Ans,
() T = [255 KT/m]\?

_ [z.ss X 138 10" X 273 x 6.023 X 10% ]”’

46

T =355 ms
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1
on  269x10° x4x107"

Number of molecules crossing from left to ight per unit area per unit time:

=93x10%m

1 1 dn
T — l — — —
L 4 Mo zd, P
l = 1-,dn
=—Tny~ —TA—
4 7§ dx
= % x 355 x 2.69 x 105 - L % 355 x 9.3 x 10 x (- 1.345 x 10%%)
=239 x 1077 + 7.4 x 10*! molecules/m®s Ans,
(¢} Number of molecules crossing from right to lefl per unit area per unit time:
i 1 dn
= — + =i —
=TA T e T
=239 x 10?7 - 74 x 10*! molecules/m’s Ans.
Net rate of diffusion:

=74 x 10" x 2 = 14.8 x 10% molecules/m’s

_ 148 x10° X46 molecules . kg, kgmol
6.023 x10% m?s kgmol ~ molecules
=113 x 107 = 113 x 107 kg/m’s
=113 g/m’s Ans.

REVIEW QUESTIONS

22.1  Define mean free path, collision cross-section and collision frequency.

222 Show that A = ]/o #. What is electronic mean path? Why is 1 is equal 10 &
an?

223 What is collision probability? Show that it is reciprocal of the mean free path.

224 Derive the survival equation: N = N, £*™ and explain its significance.

235  Show that 37% of the molecules in a gas have froe pathes longer than A.

226 Explain graphically the distribution of free paths of gas molecules.

7 What are transporl properties? What do they signify?

218  Show that the number of molecules crossing a plane in a gas per umit arca and
per unit time is equal to %nﬁ.

229 Show ihat Lhe avernge distance from 2 plane in & gas where the molecules

made their last collisions before crossing that plane is cqual to —§~ Fi

22,10 Show that the coeflicient of viscesity of a gas is equal 1o %nmﬁﬂ.. With &
Maxwellian velocity distribution of gas molecules, show thm

L[ mKkT ]IIZ
oL =

g=
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PROBLEMS

221

222

223

2.5

226

28

223

Calculate the collision frequency of a nitrogen molecute (2} at 300 K and | aum
pressure, (b} 8l 300 K and 1 micron Hg abs. pressure. The radius of nitrogen
molecule is 1.38x 107 m

Ans. (a) 7.35 x L0° collisions/s {b) 9.63 x 10° collisiony's
Calculate the collision mic of a molecule in a Maxwellian gas.

Ans. 427 on [8 KTixm]?
The mean free path of a ceriain gas is 12 cm. I there are 10,000 froe paths, bow
many are Jonger thao {a} 5 ¢m, {b) 15 cm, (c) 50 un? {d} How many are longer
1han & cm, but shorter than 12 em? {e) How meny ere between 11.5 cmand 12,5
cm in length? (N How many are between 11.9 and 12.1 cm in length? (g) Hnw
many have free paths exactly equal to 12 cm?
The mean free path of the molecules of & certain gas at 20°C is 3 x 10° m. (a)
If the radius of the molecule is 3 x (G m, find the pressore of the gas,
{b) Calculate the number of collisions made by a molecuke per metre of path.
The mean free path of the molecules of'a cerlain gas at 298K is 2.63 = 107 tam,
the redius of each molecule is 2.56 x 107" m. Compute the number of collisions
made by a typical panicle in moviog a distance of | m, and also the pressu of
the gas.
Determine the pressure in a cathode ray tube such that 95 per cent of the
electrons lepving the cathode my reach the anode 25 cm away without maling
a collision. The diameter of an jon is 3.6 > (07'% m and the slectron temperature
is 2000 K. Use the electronic mean free path A, = 4/on, where o is the cross-
section of
the ion.
A beam of clectrons is projected from an eiectron gus into a gas at @ pressure
p. and the number remaining in the beam al a distance x from the gun is
detcrmined by allowing the beam to sirike a collecting plate and measuring the
curren to the plare, The ¢lectron current emitied by the gun is 10H} jra, and the
curfent to the plaie when x = 10 cm and p = | men Hg is 37 pa. Derermine {2} the
clectron mean free path, and (b) the cumeni at 500 p Hg pressure.

Ans. (a) 16 cm, (b) 60.7 ua
A singly charged oxygen ion starrs a free path in o direction at right angles io
an cleciric ficld of intensity 10D volta/em. The prossure is one atmosphere and
the iemperature 300 K- Calculare (a) the distance moved in the direction of the
field in a 1ime equsl to that required to traverse one mean free path, (b) the ratio
of the mean free path to this distance, (¢} the average velocity in the direction
of the field, (d) the ratio of the thermal velecity o thig velocity, and {¢} the
ratjo of the ¢nergy of thermal agilation to the energy gained from the Geld in
one mean free path.

Ans. (a) 3.87 % 107" m, (¢) 340 mvs, (e} 10"

A spherical satellite & metre im diameter moves through the carlh's aitmasphere
wllh a speed of T mis at an altitude where the number density is # molecules/
m’. How many molecules strike the satellite in | sccond? Derive an expression
for the drag experienced by the sateilite, assuming that all molecules which
strike the sphere adhere to it

[ P
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2210

2211

2212

2.13

214

2215

Positive jons of nittogen afe subjocted (o an clectic Beld of 10° voliwm. The
ions move through nitrogen at 1 atm, 300 K. Calculate the average drifi
velocity of the jons and compare this velocity with the rms velocity of the gas.
Also, calculate the disiance an ion moves in the direction of the field in a time
equal to that required to maverss one mean free path.

The viscosity of nilrogen at | abm pregsure and 0°C is 6.6 x 107¢ Ne/m?.
Estimate the effective molecular diameler of nitrogen,

For a gas having molecular weight of 28.96 and ihe mean free path al 0°C and
1 atm pressure as 6.4 X 107% m, determine the coefficient of viscosity of the gas
atN.TP.

Estimate the thermal conductivity of niwogen at 300 K, 1 atm pressure. The
diameter of a nitrogen molecule is 1.85 x 167 m,

Given that the standard density of air is p = 1,29 % 107 glem?, 7 =460 m/s and
the thermal conductivity is K, = 00348 x 107} callem-5-K, estimaie the
vigcosity of air and compare your result with the roeasured valuz of 18.19 x 107
Sgrem-s, sl p=1abmand T =298 X.

{ay Show how the concentmbion of a vepowr varies when it diffuses o free
air from the surface of an ¢vaporating liquid at distance A below the mouth of
a test tube 1o the mouth where the vapour concentration is zero.

(b) Calculate the coefMicient of dilfusion of ethyl sleohol {C,H;OH) vapour in

 air at 40°C when iis surfoce sinks 2.7 mm/day and its surface is 20 mm from the

2216

217

mouth of the test tube. [ts vapour pressure is 134 mm Hg. The density of liquid
is 0.772 gfem®.

Ans, (1) 0.139 cm/fs
A jube of length 50 om and diameter 5 cm contains methane. Half of the
molecules contain the radioactive carbon isotgpe, C*. At time ¢ = O there
exists a lincar concentmation gradient in the wbe, the methane at the extreme
lefl consisting of t00% radioactive molecales. Determine the initial rate of
diffusion of the radioactive isotope across a plane drawn through the cene
of the tube, when p = | atmo and 7= 300 K. The viscosity of gas is 11 x 10 g
cro-see.
Determine an expression for the electric Oeld streogth that will result in an
average electron drifl velocity which is 10% of the average thormal velocity.
What is the vaiue of the electric field strength in air at | atm and 300 K?






