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Basic Concepts

1.1 INTRODUCTION

It is axiomatic in thermodynamics that when two systems are brought into contact through some kind of
wall, energy transfers such as heat and work take place between them. Work is a transfer of energy to a
particle which is evidenced by changes in its position when acted upon by a force. Heat, like work, is
energy in the process of being transferred. Energy is what is stored, and work and heat are two ways of
transferring energy across the boundaries of a system. The amount of energy transfer as heat can be
determined from energy conservation consideration (first law of thermodynamics). Two systems are
said to be in thermal equilibrium with one another if no energy transfer such as heat occurs between
them in a finite period when they are connected through a diathermal (non-adiabatic) wall. Temperature
is a property of matter which two bodies in equilibrium have in common. Hot and cold are the adjectives
used to describe high and low values of temperature. Energy transfer as heat will take place from the
assembly (body) with the higher temperature to that with the lower temperature, if they two are permitted
to interact through a diathermal wall (second law of thermodynamics).

The transfer and conversion of energy from one form to another is basic to all heat transfer processes
and hence they are governed by the first as well as the second law of thermodynamics. This does not and
must not mean that the principles governing the transfer of heat can be derived from, or are mere corollaries
of, the basic laws of thermodynamics. The major difference between thermodynamics and heat transfer
is that the former deals with the relation between heat and other forms of energy, whereas the latter is
concerned with the analysis of the rate of heat transfer. Thermodynamics deal with systems in equilibrium
so it cannot be expected to predict quantitatively the rate of change in a process which results from non-
equilibrium states, viz., the temperature non-equilibrium (gradient) which is a must for heat transfer to
take place. Heat transfer is commonly associated with fluid dynamics and it also supplements the laws
of thermodynamics by providing additional experimental rules to establish energy transfer rates.

The knowledge of temperature distribution is essential in heat transfer studies because of the fact
that the heat flow takes place only wherever there is a temperature gradient in a system. The heat flux,
which is defined as the amount of heat transfer per unit area per unit time, can be calculated from the
physical laws relating the temperature gradient and the heat flux.

1.2 HEAT TRANSFER IN ENGINEERING

The study of temperature distribution and heat transfer is of great importance to engineers because of its
almost universal occurrence in many branches of science and engineering. The first step in the optimal
design of heat exchangers such as boilers, heaters, refrigerators and radiators is a detailed analysis of
heat transfer. This is essential to determine the feasibility and cost of the undertaking, as well as the size
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of equipment required to transfer a specified amount of heat in a given time. Modern electric and electronic
plants require efficient dissipation of thermal losses. A thorough heat transfer analysis is most important
for the proper sizing of fuel elements in the nuclear reactor cores to prevent burnout. The performance
of aircraft also depends upon the ease with which the structure and engines can be cooled. The design of
chemical plants is usually done on the basis of heat transfer and the analogous mass transfer processes.
An accurate heat transfer analysis is necessary in the refrigeration and air-conditioning applications to
calculate the heat loads, and to determine the thickness of insulation to avoid excess in heat gains or
losses. The utilisation of solar energy, which is so abundantly available, also requires a thorough
knowledge of heat transfer for the proper design of the solar collectors and associated equipment. Civil
Engineers must also take care of the thermal effects in buildings and other structures. These are only a
few examples to indicate the importance of heat transfer in engineering science. It is clear that engineers
and scientists must have a thorough knowledge of the science of heat transfer to be able to quantitatively
analyse problems involving transfer of heat.

1.3 MECHANISMS OF HEAT TRANSFER

The energy transfer as heat takes place by three distinct modes: Heat conduction, convection and radiation.
Heat conduction: It is the mode of heat transfer accomplished via two mechanisms.

(i) By molecular interaction whereby the energy exchange takes place by the kinetic motion or
direct impact of molecules. Molecules at a relatively high energy level (temperature) impart
energy to adjacent molecules at lower energy levels. This types of energy transfer always
exists so long as there is a temperature gradient in a system comprising molecules of a solid,
liquid or gas.

(ii) By the drift of ‘free’ electrons as in the case of metallic solids. The metallic alloys have a
different concentration of free electrons, and their ability to conduct heat is directly proportional
to the concentration of free electrons in them. The free electron concentration of non-metals
is very low. Hence materials that are good conductors (pure metals, viz., copper, silver, etc.)
are good conductors of heat too. Pure conduction is found only in solids.

