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MODULE I
BASICS OF HEAT TRANSFER

While teaching heat transfer, one of the first questions students commonly ask is the difference
between heat and temperature. Another common question concerns the difference between the
subjects of heat transfer and thermodynamics. Let me begin this chapter by trying to address these
two questions.

1.1 Difference between heat and temperature

In heat transfer problems, we often interchangeably use the terms heat and temperature. Actually,
there is a distinct difference between the two. Temperature is a measure of the amount of energy
possessed by the molecules of a substance. It manifests itself as a degree of hotness, and can be used
to predict the direction of heat transfer. The usual symbol for temperature is 7. The scales for
measuring temperature in SI units are the Celsius and Kelvin temperature scales. Heat, on the other
hand, is energy in transit. Spontaneously, heat flows from a hotter body to a colder one. The usual
symbol for heat is Q. In the SI system, common units for measuring heat are the Joule and calorie.

1.2 Difference between thermodynamics and heat transfer
Thermodynamics tells us:

*  how much heat is transferred (6Q)

*  how much work is done (6W)

» final state of the system
Heat transfer tells us:

*  how (with what modes) 5Q is transferred

» at what rate 6Q is transferred

» temperature distribution inside the body

A

Heat transfer complementary Thermodynamics

1.3 Modes of Heat Transfer

o Conduction: An energy transfer across a system boundary due to a temperature difference
by the mechanism of inter-molecular interactions. Conduction needs matter and does not
require any bulk motion of matter.
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Conduction rate equation is described by the Fourier Law:

§=—kAVT
where: q = heat flow vector, (W)
k = thermal conductivity, a thermodynamic property of the material.

(W/m K)
A = Cross sectional area in direction of heat flow. (m?)

VT = Gradient of temperature (K/m)
=0T/ox i+ 0T/0y j+ 0T/ozk
Note: Since this is a vector equation, it is often convenient to work with one

component of the vector. For example, in the x direction:

gx = - k A dT/dx

In circular coordinates it may convenient to work in the radial direction:
qr=-k A, dT/dr

Convection: An energy transfer across a system boundary due to a temperature difference
by the combined mechanisms of intermolecular interactions and bulk transport. Convection

needs fluid matter.

moving fluid T. T>To
q
e
ﬁ TS
Newton’s Law of Cooling:
q=h A AT
where: q = heat flow from surface, a scalar, (W)

h = heat transfer coefficient (which is not a thermodynamic property of

the material, but may depend on geometry of surface, flow
characteristics, thermodynamic properties of the fluid, etc. (W/m” K)

A, = Surface area from which convection is occurring. (m?)
AT = T, - T, =Temperature Difference between surface and coolant. (K)

Free or natural convection ~

/ (induced by buoyancy forces) May occur
with phase
Convection change
> (boiling,
condensation)
Forced convection (induced by
-

external means)



Table 1. Typical values of h (W/m?K)

Free convection gases: 2 - 25
liquid: 50— 100

Forced convection gases: 25 - 250
liquid: 50 -20,000

Boiling/Condensation 2500 -100,000

Radiation: Radiation heat transfer involves the transfer of heat by electromagnetic radiation
that arises due to the temperature of the body. Radiation does not need matter.

Emissive power of a surface:
E=ceT,* (W/ m?)

where: € = emissivity, which is a surface property (¢ = 1 is black body)
o = Steffan Boltzman constant = 5.67 x 10® W/m* K*.
Ts = Absolute temperature of the surface (K)

The above equation is derived from Stefan Boltzman law, which describes a gross heat
emission rather than heat transfer. The expression for the actual radiation heat transfer rate
between surfaces having arbitrary orientations can be quite complex, and will be dealt with in
Module 9. However, the rate of radiation heat exchange between a small surface and a large
surrounding is given by the following expression:

q=¢e0A(Ts — Teu')

where: ¢ = Surface Emissivity
A= Surface Area
Ts = Absolute temperature of surface. (K)
Ter = Absolute temperature of surroundings.(K)



1.4 Thermal Conductivity, k

As noted previously, thermal conductivity is a thermodynamic property of a material. From the
State Postulate given in thermodynamics, it may be recalled that thermodynamic properties of pure
substances are functions of two independent thermodynamic intensive properties, say temperature
and pressure. Thermal conductivity of real gases is largely independent of pressure and may be
considered a function of temperature alone. For solids and liquids, properties are largely
independent of pressure and depend on temperature alone.

k=k (T)

Table 2 gives the values of thermal conductivity for a variety of materials.