APPENDIX A

Steam Tables*
Table A.l.1  Soturated Steam : Temperature Tuble

Specific Volume, m'fg Internal Energy, kJig Enthadpy, kS Entropy. kg K
Temp. Pressure Sas. Sat. Sat. Sat, Sat. Sat. Sat. Sat.
*°C  kPa. MPa Ligquid Vapour Liquid ELvap. Vapour Liguid Evap. Vapour Liguid Evap. Vapour

T P ¥ Ve Uy Hgp g by by by 5 Sy £,

O0f 06113 0001000 206132 000 23753 23753 000 2501.3 25013 00000 91562  9.562
5 08721 0.001000 147.118 2097 23613 23822 .98 4896 25105 Q0701 80496 9.0257
0 1.2276 0001000 106377 4199 1472 2389.2 41.99 4717 25197 0U510 87498 B.9007
15 1.7051 0.001801 11825 6293 23331 2396.6 6293 24659 25289 0245 8559 87813
23385 0.001002 52790 K3 23190 24020 #8394 24541 25381 02966 BAT06  B.6671
31691 0.001003 43359  1M.B6 23049 24098 104 .87 24423 25472 03673 1905 85579
4.2a61 0.061004 32893 12577 22908 4t66 12577 2430.5 25562 04369 ROL6d  BA4533
56280  0.001006 25216 19665 2767 M4 14666 24186 23633  0.5052 TH478  BIS530
73837 0.001008 19523 167.53 226248 2430.1 167.54 4067 25743 05T 7.6845 B2569
9594 0001010 15258 18841 22484 24368 18842 23548 25832 06386 75260 B.164Y
12.350 0.001012 12032 20930 22342 24435  209.3) 23827 25921 0.7037 13725 80762
15758 0.001015 9.568 23009 12199 24501 23020 23703 26002 07679 72233 19912
19.941 0001017 TATL 2BLO 22055 24566 25101 21588 26096 08311 70784 79095
65 25033 0.001020 6.197 27200 2191 24631 27203 23402 25182 03934 69375 18309
0 3188 0.001023 5042 29293 21766 4695 29296 23333 26268 09948 680 7.7552
75 38578 000126 4,131 31387 2620 24759 3139 2214 26353 10154 66670 76824
50 47.390 0.001029 3407 33484 21474 24822 33488 1088 6437 L0752 65369 76121
85 57834 0201032 2828 33582 2324 24884 35388 22960 26519 11342 84102 7544
) 0139 0.001036 1361 37682 21177 245 37690 2283.2 266401 1.1924 62866 74790
95 84.554 0.001040 1982 39786 21027 25006 3974 270.2 26681 12500 61659 74158
10 010135 0.00]044 16729 41891 20876 25085 41902 22570 26760 13068 6.04B0 7548

gndsEsnen:

* Adapted from Joseph H. Keenan, Frederick G. Keyes, Philip G. Hill, and Joan G. Moore, Steam Fables, John Wiley and Sons, New York,
19649,

sapurddy




Table Al2 Soturefod water; Presyure Tabie

== 9%5

snurulpowiy papkdy pro suog

Specific Volume, n'ig Internal Energy, kig Enthelpy,  kJikg Ewtropy. kikg K
Pressure  Temp. Sar. Sar. Sat. Sar. Sar. Sar. Sat. Sar.
kPa °C Liquid  Vapour  Liquid Evap. Vapour Liquid Evap. Vapour Liquid Evap. Vapour
P T ¥ Ve up Us uy I by, hy S Sty £,
06113 001 0.00I000  206.132 0 1753 23753 000 25013 25013 D 91562 91562
1.0 698 0001000 129208 2929 23557 2385.0 2029 24849 5142 0108 58007 B9TES
1.5 1303 0.001001 £7.980 5470 23386 23933 470 W6 25253 0.195% 84322 BE278
20 17.50 0.001001 67.004 7347 23260 21995 7347 280048 25335 0.2607 84620 BI1136
25 2108 0001002 54284 8847 23159 24044 2847 24516 2500 03120 33311 86431
3.0 24.08 0.001003 45.665 101.03 0675 085 10193 24d45 25455 03M45 82231  BSTI5
4.0 2896 0.001004 34.800 121.44 2937 4152 12144 MR 5544 04206 80520 8ATa6
50 3288 000005 28193 137.79 22827 24205 13779 M7 25614 04743 79187 83950
75 40.29  0.00i008 19.238 16876 22617 24305 16877 24060 25748 05763 76751 82514
10.0 45.81 0.001012 14.674 191.79 2246.1 24319 19181 13928 25846 06492 75010 8.1501
150 53.97 0.001014 10.022 22590 22228 487 22591 237 2501 07348 T.2536  B.OOR4
200 6006 0001017 7649 25135 22054 4567 25138 23583 26097 08319 70766  T.9085
250 6497  0.0001020 6.204 2788 21912 24630 27190 23463 26182 08930 69383 783D
300 89.10 0.001022 5.229 2B9.18 21792 4684 28921 1361 26263 09439 6847 77686
400 7587 0.00102¢ 3993 HNTSL 20595 24770 31755 13192 2667 LS8 646441 T.6700
500 8133 0001030 3240 ML42 21434 24838 M04T 054 26459 LOMI0 65029 75939
750 9177 0001037 2217 8429 21124 24967 38436 22786 26630 (2129 2434 74563
MPa
0100 93462 0.001043 16340 41733 20887 25060 41744 22580 26755 13025 60568 73593
125 10599 0.001048 13749 44416 2069.3 25135 44430 22411 2685.3 1.373% 59104 72843
0150 11137 0.001053 11593 46692 20527 25196 46708 22265 2653.5 1.4335 57897 7.2232
0175 11606 0.001057 L0036 48678 20081 25249 48697 22136 27005 1 4B44 56868 TITE7
0200 12023 0001061 08857 50447 20250 25205 50468 22020 27060 [5300 55970 71271
0225 12400  0.001064 0.7933 52045 20130 25336 520469 21913 27120  L5V05 55173 70878
0250 127.43 0.001067 0.7187 535.08 2002.1 25371 53534 27169 L&0T2 5.4455 70526

21815




Specific Volume. m’/kg Internal Energy, &g Ewhalpy,  £l/kg Entropy, Efkg K
Pressure Temp.  Sal Sar. Sai. Sat. Sar. Sar. Sat. Sat.
MPa C  Liquid Fapour Liquid Evap. Vapouwr Liguid Evap. Vapour Liguid  Evap. Vapour
P T ¥ v, ty fegg My it Iy hy 55 L 3,

250 22399 LOO0L197  Q.0799B 959.09 16440 26030 96200 18410  2803F 28548  3TO2R 62574
275 22912 0.001207 Q07275 082.65 16212 26038 98597 18179 28039 26018 3Ai%d 62208
300 23390 0000216 (U6668 [004.76 15923 26046 100841 17957 28041 26456 3812 61868
25 23838 0001226 0.06152 H25.62 15784 2604.0 102950 17744 2804.0 26868 34685  6.1551
150 24260 0001235 005707 4541 15583 26037 104973 1753.7 28034 27252 34000 6.252
40 25040 000[252 0049778 108228 1500 26023 10RT.29 1714 28014 27963 32737 60000
50 26399 0000286 00304t IM7T78 14493 25971 115421 164000 271943 29201 30832 59733
60 27564 0000309 0032440 120541 1384.3 25897 121332 15710 27843 30266 28625 5.8891
70 285838 0001351 00270 1257.5) 1323.0 25805 126697 15051 2HLE LiZl0 26922 SEIR
$0 29506 U.O0E3E4  0DDI3SIE 130554 12643 25698 131661 14413 27579 32067 235365 57431
90 30340 003418 0020484 135047 12073 255%8 136323 13789 274200 32857 20915 56771
100 31106 0001452 0018026 139300 [1514 25444 140753 13171 27247 3359% 22545 56140
110 31815 0001489  ODL5987  [433.68 10961 25297 145005 12355 2M05.6 34X 21233 55517
120 32435 0001527 0014263 147292 i0ang 25117 149124 (193¢ 20848 34961 19962 54923
130 33093 0001567 0.012780 [511.09 985.0 24961 (53146 11308 2662.2 35604 18712 54313
140 33675 0001611 001485  1548.5) 9282 24768 157108 i06ES 26375 362 17485 5376
150 34224  DOOL6SE 0010338  I58558 8698 24354 161045 10000 26105 36847 16250 53097
160 34743 0.00171] 0.009306 1622.63 80ex 1 24317 1650.00 LE!IT ] 2580.6 34760 14995 52454
170 35237 0001770 0.008365 {65016 748 24050 1690.25 8569 25472 318078 13698  5.1776
180 357.06  DOOLB40 0007490 L69B.R6 6754 U743 173197 T 25091 38713 12330 51044
190 36154 0001924 0006657 (73987 3982 23381 177643 688 24645 39987 1.0841 50227
200 36581 0.002035 0003834 [78547 507.6 22931 182618 5836 24097 40137 09132 49769
210 369.89 0.002206 0.004553 tB41.97 3887 12307 13B8.30 A4 2337 41073 06042 48015
220 37380 0002808 0003526 197116 1082 20814 203492 1240 21590 43307 0917 45024
2209 37414 0003155 0003155 202958 0 2029.6  2099.26 ] 0893 44297 0 44297

— s
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. - T L

P =10 kPe (43.80}

P = 50 kPa (81.33)

P = 100 kPa (¥9.67)