Convection: It is possible only in the presence of a fluid medium. When a fluid flows inside a duct
or over a solid body and the temperatures of the fluid and the solid surfaces are different, heat transfer
between the fluid and the solid surface will take place. This is due to the motion of fluid relative to the
surface. This type of heat transfer is called convection. The transport of heat here is inseparably linked
with the movement of the fluid itself. If the fluid motion is set up by buoyancy effects resulting from the
density variation caused by the temperature difference in the fluid, the heat transfer is said to be free or
natural convection. On the other hand if the fluid motion is artificially created by means of an external
agency like a blower or fan, the heat transfer is termed as forced convection.

As the energy transfer between the solid surface and the fluid at the surface can take place only by
conduction, the heat transfer by convection is always accompanied by conduction.

Radiation: If two bodies at different temperatures are placed in an evacuated adiabatic enclosure so
that they are not in contact through a solid or fluid medium, the temperatures of the two bodies will tend
to become equal. The mode of heat transfer by which this equilibrium is achieved is called thermal
radiation. Radiation is an electromagnetic wave phenomenon, and no medium is required for its
propagation. In fact the energy transfer by radiation is maximum when the two bodies exchanging
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energy are separated by a perfect vacuum. Thermal radiation depends only on the temperature and on
the optical properties of the emitter.

Apart from the identification of different modes of heat transfer it is also important to determine
whether a process is steady or unsteady. A steady process is one which is not dependent on time, that is,
the rate of heat transfer does not vary with time. In a steady process there can be no change in the
internal energy of a system because the rate of energy influx must be equal to the rate of energy efflux,
e.g., the heat transfer from a hot to a cold fluid in a heat exchanger.

When the temperatures at various points in a system do change with time, the process is called a
transient or unsteady process. Unsteady heat problems are more complex in nature, but are often
encountered in processes like soaking of ingots, heat treatment of metal casting etc.

Periodic or quasi-steady state heat transfer problems are those in which the temperature at a particular
point in the system periodically reaches the same value, e.g., the cylinder walls of an IC engine.

The basic processes of heat transfer—conduction, convection and radiation are often combined
both in nature and in engineering applications. The steam generating tubes of a boiler, for instance,
receive heat from the products of fuel combustion by all the three modes of heat transfer. Therefore, it is
not actually possible to insolate entirely one mode for interactions with the other modes. However, for
better understanding, one should study these modes separately. If one particular mode e.g., conduction—
dominates quantitatively some useful information can be obtained by initially focussing exclusively on
conduction. With this restriction in mind, a brief description of the basic laws of conduction, convection
and radiation is given in this Chapter. These will be studied in greater detail in the subsequent Chapters.

1.4 TEMPERATURE FIELD AND TEMPERATURE GRADIENT

Any physical phenomenon in a body is generally accompanied by a change of some of its physical
properties in space and time. The process of heat transfer can only take place when different points in a
body (or a system of bodies) have different temperatures. Conduction in solids is generally accompanied
by variations of temperature in both space and time. In general, a temperature field is defined by

( , , , )T f x y z t= (1.1)

Temperature fields are defined as either steady or transient (unsteady). If in a heat flow problem the
temperature at each point is constant in time, it is referred to as a steady state, and the temperature here
is only a function of space coordinates.

1( , , ); 0
T

T f x y z
t

∂= =
∂

(1.2)

If the temperature is a function of only two coordinates and its variation in the third coordinate is
negligible, it is called a two-dimensional field. The equation for it is

2( , , ); 0
∂= =
∂
T

T f x y t
z

(1.3)

Similarly, if the temperature is a function of only one coordinate, the field is called one-dimensional:

3 ( , ); 0
∂ ∂= = =
∂ ∂
T T

T f x t
y z

(1.4)
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The equation for a one-dimensional, steady state temperature field is

4 ( ); 0 and 0
∂ ∂ ∂= = = =
∂ ∂ ∂
T T T

T f x
t y z

(1.5)

The locus of the curve joining the same temperature at all points of a body is called an isotherm.

Figure 1.1 shows isotherms differing by temperature .TΔ  The isotherms or isothermal surfaces never

interact. They either end at the surface of the body or are located completely within it. The temperature
of a body can vary only in directions crossing isotherms. The greatest temperature variation is in a
direction normal to the isothermal surface, and it is defined as the temperature gradient.

Fig. 1.1 Isothermal Surfaces
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∂∇ = =
∂
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n (1.6)
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∂ ∂=
∂ ∂
T T

m
y n

(1.7)

T T
n

z n

∂ ∂=
∂ ∂

where l, m and n are the direction cosines.