Table 2. Thermal Conductivities of Selected Materials at Room Temnerature.

Material Thermal Conductivity, W/m K
Copper 401
Silver 429
Gold 317
Aluminum 237
Steel 60.5
Limestone 2.15
Bakelite 1.4
Water 0.613
Air 0.0263

Let us try to gain an insight into the basic concept of thermal conductivity for various materials. The
fundamental concept comes from the molecular or atomic scale activities. Molecules/atoms of
various materials gain energy through different mechanisms. Gases, in which molecules are free to
move with a mean free path sufficiently large compared to their diameters, possess energy in the
form of kinetic energy of the molecules. Energy is gained or lost through collisions/interactions of
gas molecules.

-

Kinetic energy transfer
between gas molecules.

Lattice vibration may be transferred
between molecules as nuclei
attract/repel each other.



Solids, on the other hand, have atoms/molecules which are more closely packed which cannot
move as freely as in gases. Hence, they cannot effectively transfer energy through these same
mechanisms. Instead, solids may exhibit energy through vibration or rotation of the nucleus. Hence,
the energy transfer is typically through lattice vibrations.

Another important mechanism in which materials maintain energy is by shifting electrons into
higher orbital rings. In the case of electrical conductors the electrons are weakly bonded to the
molecule and can drift from one molecule to another, transporting their energy in the process.
Hence, flow of electrons, which is commonly observed in metals, is an effective transport
mechanism, resulting in a correlation that materials which are excellent electrical conductors are
usually excellent thermal conductors.
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“Convection Heat Transfer

Darker Elements T—Ts Convective heat transfer is conduction
though a gas or liquid augmented by fluid motion.
j D _ - * In these notes an introduction to the physics
governing convection will be given along with
Ta Ts some results for several different conditions.
‘ ‘ H ‘ ‘ ‘ - Consider the case of air at a uniform

temperature Ta blown by a fan along a flat
surface which is heated to a uniform temperature
‘ ‘ ‘ ‘ H ‘ - : L T, Figure 3.1. Say, this is cool air in an air-
X conditioned room flowing over the surface of a
window heated by solar radiation. The element
‘ ‘ ‘ ‘ D of air closest to the heated surface has a
temperature increase as it starts to move up the
N s s : plate. Elements further away, at a larger y
‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ coordinate still are at T.. As the element
Y < v becomes hotter it moves up and is replaced with
another element at T, and the process is
Figure 3.1 Flow over a heated plate repeated. Viewed from the point of view of the
room as a whole, room air at T, approaches the

plate and a given flow of air leaves the plate at an elevated temperature somewhere between T,
and Ts. Thus there is a net energy transfer from the surface of the window to the room air.

The convective heat transfer coefficient is defined as,

q
h:—
AT -T G

S a

p—]

o]

To get an estimate of how the rate of heat transfer is influenced

\ by the parameters of the problems we have to look more closely
q_. at the layer of air moving along the plate surface. To make the
\ X explanation clear we will assume all of the elements of air are
o) N Ar moving along the plate surface at uniform velocity and in straight
lines. This is an instance of laminar flow. At any location (x,y)
L] . ] fixed relative to the stationary plate the temperature remains
\ constant with time and there is a steady conduction heat transfer

\ from the surface to the air in the y direction, normal to the plate

(] m. surface. As the air continues up the plate the elements close to

the plate increase their temperature. At the same time the
\\ elements further away start to rise in temperature due to

[] ] Dﬁ conduction from th_e hotter e_Iements at thg plate surface..The
further along the air moves in the x direction the more elements

further from the plate surface feel the conduction heat transfer

and rise in temperature as shown in figure 3.2.The maximum vy

12



distance at which the thermal effects are felt, at any location x, will be specified as *, the thermal

boundary layer thickness.