T v u h 5 v u k 5 v u h 5
Sat. 14,674 243719 25%6 815N 3240 24833 26459 75939 16940 23041 26755 73593
50 14.86% 4439 25926 81749 —_ — —_ — — — — —
100 17196 25155 26875  S4m 3418 B1L6 26825 TEM7  L&9SE 25066 26762 73484
150 19513 25879  2783.0  8.688] 3889 25856 2780 70400 19344 25827 27764 76133
200 21.825 26613 285 89037 4,156 26598 28776 81579 21713 2658.0 28753 TRMR2
250 24.136 27360 29773 9002 4321 27350 29760 83555  2.4060 17317 29743 80332
300 2645 2812.1 3076.5 9.2812 5284 28113 3075.5 8.5372 26388 28104 W73 R2157
400 31063 296389 2195 9.6076 6,209 %384 32789 8.8641 11026 20678 3278 &M
500 35.679% 31323 34¥9.0 9.8977 7134 3E3t.9 BR.6 21545  3.5655 31315 34881 8.8
600 40.295 33025 37054 101608 RO58 132 3Ms.1 34177 40278 33019 37047 9.0975
TO0 4471 708 39287 104028 B.981 M5 39285 26500  4.4399 w1l 39282 93308
800 49.526 36638 41591 10.6281 9.004 isn37 41589 Q8E5Z 49517 3663.5 41587 9.5652
200 54.141 38550 43964 108395 10.528 33549 4396.3 100967 54135 3854.8 43961 97167
1000 58.757 4051.0 4&40.6 110392 £1.751 40529 4640.5 02964 58753 40528 46403 99764
1100 $1.3712 42575 48912 11.2287 12.674 42574 4891.1 04858 43370 42573 48909 10,1658
1200 67987 44679 51478 11.4090 13.597 44678 31477 106662  6.7986 Al67.7 51476 103462
1300 T2.603 $6R3.7 54097 |1.5810 14.521 4H83.6 5409.6 10.8382 7.2603 4683.5 54005 10.5182
P = XN kPa (120.23) P = 300 kPa ¢133.15) P = 400 kPu (143,63}
Sat. 0.88573 25295 2706.6 7127 0.60582 25436 27253 69918 046246 25536 27385  6.BYSR
150 093064 25769 27688  7.2795 063388 25708 27610 70078 047084 25645 271508 69299
200 10803 26544 28705 7.50066 0.71629  2650.7 28655 73115 053422 26468 8605 TITOS
215G 119880 27312 2971.0 7.7085 0.79636 27287 19676 75165 059512 17261 20633 T3TEB
200 131616 2508.6 30718 78928 087529 28067 3069.3 77022 (.65484  2B04.8 ansh.7  T.5681
400 154930 206467 32765 a7 1.03151 20655 32750 8.0329 0.7262 29644 32734 7R984
500 178139 3307 34870 85132 118669 31300  M86.0 83250  0.88934 31202 34849  B19i2
600 2297 33014 3704.0 8.7769 .33 33008 332 8.5892 100555 33002 37024  BASST
F00 224426 3478.8 3927.7 9.01%4 149573 34734 w2l 8.8319 112147 U178 39265 B.6987
OO 247539  3663.2 41583 9.2430 164994 36529 41578 20575 123722 36625 41574 89244
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P = 1.00 MPa (179.91}

P = .20 MPq (187.99)

P = 140 MPa (195.07)

T v b A K¢ ¥ u k § v W A £
00 040109 32968 36979 30289 033303 32956 36963 70434 028596 3144 3698 TRTI0
W0 044779 34754 39281 8271 LLEYP. . B ) 39220 R. 1881 07 34736 39209  B.160
B0 049432 36605 4{548 84996 Q4T 36598 41539 84149 035281 36591 41530 B33
900 0.54075 38525 439029 37118 045051 38516 43922 86272 L3B606 3RS10 43915 R.5555

1000 0.58712 40805 46376 3919 (0.489]9  4050.0 4637.0 RE274 041924 40495 46364  B.7558
1100 063345 42551 44885 9.10L6 052783 425446 48880 Q0171 0435239 42541 48875 80455
1200 067977 6546 51454 9.282] 0.56646  44b5.1 51449 9.1977 048552 44646 Slaad 91262
1300 072608 46813 54074 94542 060507 46809 5406.9 93698  U51R64 46804 065 92983
P = 1.60 MPa (201 40} P = 1.0 MFPg (207.13) P o= 200 MPa (212.42)
Sat. 0.12380 25959 27940 64217 011042 25984 27974 63793 009963 26003 2995 43408
215 0.13287 26446 2857.2 65518 011673 636.0 28467 64807 010377 26283 28358 adlse
250 01418 26923 2919.2 6.6732 012497 2686.0 29110 66006 OlL1dd 25794 20025 65452
00 (15862 278010 30348 6.8BM4 014021 27768 W92 68226 013547  2T726 30235 A.7663
50 0.17456 28660 3ia54 7.0653 015457 28629 3141.2 70099 013857 28598 3370 69542
40 019605 2950.1 32542 7.2373 016847 20477 32509 71793 013120 29452 32476 11270
500 022029 31195 M9 15189 019550 3178 Mae7 14824 Q17568 31162 W76 74316
600 024998 3269313 36032 TR0BD 02219% 32921 36917 77523 019960 32909 01 77023
T00 427937 M727 3919.7 8.0535 24818 M719 10186 19987 023323 MTI0 9175 1487
800 (030850 36584 41521  8.2808 027420 36577 41513 82258 024668 36570 41504 81766
o0 033772 38505 43908 84934 030012 38499 43901 84386 027004 38493 43894 £3895
1000 036678 4490 463583 B69OE 032598 40484 46352 86300 (20333 4479 46146  B.5900
1100y 039581 42337 4887.0 R.8837 (35180 42532 4R86.4 RE29)  03165% 42527 48859 8.7800
1200 042482 44642 51439 90642 037761 44637 51434 S.0096 033984 44632 51429 Bo605
1300 045382 46799  S460 92364 040340 46794 5456 B1R17 036306 46790 54051 90328
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P = 9.00 MPa (303.40)

P = 1.0.00 MPa (311.06}

P = 12.50 MPa (327.89)

T v ¥ k s v u h s v u L} N
800 005408 363238 41194 14597 04859 36290 41149 74077 003869 36200 41037 7.2965
NY) 0.05950 38202 43647 76782 0035340 IR 43612 74272 004267 38191 43525 75181