1.5 CONDUCTION

A physical law for heat transfer by conduction was given by Fourier (1822) according to which the rate
of heat conduction is proportional to the area measured normal to the direction of heat flow, and to the
temperature gradient in that direction.

or
T T

Q kA q k
n n

∂ ∂= − = −
∂ ∂

(1.8)

The constant of proportionality in Eqn. (1.8) is called the coefficient of thermal conductivity, which
is a physical property of the substance and is defined as a ability of a substance to conduct heat.

The quantity of heat transferred per unit time per unit area of isothermal surface is defined as the
heat flux determined by the relation

i
T

k
n

∂= −
∂

q n (1.9)

The heat flux, q, is normal to the isothermal surface, and is positive in the direction of decreasing
temperature because according to the second law of thermodynamics, heat always flows from a hotter
point to a colder one. Hence, the vectors grad T and q are both normal to isotherms but run in opposite
directions as shown in Fig. 1.2. This also explains the existance of the minus sign in Eqns. (1.8) and (1.9).

Fig. 1.2 Lines of Heat Flow and Isotherms
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As explained in Section 1.4, the greatest rate of heat flow will be along the lines normal to the
isothermal surfaces. Then, in accordance with Eqn. (1.7), we have

or

or

or

∂ ∂ ⎫= − = = − ⎪∂ ∂ ⎪
∂ ∂ ⎪= − = = − ⎬∂ ∂ ⎪

⎪∂ ∂= − = = − ⎪
∂ ∂ ⎭
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QT T
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y A y

QT T
Q k A q k

z A z

(1.10)

A material having 
x y zk k k k= = =  is called an isotropic material. For an isotropic material, the

heat transfer equation, Eqn. (1.10) reduces to:

∂= −
∂x
T

Q kA
x

(1.11)

The heat flow vector q can be written as

x y zq q q= + +q i j k

The general nomenclature for heat flow in x-direction is shown in Fig. 1.3.

For a plane wall of thickness L with temperatures 0T  and LT  on its two sides, integration of Eqn. (1.11)

yields:

00

= −∫ ∫
LTL

x

T

Q dx kA dT or 0( )x L
kA

Q T T
L

= − (1.12)

Fig. 1.3 One-Dimensional Conduction

The unit of thermal conductivity, k, is (W/m°C) or (W/mK) if heat flux q is in 2(W/m ),  and the
temperature gradient is in (°C/m).

0
dT
dx
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Since conduction is a molecular phenomenon, Fourier’s law, Eqn. (1.11), is similar to Newton’s
viscosity law for laminar flow:

τ μ= dv

dy
(1.13)

Comparing Eqns. (1.10) and (1.13), we note that the viscosity in fluid motion is analogous to the
thermal conductivity in heat transfer.

Thermal conductivity is a physical property of a substance and like viscosity, it is primarily a function
of temperature and/or position, and nature of the substance. It varies significantly with pressure only in
the case of gases subjected to high pressure. However, for many engineering problems, materials, are
often considered to possess a constant thermal conductivity (isotropic). The thermal conductivity for
most materials can be determined experimentally by measuring the rate of heat flow and temperature
gradient in the given substance. Figure 1.4 shows the values of thermal conductivities of various
engineering materials. Table 1.1 gives the thermal conductivities of the substance most commonly used.

Table 1.1 Thermal Conductivities of Common Substances at 20°C

Substance k (W/mK)

Silver (pure) 407.0
Copper (pure) 386.0
Aluminium (pure) 175.6
Mild steel 37.2
Lead 29.8
Stainless steel 19.3
Wood 0.15
Asbestos, fibre 0.095
Water 0.51
Air 0.022

From Table 1.1, we see that pure metals have the highest values of thermal conductivities while
gases and vapours have the lowest; insulating materials and inorganic liquids have thermal conductivities
that lie in between those of metals and gases.

The thermal conductivity of a material depends upon its state and is a function of its pressure,
temperature, humidity and structure.

For solids the transport of energy by conduction is due to drift of free electrons and lattice vibration
waves. The thermal conductivity k for solids is the sum of electronic component, ek  and the lattice
component, .lk  In pure metals ek  is much larger than lk  and so they are good conductors of heat and
electricity. At elevated temperatures the motion of free electrons is hampered due to higher lattice
vibrations. The thermal conductivity for most pure metals (except aluminium and uranium) decreases
with increasing temperature. In alloys, ek  is less than that of pure metals and their values of thermal
conductivity is less than that of pure metals.