At any position x the variation of air temperature normal to the plate surface, the y axis is shown
on figure 3.3. The rate of heat transfer from the plate surface is determined by the conduction

into the air at y=0. This can be calculated from,

q=-k a (3.2)
=—K, — _
1,
As a good first estimate we can use,
T -T
q ~ Cka K a (33)

where the constant C should be of order of magnitude unity. Now substituting this into the

definition of the convective heat transfer coefficient,

_ q - ka(Ts _Ta) Nk_a 3.4
Ty e0,-T) s Y

Thus the heat transfer coefficient is proportional to the
thermal conductivity of air and inversely proportional to the
size of the thermal boundary layer thickness.

We can use the estimate for h to qualitatively predict how the
heat transfer coefficient will vary with the main parameters

First, if the velocity of the air is increased over the plate
surface then each fluid element spends a shorter time in
contact with, or close to the plate. The fluid element

v

Ts

Fig. 3.3 Air temperature in
thermal boundary layer

Ta

temperatures don’t increase as much. From figure 3.1 and 3.2, in such an instance the thermal
boundary layer, * will be smaller at a given x value. Thus an increase in air velocity should result
in an increase in the heat transfer coefficient and the rate of convective heat transfer. This result

is summarized in table 3.1

Consider now an increase in the air density, say, by an increase in the air pressure, assuming all

other air properties and the air velocity remains the same. For the same magnitude of heat

transfer the temperature increase of the element will be less since the element has a larger mass.



A smaller temperature increase will reduce the thermal boundary layer thickness. Therefore, an
increase in the density will increase the heat transfer coefficient, one reason that liquid water has
a higher convective heat transfer rate than air. An increase in the specific heat of the fluid flowing
over the plate has the same behavior as an increase in density.

As the plate length is increased the air will flow over the plate for a longer time. Heat transfer will
penetrate a further distance from the plate surface. The thermal boundary layer thickness will
grow larger. When averaged over the entire plate length , the average thermal boundary layer
thickness will become larger and the average heat transfer coefficient will be smaller. Note, the
total heat transfer will be higher for the longer plate but the heat transfer per unit area will be
smaller. To augment the heat transfer when possible, designers will break a long surface up into a
series of smaller surfaces. This can be done by physically separating sections of the plate or by
placing an array of ribs at right angles to the flow to break up the boundary layer and restart it.

Table 3.1 Key Parameters Influence on Convective Heat Transfer

Parameter *, thermal boundary layer h, convective heat transfer
thickness coefficient

Velocity increase * decreases h increases

Density increase * decreases h increases

Specific heat increase * decreases h increases

Plate length L increase

* averaged over L increases

h averaged over L decreases

from laminar flow

Thermal conductivity ka * increase h increases
increase
Transition to turbulent flow * decreases h increases

When the thermal conductivity of the fluid passing over the plate is increased, y using a higher
conductivity gas or liquid there are two elements in play. The thermal boundary layer thickness
will increase because of augmented means of heat transfer through the fluid. Remember that h is
proportional to the ratio of conductivity to boundary layer thickness. In this case k increases faster
than + and the heat transfer coefficient increases. It should be expected that when we increase
the mechanism for heat transfer, in this case the molecular conductivity, that the rate of

convection will increase.

Turbulent Flow

At low velocity, the fluid flows in very smooth paths about parallel to the plate surface. As
the velocity is increased a point is reached where the fluid motion is much more chaotic
characterized by eddies in the flow near the plate surface. This is termed turbulent flow.
Turbulent flow over a flat plate is found to occur when the Reynolds number A Vx/: exceeds
300,000. x is used to indicate the distance from the leading edge; the front of the flat plate can
have laminar flow while the rear experiences turbulent flow. The distinction between laminar and




turbulent flow is important because the eddies in the turbulent flow tend to bring fluid at the
ambient temperature Ta much closer to the heated plate surface. In effect the eddies reduce the
distance * for conduction heat transfer and can markedly increase the heat transfer coefficient,
sometimes by an order of magnitude or more.