1000 006485 40303 46130 7.8321 005832 40278 46100 78315 0.04658 40216 46008 77237
1100 007016 4236.3 4867.7 B.0739 0.06312 4234.0 48565.1 B0236  0.05043 4128.2 48588 79165
1200 007544 44472 51262 82556 Q06TR9 44449 51238 B2054 005430 44393 51184 80987
1300 0.08072 4602.7 53892 4283 1.07265 4660.4 5387.0 83783  D.058L3 4654.8 53814 82717
P = 15 MPo (342.24) = [7.5 MPa (354.75) P = 20 MPa (365.81)
Sa. 010338 24554 W05 53097 0079204 23902 25288 51418 0058342 22934 24097 49269
350 011470 25204 26924 54420 0017139 163240 1662.0 3.7612 016640 16123 16456 3.7280
400 015649 2740.7 29754  5.8RI0 0124477 26850 290238 57212 0099423 2619.2 2818.1 55539
450 D18446 28795 31562 60403 0151740 28442 31097 6.04B2 0126953 28062 3060.1 59016
500 020800 2965 33085 6342 Q173585 29703 A2M0 0 62382 0147683 X428 INR2 61400
350 D2327 1L g 3486 6.5]98 AIS2RTT OEE 34214 6.4229 AN 65553 30623 33935 63347
60 a4t 2086 35823 66775 0210840 319LS 356D) 45865 0NBITR) 31740 35376 6.504B
650 026797 33104 JNZI 68223 022732 32960 36919 47356 0196929 32815 36753 66582
700 028612 109 3840.1 6.9572 0243365 30BR  IB24.7 6.8736 0218311 3386.5 3809.1 67993
B8O .03209% IGELD 40824 72040 .. 0273849 36019 408101 74245 0238532 35927 40698 7.0
900 035457 3B1LY 4438 742 0363071 BT 43351 73507 264463 37974 43264 7.2830
1000 038748 4354 45906 76347 033ISB0 40093 45895 TSSRR 0289666 40031 45825 74925
i 042001 42226 48526 78282 0359995 42169 48464 77530 03144 4211.3 48402 76874
1200 045233 44338 51123 8010 0387605 442R3  SI1066 79359 .033907) 44228 51010 78706
1300 DdE455 4649.1 53759 8.1839 15417 44435 53705 8.i093 0363574 4438.0 5365.1  B.D441
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P =25 MPa P = 30 MPa P =135 MPa
r ¥ t k s ¥ u [ I v u A K
375 o0g7y 1798.6 18479 403519 01789 17376 17914 3.9303 001700 1702.% 17624 38721
400 00600 2430.1 25802 54418 0270 20673 21510 34728 002100 19140 1987.5 42124
425 007382 26092 28063 5470 005MH 24551 26142 51503 003428 22534 ni4 4747
450 09162 2720.7 2M49.7  5.6743 G735 26193 28214 54423 004962 24987 26714 51967
500 011124 28843 324 59592 A0R6TY 0.7 MS10 57504 00927 27519 20843 56281
$50 012724 0175 33356 64764 010168 29703 32754 60342 008MS WS 230 55025
GO0 014138 nyns M4 63602 Ol1446 31005 3439 6.2330 009527 3062.0 33955 6.i178
650 015433 32516 3I6ATS 65229 012596 N0 35989 64057 010575 31898 35599 63010
T 0lex? 33614 ITIT6 66707 013661 358 3MAT 65606 011533 33088 37135 64631
B33  .0]B%i3 3573 M7l 6935 015623 35556 40243 6.8332 013278 35368 400015 67450
W0 021045 3730 4¥M9)  A67T9 017448 37685 32919 0717 0l48R3 3TN0 42749 69885
1000 023102 39909 45685 73RO 019196 39788 45547 12867 018410 66T 454 7063
1103 025119 4200.2 48282  7.5765 20907 41892 48163 74845 {7895 41783 4846 7.4056
1200 (27115 44120 50899 717604 022589 44013 0790 e80T 019360 42907 50684 7.5910
1300 (29101 46269 53844 79342 024266 46168 53440 78432 020815 4605.1 53336 77652
F =40 MPa P = 50 MPu P = 60 MPa
375 O0ie06s 16771 17427 3.8289 0015593 163846 17165 37638 0015027 160%.3 1699.5 17140
400 00)N)F7 18545 19308 41134 0017309 17880 18746 40030 0016135 17453 18434 39317
425 0025319 2968 21931 4.502% 0020071 19596 20600 42733 UD18165 18927 20007 4.1625
450 0036931 2365 25128 49459 Q024852 215946 22839 45883 0020850 20539 2179.0 44119
500 0056225 26784 20033 54690 00AR924 25255 M0 50725 0029557 23905 25679 4920
600 O0B0943 30226 33364 60113 0061123 20420 32476 58177 D035 2861.1 31513 56451
680 0090636 31580 35206 462054 i oy 036 leilB 60342 055953 30288 3ed.6 58E29
700 0099415 32836 36813 63750 0077274 32305 36169 42189 DD62719 31770 35516 40824
800 0115223 35179 I9ME 66662 0090761 T8 39336 6.5290 0074588 M4 38891 64110
200 0129626 37394 42579 69150 0102831 3103 42244 6.7882 085083 3681.0 41915 5.6805
1000 03143238 39544 45276 7.1356 0114113 30305 45011 7.0148 0094800 39064 151 6HIS
110D 056426 41674 47031 73364 0124966 45457 47706 72183 0104091 41241 47486 111N
(200 0169403 4380.1 50577 75224 0135606 43591 S0372  T4058 0113167 43382 3017.2  T30R2
1300 Q182292 45943 53235 7460 0146159 45728  5308.6  75BOT 0122155 45514 52843 74837

9E6
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Table A.l4  Compressed Liguid Waler

P = 5.00 MPa (263.99)

P = [0.00 MPa (311.08)

P = 15.00 MPa (342.24)

T » [ k k3 v H A s v [ [} g
Sat 0012859 1147.78 115421 29200 0014529 1393.00 (407.53 33595 0016581 158558 161045 3.5847
O 0009977 0.03 5.02 0.0001 052 0.i0 1005 (.03 D00928 0.15 1504 0.0004
0 0005995 Bl BB.64 (2955 0009972 8335 9332 03945 D950 B105 9797 0293
40 0010056 16493 17195 05706 001004 166,33 17636 05685 001013 165,73 180.75 05665
o0 0010149 23021 25528 08284 DOL0L27 249.34 35947 (8258 D0H0105 24849 263.65 08231
80 010268 333.69 338.83 10719 D010245 33256 M8l 1.0687 o222 13146 346.79 10655
100 0010410 417.50 42271 1.3030 000335 41609 42648  1.2992 RUATIEEY] 114,72 43026 1.2954
120 0010576 50179 50707 15232 .001G549 50007 51061 15188 000822 498.39 51407 15144
140 DN0768 586.74 592.13 1.7342 0010737 584.67 59540 L7291 Q00707 582.64 598.70 17241
160 0010988 67261 678.10 19374 000953 670.11 68107 19316  .DIGIIE8 667.69 684.07 19259
180 001 124 759.62 76524 11341 D019 75661  TH7HI 21274 DH1159 753.74 77048 21209
20 001E530 B4808 85385 23254 0011480 44449 85597 23178 DON1433 %4104  BS818 23103
prii] 0011868 93843 OH.36 25128 D011808 93407  M3EE 25038 O011748 929,89 04752 24952
20 0012264 103134 103747 26978 0012187 102594 103843 26872 D214 020,82 103899 246770
260 0012748 112792 11M30 28829 AN 2645 112103 1133.68 2.B698 002550 111459 113341 2.8575
280 0013216 122090 123401 30547  D0L3084 121247 123209 30992
300 A43972 132834 13423  3.2468 DO 13i6.58 133723 32259
.1} 0014724 143108 1453.13 3.4246
M0 0016311 156742  159L.BR 3.6545
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Table A2 Thermadynamde Properties of Refrigerant-12%
{Dichlorodiffuoromethans)

Table A21 Satursird Refrigerusi-72

Specific Volume Entkalpy Entropy
Temperature Pressure Sar. Sat. Sat. Evap. Sat. Sat. Sat.
°C MPa Liguid Vapour Liquid Vapour Liquid Yapour
[ P ¥r V‘ kf kf‘ h B &5 S‘
cm'ig wrkg ki/kg kg K
-%0 0.0028 0.608 4415545 —432343 189618 146375 -0.2084 D.8268
-35 0.0042 0.612 1037316 -38.968 187.608 148.640 -0.1854 08116
- 80 0,0062 0617 2138345 - 3,638 185612 150.924 -0.1630 0.7979
- 78 0.0088 0.622 1.537651 - 130.401 183.625 153.224 -0.1411 0.7855
=70 0,0123 0.627 1127280 —-26.103 181.640 155.536 -0.1197 0.7744
— 65 0.0168 0.632 0.841166 -21.793 179.651 157.857 - 0.0987 0.7643
—60 0.0226 0.637 0.637910 - 17.469 171.653 160.184 -0.0782 0.7552
=55 0,0300 0.642 0.491000 —-13.129 175.641 162.512 -0.0581 0.7470
~350 0.0391 0.648 0.383105 -8.772 173.611 164.840 -0.0384 0.7396
-45 0.0504 0.654 0.302682 -4.3%6 171.558 167,163 -0.0190 0.7329
-40 0.0642 0.659 0.241910 - {.000 169.479 169.479 —{.0000 0.7269
* Adapted from Fuad tals af Claysical Thermodysamics by -G. ). Van Wylen and B_ Sonntag. John Wiley, Rew York 1976, P. 667-673 (with

the kind permissicn of the publishers, John Wiley & Sons, Inc, New York).
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Table A22 Superbeated Refrigerant-12

t v k 5 v k ] v ] 5

°C m’kg EJ/kg g X m kg kJskg g K m/kg L kg g K
0.05 MPa 0.10 MPa 0.15 MPa
-200 0.341857 181.042 0.7912 0.167701 179.86] 0.7401
~10.0 0.356227 186,757 0.8133 0.175222 185,707 07628 114716 184.519 0.731%
0.0 0.370508 192.567 08350 0.182647 191.628 0.7849 0.119866 190.660 0.7543
10.0 0.384716 198.471 0.8562 0.189594 197.628 0.8064 0124932 196,762 0.7763
200 0398843 20d.469 0.8770 0I9N7TT 213707 0.8275 0129930 202927 0.7977
300 0.412959 210,557 0.8974 0.204506 209366 0.5482 0134873 209.160 0.8186
400 0.427012 216.733 09175 0211691 216.104 0.8634 0129768 205463 0.83%0
50.0 0.441030 122,997 09372 D2I8839 222421 0.8883 0144625 221.835 0,859
600 0.455017 229,344 0.9565 0225955 228815 09078 0140450 228277 0.8787
700 0.468978 235774 09755 0.233044 235.285 0.9269 0154247  234.789 0.8980
80.0 0.482617 242282 0,9942 0.240111 241,829 D.9457 0156020 241371 0.9169
90.0 0.496838 248368 1.0126 0247156 248446 09642 0163774 248020 0.9354
0.20 MPa 0.25 MPa 0.30 MPa