In non-metallic solids, ek  is very low but lk  is very high. The value of lk  increases with increasing
temperature due to larger interactions between the atoms and lattice.
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Fig. 1.4 Thermal Conductivity of Some Engineering Materials
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0T

LT

The thermal conductivity of insulating materials is very low. This is because many building and
insulating materials have a porous structure with some fluid, mostly air, trapped in. Since air is a bad
conductor of heat so the thermal conductivity of the air filled porous materials is low.

The thermal conductivity of liquids and gases is smaller than that of solids because their intermolecular
spacing is much larger and so there is less effective transport of energy. The thermal conductivity of a
gas increases with increasing temperature and decreasing molecular weight whereas it generally decreases
with increasing temperature for non-metallic liquids.

There are some materials which have a very high thermal conductivity and very low temperatures.
These are called super conductors for example, thermal conductivity of aluminium at 10 K is of the
order of 20000 W/mK which is more than 100 times its value at 20°C.

Appendix A gives the thermal conductivity and other physical properties of some of the most
commonly used substances. A comprehensive list of the thermal conductivities of materials can be
obtained in the handbooks and databooks on Heat and Mass Transfer (Rosenhow and Hartnet: (1973);
Kothandaraman and Subramanyan: (1977); Kumar: (1976); IFI: (1969).

Example 1.1
A stainless steel plate 2 cm thick is maintained at a temperature of 550°C at one face and 50°C on the
other. The thermal conductivity of stainless steel at 300°C is 19.1 W/mK. Compute the heat transferred
through the material per unit area.

Fig. Ex. 1.1

Solution
This is the case of a plane wall as shown in Fig. Ex. 1.1. Using Eqn. (1.12).

0( )x L
kA

Q T T
L

= −

or 2
0 2

(19.1) (550 – 50)
( ) 477.5 kW /m

2 10
x

x L
Q k

q T T
A L −= = − = =

×
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1.6 CONVECTION

For a fluid flowing at a mean temperature T∞  over a surface at a temperature sT  (Fig. 1.5), Newton
proposed the following heat convection equation:

/ ( )sq Q A h T T h T∞= = − = Δ (1.14)
where q is the heat flux at the wall. The Eqn. (1.14) is called Newton’s law of cooling. The heat transfer
coefficient h has units 2W/m °C  or 2W/m K  when the heat flux q is given in the units of 2W/m  and the
temperature in °C.

Fig. 1.5 Convection from a Heated Plate

In Fig. 1.5, it is seen that the velocity of fluid layer at the wall is zero (no slip condition) so the heat
must be transferred only by conduction over there. Thus we may use Eqn. (1.10) to compute heat
transfer at the wall. Then the question arises, why consider convection at all when we can easily compute
q by conduction? The answer is simple: The temperature gradient is dependent upon the rate at which
the fluid carries the heat away, which in turn depends upon the velocity and other thermal properties of
the fluid. Comparing Eqns. (1.10) and (1.14) at the wall:

0∞ =

∂= −
− ∂s y

k T
h

T T y
(1.15)

Equation (1.15) relates h with thermal conductivity and the temperature gradient at the wall, and is
used in the determination of h experimentally.

It has been found that the heat transfer coefficient h varies significantly with the type of fluid and
temperature. Table 1.2 gives the approximate ranges of convective heat transfer coefficient for forced
and free convection encountered in typical engineering applications.

Table 1.2 Typical Values of Convective Heat Transfer Coefficient

Types of flow 2 2h,W/m °C or W/m K

Free convection, air 5–28
Forced convection, air 10–500
Water 100–17,000
Boiling water 2,500–57,000
Condensation of steam 5,000–110,000

∞U

∞T

sT
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Example 1.2
A flat plate of length 1 m and width 0.5 m is placed in an air stream at 30°C blowing parallel to it. The
convective heat transfer coefficient is 230 W/m K.  Calculate the heat transfer if the plate is maintained
at a temperature of 300°C.

Solution

( )sQ hA T T∞= −
= (30) (1.0) (0.5) (300 – 30)
= 4.05 kW.

1.7 THERMAL RADIATION

According to the Stefan-Boltzmann law, the radiation energy emitted by a body is proportional to the
fourth power of its absolute temperature.

4
1Q ATσ= (1.16)

where σ  is called the Stefan-Boltzmann constant with the value of 8 2 45.6697 10 W/m K ,−×  and 1T  is

the surface temperature in Kelvin.