At can be seen that the convective heat transfer is a function of the fluid properties such as
density and conductivity, the flow conditions and the surface geometry. Given below are a few
dimensional expressions that can be used for specific cases. The constants in the equations
already include the fluid properties.

Laminar flow expressions for h
Using air properties at room temperature h for laminar flow over flat plates can be found as

V 0.5
h=0.71 {I} (3.5)

while for water,

V 0.5
h=12.7 {f} (3.6)

In this form h is in BTU/hrft?F, V is in ft/sec and L is in ft. Note, water gives a much higher heat
transfer coefficient than air because it has a much higher thermal conductivity as well as a higher
density and specific heat.

Turbulent Flow

At low velocity, the fluid flows in very smooth paths about parallel to the plate surface. As
the velocity is increased a point is reached where the fluid motion is much more chaotic
characterized by eddies in the flow near the plate surface. This is termed turbulent flow.
Turbulent flow over a flat plate is found to occur at higher velocities and longer plate lengths. Also
flowing liquids will reach turbulent flow at lower velocities than gases.

For air near room temperature turbulent flow is reached when the product of plate length and air
velocity exceeds,

VL =50 fif'[ (3.7)
S



V08

n=055- )
For water
VL>39 't
S
08 (3.9
ho212V
LOAZ

Again, all of the parameters are in Imperial units._

Flow Inside Tubes

The other important flow geometry is gas or liquid flow inside tubes. A similar
development exists for the convective heat transfer with the exception that h is defined based
on the mean temperature Ty of the fluid within the tube at the location in question. For a
section within the tube of axial length between x and x+)x,

_ g
~ 7DAX T, -T,

(3.10)

where T is the mean fluid temperature at x.

Almost all practical cases of tube flow, the flow is turbulent. Exceptions are flows
through very small tube diameters or the flow of viscous fluids such as oil. For turbulent tube
at room temperature, the relationship becomes,

V 0.8
h=0.34 2 (3.11)
while for water we get,
V 0.8
h=13 e (3.12)

where V is given in ft/sec and D is in feet.



Ts > Ta

Ta Net Buoyancy | Ts
Force
Natural or Free Convection

lg In natural convection the fluid motion is solely due to
buoyancy effects caused by the heating or cooling

process of the fluid. Natural convection flow over
vertical flat plates has similar physical considerations
and analogous expressions to those used for forced
v convection, see Figure 3.4. However, in this case

the fluid velocity V is not set by external fans or by

the motion of the heated body. The air density varies

with 1/T. The air close to the plate is at a higher
temperature and has a lower mass. This results in a net upward buoyancy force on these
elements that accelerates them. We would expect the velocity and the heat transfer coefficient
is a function on the temperature difference Ts-Ta.

Figure 3.4 natural convection ona
vertical heated plate

Just as forced flow, laminar flow exists at low velocities. The exact expression for natural
convection of air over a vertical plate at room temperature is

ATL® <1000 °F ft3

1/4
h=0.29 (ﬁj
L (3.13)

For turbulent flow,

ATL®>1000

3.14
h=021 AT ° (3.14)

Natural Convection in Enclosed Spaces

In an open wall cavity between interior and exterior walls air circulation will take place
from the hot to the cold wall. The air will rise along the hot wall move horizontally to the cold
wall at the upper end of the wall cavity (and at other vertical locations as well). The warm air will
then flow down the cold wall. This process will result in energy transfer from the hot to the cold



wall. The overall heat transfer can be represented by a heat transfer coefficient defined in terms
of the two wall temperatures,
q=hcA Toorvan —Teord wan (3.15)

hot wal

Figure 3.5 shows measured results for eight foot high walls. h is a function of the
spacing between the walls and 1, the temperature difference from the hot to the cold wall. At a
small spacing and/or a small temperature difference the buoyancy effects are minimal and hc is
simply the ratio of air conductivity to wall spacing. As the spacing is increased, h.; reaches a
constant, typically a spacing between 1/2 and 3/4 inch is optimum. Radiation heat transfer
across the cavity must be added to the convection. If there is infiltration of outside air into the
cavity the energy transfer may be increased considerably.
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