0.0 0.083608 £89.669 0.7320 0.065752 188.644 07139 0.057150 187583 0.6984
100 0092550 195.878 0,7543 0.073024 194.969 0.7366 0059984 194,034 0.7216
20,0 0.096418 202,435 0.7760 0076218 201322 0.7587 0.062734 200,490 0.7440
0.0 0.100228 209.446 0.7972 0079350  207.715 0.7801 0.065418 206.969 0.7658
400 0.10398% 214,814 08178 0.082431 214153 0.8010 DOGEDIY 213480 0.7%69
50.0 0107710 221.243 0.8381 0085470 220642 0.8214 0.070625 220030 Q8075
60,0 0.111397 227.735 0.8578 0.088474 217.185 08413 0073185 216.627 0.8276
70.0 0.115035 134.291 08772 0091449 213785 0.3608 0075750 233273 0.8473
0.0 6.118690 240910 0.8962 0.094358 240443 0.8800 0078200 29770 0.8665
90.0 0.122304 247,593 0.9149 0.097327 247160 0.8987 0.080673 246.723 {.8853
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r v & L] ¥ k 4 v [} s
100.0 0.125901 154339 09332 0.100238 253.936 09171 0.83127 253.530 0.9038
110.0 0.129483 261.147 09512 0.103134 260.770 0.9352 G.0B5566 260391 0.9220

0.40 MPa 0.50 MPa 0.60 MPa

200 0.045836 198.762 0719 0.035646 196.935 0.6999

30 004171 205428 0.7423 0.037464 203.814 0.7230 0.030422 202116 0.7063
400 0.050046 1295 0.763% 0039214 210,656 0.7452 031985 9.1 0729
500 0052072 218.7% 0.7849 0.040911 217484 0.7667 0.033450 216.141 07511
6.0 0054059 225488 0.805¢ 0.032565 224315 0.7875 0.034887 27314 07123
70.0 0.056014 n2.ne 08253 0.0441B4 232161 0.8077 0,035285 230,062 07929
0.0 0.057941 3012 0.3448 0.045714 238030 0.8275 0,037683 wan 0.8129
900 0.059846 245.837 0.8638 0.047340 244932 0.8467 0.038995 244,009 08324
100.0 0061731 252107 08825 0.04B886 251.869 0.8656 0.040316 251016 08514
1100 083600 259.624 0.9008 0.050415 ASHE45 0.8840 0.041619 258.053 0.8700

T 0.70 MPa .80 MPa 0.90 MPa
0.0 0.0256761 2A17.580 0.7148 0.022830 X05.924 0016 0.019744 2AM.170 0.6562
00 0.028100 214,745 0.7373 0,024068 2132390 07248 0020912 211,765 0.3
a0 0.029387 221854 0.7590 0025247 220558 0.7469 0022012 218,212 0.7358
0 0.030632 228,931 0.779%9 0.026380 227.766 0.7682 0.023062 226564 0.7575
BO.O 0.031843 235997 0.8002 002417 234941 {.7888 0024072 233,856 0.7785
90.0 0.033027 243.066 08199 0,028545 242,101 0.5088 0025051 141.113 0.7987
100.0 0.034189 250746 0.8392 0.029588 - - 249260 08283 0026005 243355 08184
110.0 0035332 257.247 0.8579 030612 256428 * 08472 0.026937 255.501 08376

1.00 MPa 1.20 MPa 1.40 MPa

S0 0.018366 210,62 0.7021 0.014483 206651 06812

a0 0.019410 217810 0.7254 0.015463 214.805 0.7060 0012579 211,457 0,6876

(447
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Table A3 Thrmodynamic Properiies of Rifrigrmant-22 (Monockiorodifluoremethans)
Table A3.1 Saturated Rifrigrrant-22

Specific vofume{m"fkg) Enthalpy(kJ/kg) Entropy(kikg K)
Abs.

FPress, Sat. Sur. Sat. Sat. Sat
Temp.  MPa Liquid Evap, Vapaur Liguid Evap. Fapour Liquid Evap. Vapaur

o P ¥y Vg vy hy g hy % g 5,
- 70 0.020)5 GOo00670  0.940268 0.94093 - 30.607 28425 218.180 -0.140] 1221 1.0876
—63 1.0280 0000676 0,704796 0705478 - 25.658 246,925 221,367 -G.116l 1.1862 10701
—60 0.0375 0000682  0.536470 0537152 20,652 244354 22HR2 —0.0%24 11463 10540
- 55 0.0495 0000689 0414138 0414827 -15.585 241.703 226,117 —0.0680 (1079 10390
- 350 0.0644 0000685 0323862 0324557 -10.456 IR65 228.509 ~0.0457 1.0708 10251
- 45 0.0827 QLO0070 0.25628% 0.256990 -5.262 36132 230.870 -0.0227 1.0349 10122
-40 0.1(4% HOID0TN .205036 0.205745 [ 233198 233497 L1} 1.0002 L0002
-35 0.1317 Q00717 0. 165683 0.1663K) 5.328 230.156 235484 10225 0,9664 09889
-30 0. 1635 0000725 0135120 . 135844 10,725 27001 237726 0.0449 09335 0.9784
- 25 G203 0000713 DAL 0.111859 16.151 mMiz7 239918 0.0670} 0.9015 (.9685
-20 (248 OD0741 082102 0092843 21728 22027 242053 (.08 0.8703 0.9503
-15 0.2957 LID0T50 0.076876 0077625 27.334 216,798 244132 (107 0.8398 08505
—10 0.3543 0000759 0.064581 0065340 izmz2 213132 246,144 0.1324 3.8099 0122
-5 14213 00768 054571 0055339 18,762 200,323 248.085 01538 0. 7806 0934
a 04976 Q000778 V046357 0047135 44586 205364 249,49 0.1751 07518 0.89269
5 (L5838 0000789 0039567 (k356 50485 201.246 25173 0.1963 0,735 09197
] O.GBOT (LON0EDO 0033914 001714 56,463 196560 253423 02173 .6956 09129
15 0789 OD0Z12 1.029176 0429987 62.523 192.495 255014 [HIER ).+ 0.6680 0.9062
20 0.909% 0000829  0.025179 04626003 68.670 187.836 256.506 025590 0,647 0.8997
2 1.543% 0.000838  0.021787 0022629 74.910 182968 257877 062797 G.6L37 0.8934

30 1.191% 0.000852  0.0188%0 0.015742 81.250 177.869 259.119 0.3004 0.5867 0.8871

e

Puulpouisy [ payddy puo awg



[UTR TN

Table AJ.2 Suprefieated Refriperant-22

Temp. v h 5 v # 3 v A 5

o kg kg kg K kg kikg Uike K wiikg kitkg kikg K
0.05 MPu 0.10 MPa 0.15 MPa

— 40 0440633  234.724 1.07616 0.216331 213,337 1.00523 — — —
-30 0.460641 240,602 1.10084 0.226754 219.359 103052 0148723 238078 098773
-20 0.480543 246,586 1.12495 0.237064 245 466 105513 0.155851 2244319 1.01288
- 10 0500357 252476 114855 02472719 251.665 LO7914 0.162879 250.631 (03733
0 0520095 258874 1.17166 0.257415 257,956 1.10261 0.169823 257.022 106116
10 0539771 265.180 119433 0267485 264,345 1.12558 0176699  263.49% 1.08444
20 0.5593%3 271.5%4 1.21659 3277500 270831 114809 083516 270,057 L1721
W 0.578970  278.118 123846  D28TET 277416 LI7017  0.190284 276.709 112952
40 1.598507 284,743 125038 029739 284.101 119137 0.19701) 283452 115140
50 1:618011 391478 1.28114 0307287 790847 121320 0.203702 290.289 117289
& 0.637485 298.319 130i0¢ 0317149 7772 1.23418 0210362 297.220 1.19402
0 0.656035 305.265 132253 0.326966 304.757 1.25484 0216997 304.2d6 121479
) 0676362 312314 1.3427% 0.336801 11842 1.27519 0223608 311368 123525
% 0695771 319.465 136275 06596 9026 129524 0230200 318.584 125540

.20 MPa ¢.25 MPa .30 MPa

_20 0.115203 243,140 0.98184 _ —_ —_ — — —
-10 120647 249,574 100676 0095250 248,492 0.58231 DO78344 247382 0.96170
0 0.126003 256,069 1.03098 0.09%689 255.097 1.00695 0082128 254104 0.98677
10 0.131286 262633 105458 0.104022 261,755 103089 0085832 260861 1.01106

9P6
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Table A.3.2  Supsrhsated Refriperant-22

Temp. v A 5 v It 5 v h £
°C mirkg kizkg kikg K ' thg kJiky kitky K m’rkg kMrkg ke K
0.20 MPy 425 MPa 0.30 MPa
0 0.136509 269.273 107763 0.108292 268,476 1.05421 0.HRO450 267.667 1.0346%
30 0.141681 275992 1.10016 0.112508 215267 107699 0.093051 274,531 1.05771
4 0.146809 282796 112224 0.116681 2R2.132 i.00927 0.096588 281.460 108019
50 0.151902 289.686 1.14390 0420815 289,076 112109 0.100085 288 460 1.10220
60 0.156963 206,661 1.16516 0.124918 296.102 1.14250 0.103550 295.535 1.12376
b 161997 303.731 1.18607 0.126993 303.212 1.16353 0106936 302689 1.1449]
80 0.167008 310890 1.20663 0.1330d4 310.409 1.18420 0.1103%%9 309,524 116569
B0 0.47199% 318139 1.22687 0137075 317.692 120454 0.113790 3720 118612
100 0.176972 325.4%0 1.24681 0.i41089 325,063 1.22456 0117164 124.643 1.20623
10 0.381931 332912 1.26646 0.145086 33250 ).2442% 0120522 132129 1.22603
0.400 MPa 0.36 MPa 0.50 MPa
0 0.060131 252,051 0.95350 — — _ — — _
] 0.063060) 250,423 0.97866 0.049355 257.108 0.95223 0040180 255,109 0.92%5
20 0.065915 266.010 100291 0.03175t 264.295 097717 0.042280 262.517 0.95517
30 0068710 273.0029 102646 D.05408 | 271.483 100128 0.044307 269.888 097989
) 0.071455 280.092 104938 0.056358 278.690 102467 0.046276 277.250 1.0037%
50 0:074) 60 287.209 1.07175 0058590 285.930 104743 0.048198 284,622 102695
iy 0.076430 294 386 109362 0.060786 293.215 1.06963 0.050081 292.020 104950
W 0.079470) 305,630 1.11504 0.062951 300,852 1.09133 0051931 299.456 107148
80 0.082085 308,944 1.12605 0.065000 307.949 1.11257 053754 306.938 1.0929%
%0 0.08467% 316,332 1.15668 0.067206 315410 1.13340 055553 314,475 1.11403
100 0.087254 32379 117695 0.069303 37293 1.13386 0.057332 322.0M 1.13466
110 0.U89813 331.339 1.19650 0.071384 330,539 1.17395 0.059094 329,731 1.15492
12 0092358 338,961 121659 0.073450 338213 1.19373 0.060842 337.458 1.17482
130 0.0945%0 346.664 1.23588 0.075503 345.963 121319 D.062576 345,255 11944}
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Table A.3.8 Suprrheared Refrigerant-22

Temp. v E L] ¥ h s v L3 5
aC mtkg kg kg K mikg K oke kike K 'tk Eikg iy K
0.70 MPa 8.80 MPa 7.90 Pa
2 0035487 260.667 093565 0.030366 258.737 0.91787 0.026355 256713 0.90132
X 0.037305 268.240 0.96105 0.032034 266.533 0.54402 0027915 264,760 092831
al 0.039059 275.769 0.98540 0.033632 274243 0.96905 0.029397 272670 0.95298
0.70 MPu 2,80 MPa 0.90 Mpa

0 0.040763 283.282 L0010 2035175 281.907 0.599314 0.030819 280,497 057859
6 0.042424 290 800 1.0320] 0.036674 289,533 10164 003215 288 278 100234
0 0044052 298338 105431 0.038135 297,202 193906 0.033528 206042 102526
o} 0.045650 305512 £.07606 0.039568 304.868 1.06108 0034832 303.807 104757
90 0047224 33527 109732 0.040974 312565 1.08257 0.036108 31590 106930

100 0.48718 321192 LLIBLS 0.04235% 320303 1.10359 0.037363 310401 1.00052
110 0050313 328814 i.13856 0.043725 328.087 1.12417 0.038598 327251 L1128
120 005184 336696 1.158¢) 0.045076 335925 1.1a437 0.039817 35047 113162
130 0.05334] 4541 1.17832 0.045413 M3IR 1.16420 0941022 343,004 1.15158
140 0.054836 352454 119770 0047738 35178 118368 0042215 351.097 117119
150 0,05632) 350435 1.2167% 0.049052 359.7599 120238 0.04339% 159159 119047
1.00 MPa 1.200 MPa 1.40 MPa

LU 0,024600 262912 091358 — — — —_ — —

40 0.025995 271.042 0.9359% (LO20851 267.602 091411 0.017120 263.861 0.89010
=0 0.027323 279.046 0.96512 0.022051 276.011 0.94055 0.018247 272766 091809
60 0.028601 286573 0.98928 0.023191 284,263 D.9%6570 0019299 281401 0.9444)
0 0029836 294,850 101260 0.024282 292415 0589481 0.020295 289.858 0.96942
B0 0.031038 30207 1.03520 0.025136 300.508 1.01308 0021248 208.202 0.99339
a0 0.032213 310599 1058 0026359 308.570 1.03556 0.022167 306473 101649
100 0.033364 318458 1.07861 0.027357 316,623 105744 0.023058 314.703 1.03884
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Temp. v [ ¥ v k $ v k x
°c mirkg kdrkg kg K miikg kJ/kg ke K mrky ktikg Ukg K
2.50 MPa 1.00 MPa 1.50 MPa
I 0.01159% 302.935 0.95939 0.009098 296,663 092881 0.007257 289,504 089872
10 0.012208 312261 1.98405 0.009674 306.744 0.95547 0.00782% 300,640 092818
120 0.012788 320400 1.06760 0.010211 316470 0.95053 0.008346 311,129 095520
130 0.013343 330412 103023 0.010717 325955 1.00435 0.008825 321.19% 0.98047
140 0.013880 339.336 105210 0.01120¢ 335.270 102718 0.009276 330976 1 00445
150 0.014400 MB.205 107331 0.01i665 344,467 1.049(8 0.00970 340.554 1.02736
160 0.014907 357.040 109395 0012114 353,584 107047 0010114 34Y.989 1.0494¢
170 0.015402 365.860 111408 0.01255¢ 162.647 109116 0.0105i0 359.324 1.07071
(80 0.015887 374.679 1.13376 0012976 371679 111131 0,0108%4 368.550 1.09138
190 0.016364 383,508 1.15303 0.013392 380.695 113099 0.011268 377810 L1151
200 0016834 392,354 117192 0.013801 389.708 1.15024 0.011634 387.00d 113115
4.00 MFa 3.00 MPa 6.00 Mla
90 0.005037 265.629 082544 — — — — — —
i) 0.005804 280.997 0.86721 0.003334 253,042 0.78005 —_ — —
110 0006405 293748 0.90054 0.004255 275919 0.84004 0.002432 243278 0.74674
120 0.006974 305273 0,93064 0004851 291.362 0.88045 0.002333 272385 0.82185
130 0007391 316.080 0.9577% 0.005335 304.36% 091337 0.00389%9 290253 0.86675
140 0007822 126422 098312 0.005757 316379 0.54256 0.004345 304,757 050230
150 0.008226 336.46 100710 0.006139 327563 0.96931 0.004728 317.633 093310
160 0.008610 346.246 1.02999 0006493 338.266 0.9943! 0.005071 329,553 056094
70 0008978 355.883 105199 0.006826 JE.633 LOIT 0.005386 340,849 0.98673
180 £.009332 365.400 1.07324 0.007142 358.760 104057 0.005680 351715 101098
190 0.009675 374853 1.09386 0.007444 368.713 106230 0005958 362271 1.03402
200 0.010009 184.240 111391 0.007735 178537 1.08328 0.006222 372.602 105609
210 0.010335 393.593 1.1337 0.008018 388268 1.10363 0.006477 382,764 LoT734
220 0,010654 402925 1.15259 0.008292 397.932 E.12343 0.006722 392.801 109790

056
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Table A43  Superhsaird R-1342

Temp. v ] 3 ¥ & s v k s
°C m'iky kJSiky kliky K m'ikg kJikg e K m' kg ktrkg ik K
{0 MPa .15 MPa .20 MPa

=25 0.19400 383212 1.7505% — - — — — —

-20 0.19860 387215 1.76655 —_ —_ — — — —

- 10 0.20765 395270 1.79775 0.13603 393.839 1.76058 .10043 302338 1,73276
i 021652 303413 1.82813 014222 42187 L7971 Q10501 300.91) 1.76474
L) 022527 4115668 1.85780 0.14828 410,602 182197 0.10974 409.500 179562
F-[ 0.23393 430048 1.82689 0.15424 419.111 1.B5150 0.11436 418,445 1.82563
30 0.24250 428.564 §.91545 0.06011 427.730 1.85041 0.118%9 426,875 1.83491
40 0.25102 437223 1.94355 0.16592 436.473 1.90879 0.12335 435708 188357
50 025948 446029 19723 017168 445,350 1.93669 012776 444 658 Lenn
60 0.2611 454 986 1.99453 017740 454,366 L6416 013213 453.735 1.93937
H 0.27631 464 096 202547 0.18308 43.525 1.99125 0.13646 462,546 156661
B} 0.28458 473,350 205208 018874 472831 201798 0.1a076 4722946 1.9934
o) 0.29303 482777 2.07837 0.19437 482 285 204438 0.1a504 4R1.788 2.00997

100 030136 492.34% 210437 0.19999 491,888 207046 0.14930 491424 204614
.25 MPa 8.30 MPa 140 MPa
0 0.0R2637 39957y 174284 — —_ — — — —_
19 0.086384 408357 1.77340 0071110 07171 1.75637 0051681 404.651 1.72611
20 0.090408 417,151 1. BURaG2 00744135 416124 178744 0.054362 413.m5 1.75844
L] 0090139 425997 1.8360 0.077620 42509 1.81754 0056528 421218 1,78947
a0 0.087T98 434925 1.86357 0.080748 434,124 184684 0.059402 432 465 1.81949
50 0.10180 443.95) 1. 89103 0083816 443.234 1.87547 0.061812 441.751 1.84868
] 0.104958 453094 1.91980 0.086838 452.442 1.90354 0064169 451,104 L.E7T8
(] 0.108480 462.359 1.94720 0.089821 461,763 L9310 0.066484 450.545 1.90510
L] 0.111972 471.754 197419 0.092774 471206 1.95623 0.068767 470,088 1.93252
90 0115440 481283 2.00080 0.095702 480777 1,.98495 0.071022 479.745 1.95%48
100 0.1 1 EBES 490955 202707 0.098600 490482 20113% 3.073254 4R9.523 1.986M
1o 0.122318 500.768 205302 .101498 500324 203734 0.075468 499.428 201223
120 0125734 5HL720 2.07866 0.104371 510304 206305 0.077665 509 464 203809
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Temp. v [ 5 v h L] v ] 5
°C m? kg kitkg kg K m'/kg kJikg Ling K kg kJkg iy K
0.50 MPa 0.60 MPa 0.70 MPa
2 0,042256 411,645 173420 — — - —_ — —
n 0.044457 421231 1.76632 0036094 419093 174610 0.030069 416.809 R Fakil]
40 0046557 430720 1.79715 0037958 425881 177786 0.031781 426933 1.76056
50 0.048581 440,205 182696 0.039735  438.589 1.80838 0033392 436.895 1.79187
&0 0.050547 449718 1.85596 0041447 448779 1.83791 0.0H529 46782 1.52701
0 0.052a67 459.290 L.BR426 0.043108 457.5%4 1.B6664 0.036410 456,655 1.85121
80 0054351 468942 191199 0.044730 467.764 1.89471 0.037848 466.554 187964
%0 0.056205 478,690 193923 0086319 47761} 19720 0.039251 476.507 1.90743
100 0058035 488,546 1.96598 0.047883 487,550 1.94920 0.040627 485,535 193467
110 0059845 498.518 1.99235 0049426 49754 19757 0.041580 496.654 1.96143
120 0.061639 508.613 201836 0.050951 S07.750 200193 0043314 506.875 198777
130 0.063418 518835 2.04403 0.052451 518.026 201774 0.044633 517.207 201372
140 0.065184 529.187 206940 0.053958 528425 205322 0.045938 527.656 2.03932
0,50 MPa 0.9¢ MPa T.00 MPa
40 0027113 424,860 1.74457 001346 422642 1.72943 0.020473 470249 1.71479
50 0.028611 435,114 177680 0.024868 433235 176273 0.02§849 431243 1.74936
60 0030024 445223 180761 0026192  443.595 1.79431 0023110 441.890 1,78181
n 0031375 455270 1.83732 0.027447 453.835 1.82459 0.024293 452.345 1.81273
80 0032678 465308 186616 0.028649 464.025 1.85387 0.025417 462.703 1.84248
90 0033944 475375 189427 0.029810 474216 1.88232 0026497 407 1.87131
100 0.035180 485499 192177 0.030940 484.44% 191018 0027543 483361 1.89938
110 0.036392 495.698 | 54874 0032043 494,726 193730 0.028561 493.736 1.92682
120 0037584 505,988 197525 0033126 505.088 196399 0.029556 504.175 155371
130 0.038760 516.379 200135 0.034190 515542 1.99025 0.030533 514.654 198013
140 0.039921 526,880 202708 0.035241 526,096 20161 0,031495 §25.305 200613
150 0041071 537.496 205247 0.036278 536.760 204161 0.032444 536.007 203175
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Temp. v h 5 ¥ h 2 v k 5

°C mikg kl/kg kg K miikg Likg kg K m'/ig ki/kg kg K
1.0 MPa 3.50 MPa 4.0 MPa

0 0.005755 436.193 1.65950 — — — — —_ —
100 0.006653 453,731 174717 0004839 440433 1,70386 — — -
110 6007339 468,500 1.78623 Q005667 459211 1.75355 0004277 436,84 1.71480
120 0007924 482043 1.82113 Q006289  474.697 1.79345 0.005005 465.987 176415
130 000846 4M 915 1.85347 0006813 488771 1.82881 0.005559  481.365 1.80404
140 0008926 507388 1.88403 0007279 502079 1.86142 0005027 496295 1.83940
150 0.009375 519.618 1.91328 0007706 514928 189216 0006444 509.928 1.87200
160 0.009801 530,704 154151 0008103 527456 192151 0.006825 51,072 1.90271
170 0.010208 543713 1.96892 0.008480 539.890 1.94980 0.00718) 535917 L93203
i80 0.010601 555.690 199565 0.008839  552.185 1.97724 0.007517 848573 1.96028
190 0.010982 567,670 202180 0009185  564.430 200397 0.007837 561.017 1.98766
200 0,011353 579.678 204745 0009519  576.665 203010 0.008145 573.601 201432

956
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Table A5
Thermodynamic Properiies of Ammonia

Table A.5.1 Saturated Ammonia Table

Specific volume (m’/l-g) Enthalpy (iikg) Entropy (kg K}
T P Sat. Sar. Sat. Sat. Sai. Sat,
("C) {kPa) liquid vapour, liguid, Evap., vapour, Iiguid, vapour
vt ! vg hy hig hg st g
- 50 40.88 0.001424 26254 -44.3 14187 13724 -0,1942 41561
~48 45,96 0,001429 23533 ~355 1411.3 13758 -0.1547 61149
- 46 51.55 0.001434 21140 -26.6 14058 1379.2 -0.1156 60746
-4 569 0.001439 1.9032 -17.8 1400.3 13825 -0.0768 60352
-42 64.42 0.001444 L1 -89 137 13858 -0.0382 59957
— 40 777 0.001449 1.5521 0.0 [389.0 1389.0 0.0000 5.9589
-38 15.80 0.001454 1 4058 89 [383.3 13922 0.0380 59220
-36 88.44 0.001460 1.2757 17.8 1377.6 1395.4 0.0757 5.8858
-34 98.05 0.001465 1.1597 268 1371.8 1398.5 01132 5.8504
-32 10837 0001470 1.0562 357 13659 144016 0.1504 58156
-30 11955 0001476 09035 4.7 [ 360.0 1404.6 01873 57815
-28 131.64 0.001481 0.8805 536 {3540 140716 0.2240 57481
-26 144.70 0.001487 4.8059 i¥Ai] 13479 14105 0.2605 57153
-24 158.78 0.001492 0.7388 71.6 1341.8 1413.4 02967 5.6831
-22 173.93 0.001498 0.6783 0.7 {1356 [4162 03327 56515
=20 1922 0.001504 06237 B9.7 [329.3 14190 03684 56208
-~ I8 20171 0.001510 0.5743 98.8 13229 1421.7 04040 5.5900
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Table A5.2 Superheatrd Ammonia Tabic

Abs. Press. Temperature (°C)
(kPa)
{Sat. remp., °C) - 20 - fa [} o 20 30 48 S0 & 7o g fuy
v 24474 25481 26482 27479 28479 19464 30453 344l 32427 33413 34397
50 k& 14358 14570 14781 14992 15204 15407 (5630 15845 §606.1 G378 16497
{—46.54) 5 603256 64077 GABSS 65625 66360 67073 67166 LBMI 69099 69743 70372
v 1233 L9l 17891 18243 18932 19597 20261 20933 21584 22244 22903
75 k 1433.0 14547 14761 14975 15189 15403 1561.8 15834 16051 16269 16489
{—39.18) s 61190 62028 62828 63597 64339 65058 65756 6.64M G670 67742 6.8373
v 12110 12631 13145 1365 14160 14664 15165 1.5664 16§63 16659 17155 18145
100 L] 1430.] 14522 1474.1 14957 15173 15389 15805 15822 16D4.] 16260 16480 16926
(=33.01) X 50695 60552 6.1366 62144 628%d 63618 64321 45003 05668 66316 66950 &8177
v 09635 L0059 10476 10889 11297 10703 L2107 12508 12909 13309 13707 1450
125 k& 14272 1440.8 14720 14939 15657 15375 15593 15811 1603.0 16250 16472 16518
{—29.08) 5 58512 5938% 60217 60006 61763 62494 63201 63887 64555 65206 65842 6.7072
v 0.7984 0834 08697 09045 69388 09729 10068 1.0405 L0740 L1074 11408 12072
156 k 14241 [447.3 14688 14921 15041 15361 15580 15800 16020 16241 16363 14910
{(-25.2%) 8 57526 58424 59266 60060 6.0831 6.1568 622R0 62070 63641 64295 64933 66167
¥ 0.6199 06471 06738 07001 07261 07519 0774 08029 0.8232 08533 09035
210 k& 1442.0 14655 14481 15109 15332 15555 15777 15999 16222 16446 16896
(- 18.86) 5 56863 57737 58559 55342 60091 60813 6.1512 62189 62849 6.3491 64732
v 04910 05135 05354 05568 05780 05989 06196 06401 06605 Q4809 07212
256 A [4366 14610 14845 15076 15303 15529 15754 1597.8 (6203 16428 16882
(-~ 13.67) 5 55609 56517 57465 58Bla3  3E928 59661 60368 A10S2  GTIT 62355 63513
v 04243 04430 04613 04792 0498 05113 035316 05488 0.5658 0.5997
g1 kA 14563 14806 15042 15274 15503 15730 15957 16184 164L1 16867
{-920 s 55193 56366 S7IR6 57963 S87T0 5B 60114 60785 61437 62693
v 03605 03770 03929 0408& 04239 04391 0451 04689 04837 05129
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Abs, press, Temperature (°C)
(kPa}
{Sme. remp., °Cj - 20 - if! [ o 10 in 40 50 60 n 40 100
350 h 14515 14785 15907 15214 15476 15707 15936 16165 16393 16852
{-5.35} P 54600 55502 56312 57135 STR00 58615 59314 59990 60647 63910
v 03125 03274 0MI17 03556 03692 03826 03959 04000 04220 04478
400 A 14465 14724 14972 15213 15849 15683 [5915 16145 16376 16837
{-1.3% 5 53803 54735 35597 56405 ST173 57907 SB6I3 59296 59957 642R
v 02752 (2887 03017 03143 03266 03387 03306 0M24 03740 03971
450 h 14413 14681 14936 15182 1%M22 15659 15893 6126 [6358 16812
{1.26) 5 53078 54042 34926 55752 56532 57175 57989 S5B678  SO9M5 60610
20 in i 50 60 70 s e 120 I4a FG Ir
v 02698 02313 02926 03036 03144 03251 03357 03563 03771 03975
S00 h (4899 15150 153¢5 15634 15871 1s8i06 16340 16807 IT2TS 17747
{4.14) L 54314 55157 55950 S6704 57425 58120 58793 60079 61300 62472
v 02217 02317 0244 0258 02600 02651 02781 (2957 03130 03302
600 A 14824 15086 15338 15585 15827 16066 M6MR4 16777 1TMY 17724
£9.29) 5 53232 5412 54923 55697 56436 57144 STE26 59129 60363 6.154)
v 01878 01963 02048 02131 02212 02291 02369 02522 02672 02821
700 h 14745 15009 15281 15534 15782 160206 16268 16746 1724 17702
[{ER3)) 5 52259 53179 54020 54826 55581 56303 56997 5836 59562 60749
v 01815 D16% 01773 01848 09020 01941 02060 02196 02329 02459 0.2589
HOO A 14663 14950 15222 15481 15737 15986 16231 16716 17198 17680 18164
{17.86) * 51387 52351 53231 540583 54827 55540 56268 57603 58861 60057 61202
v 0.1488 01559 01627 0i693 01757 01820 41942 02061 02178 022N
900 A 14880 15162 18430 1569.0 15944 6194 16685 17170 17657 18144
(21.54) s 51593 52508 53354 54147 54897 535614 56968 58137 50442 4059
v 0.1321 0.1388 01450 04511 01570 01627 01739 0.0B47 0.1954 02058 02142
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BAaric and Applisd Thermodynamics

Temp. Carbon Carbon Hydrogen, H, Temp.
.4 diaxide, CO, monoxide, CO 1 4
250 0791 0602 1314 1039 0743 1400 14051 9927 1416 280
300 0BG 0657 1288 1l0aD 0744 1399 14307 HRIE3 1405 300
350 0B%S 0706 1268 L1043 0746 1398 14427 10302 1.400 350
400 0939 0750 1252 1047 0351 1395 14476 10352 1398 400
450 0978 0790 1239 1.0 0757 1392 14501 10377 1398 450
500 1014 0K25 1229 1063 4767 1387 14513 10389 1397 500
550 1046 0857 1220 1075 0778 1382 14330 10405 1396 550
600 1075 0388 1213 LOBF 0790 1376 14546 10422 139 600
650 1102 0913 1207 L1000 0803 1370 14571 1047 1395 630
700 L126 0937 1202 1113 O08l6 1364 14604 10480 13949 700
750 L1488 0959 1197 1126 0829 1358 (4645 0521 1392 70
800 1169 0580 1193 1139 0842 1.353 14695 10570 1390 &0
900 124 1015 1186 L1631 0866 1.M3 14822 10698 1385 900

1000 1234 1045 1.181 1185 O0B88 1335 14983 (0859 13801000

Source: Adepiad from K. Wark, Thermodynamics, 4th ed., McGraw-Hill. New York,
1983, as based on “Tables of Thermal Propenies of Gases,” NBS Circular 564, 1955,



Appendices -— 967

Carbon Diaxide (CO,t Carbon Monozide (CO}
(H2)ygn = — 393522 kifkmol ~ (W3)aey = — 110529 k¥iomol

M = 44,0} M= 2501
Temp.  (R" —hiy) 5" {5 — hips) 5
K kiikinol ktkmol K kJrkmai kfdmal K
0 - 5164 0 - 8669 ]
100 - 6456 179109 =-5770 165850
20 -3414 199.975 —2858 186025
il J 213.795 4] 197.653
300 67 214.025 54 197833
40 4008 225334 2975 206,234
500 8319 234024 5929 212828
&0 12916 243309 RO41 218313
00 17768 250,173 12021 221,062
800 22815 257.517 15175 22720
900 28041 263 668 12397 231006
1000 IMNs 269325 21684 234431
110( B8 274.555 25033 237719
1200 44484 379.417 28426 240.673
1300 50158 283.956 31865 243426
1400 55907 284.216 35338 245999
1500 61714 292.24 38B48 248421
1600 7580 26010 42384 250,102
1700 73492 2409592 450400 252.861
1800 79442 302993 449522 254507
1900 85429 306.232 53124 256852
2000 91450 309.320 36739 258.710







