Consider a black body (a perfact emitter and perfect absorber) of surface area 1A  and at an absolute

temperature 1T  exchanging radiation with another black body (similar) at a temperature 2.T  The net
heat exchange is proportional to the difference in 4.T

4 4
1 1 2( )Q A T Tσ= − (1.17)

The real surfaces, like a polished metal plate, do not radiate as much energy as a black body. The
‘gray’ nature of real surfaces can be accounted for by introducing a factor 1ε  in Eqn. (1.17) called
emissivity which relates radiation between gray and black bodies at the same temperature.

4 4
1 1 1 2( )σ ε= −Q A T T (1.18)

To account for geometry and orientation of two black surfaces exchanging radiation Eqn. (1.17) is
modified to

4 4
1 1 1 2( )Q A F T Tσ ε= − (1.19)

where the factor F, called view factor, is dependent upon geometry of the two surfaces exchanging
radiation, see Planck (1959).

Example 1.3
A ‘radiator’ in a domestic heating system operates at a surface temperature of 55°C. Determine the rate
at which it emits radiant heat per unit area if it behaves as a black body.

Solution

4 8 4 25.6697 10 (273 55) 0.66 kW/mσ −= = = × × + =Q
q T

A
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1.8 CONCEPT OF DRIVING POTENTIAL

Fourier’s law, Eqn. (1.12) can also be written as

/

Δ= Δ =x
kA T

Q T
L L kA

(1.20)

If we now consider the heat transfer rate as a flow and ( / )L kA  as a resistance to this flow, then the
temperature becomes the potential, or driving function for heat flow.

Thermal potential difference
Heat flow

Thermal resistance
=

or
Δ=

th

T
Q

R
(1.21)

Equation (1.20) is quite like Ohm’s law in electric circuit theory. In Eqn. (1.20), the thermal resistance

thR  is ( / )L kA  with the unit of (°C/W). The thermal resistance for the case of a plane wall (Example 1.1)
is depicted in Fig. 1.6.

Fig. 1.6 Thermal Resistance of a Plane Wall

The inverse of thermal resistance is known as thermal conductance, K, and is equal to the amount of
heat conducted through a solid of area A and thickness L, per degree temperature difference.

kA
K

L
= (1.22)

We may obtain the values of K, the thermal conductance and R, the thermal resistance for convection
and radiation as given below:

Convection: /= Δ = Δ = Δc cQ hA T K T T R

where
1

cR
hA

= (1.23)

and cK hA= (1.24)

Radiation: 4 4
1 1 1 2( )σ ε Δ= − = Δ =r

r

T
Q A F T T K T

R

where
4 4

1 1 2( )σ −
=

Δr
A F T T

K
T

(1.25)

and
4 4

1 1 1 2( )σ ε
Δ=

−r
T

R
A F T T

(1.26)

0T LT
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Having established an analogy between the flow of heat through a thermal resistance and the flow
of direct current through an electric resistance we can say that a thermal circuit has a corresponding
electric circuit and vice versa. The electric analogy may be used to solve more complex problems
involving both series and parallel thermal resistances.

1.9 COMBINED MECHANISMS OF HEAT TRANSFER

It is not unusual to observe that the heat transfer is taking place due to two, or perhaps all three,
mechanisms. The most frequently encountered instance is one in which a solid wall (usually plane or
cylindrical) separates two convecting fluids, e.g., the tubes of a heat exchanger. As mentioned earlier,
the steam generating tubes of a boiler receive heat from the products of combustion by all three modes
of heat transfer.

The overall heat transfer by combined modes is usually expressed in terms of an overall conductance
or ‘overall heat transfer coefficient’ U, defined by the relation:

( )Q UA T= Δ (1.27)

The overall heat transfer coefficient is a quantity such that the rate of heat flow through a configuration
is given by taking a product of U, the surface area and the overall temperature difference.

Fig. 1.7 Overall Heat Transfer through a Plane Wall with Resistance Analogy

In the case of a plane wall shown in Fig. 1.7 heated on one side by a hot fluid A and cooled on the
other side by a cold fluid B, the heat transfer rate is given by:

1 1 1 2 2 2( ) ( ) ( )= − = − = −A B
kA

Q h A T T T T h A T T
L

from which, 1
1

A
Q

T T
h A

− =

AT

1T

2T

1h 2h

BT

AT 1T 2T BT

1

1
h A

1
kA 2

1
h A
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1 2
Q

T T
kA

L

− =

2
2

B
Q

T T
h A

− =

Adding these equations we eliminate the unknown temperatures 1T  and 2T  to give the solution for
heat flow as

1 2(1/ ) ( / ) (1/ )
A BT T

Q
h A L kA h A

−=
+ +

(1.28)

remembering that the value (1/hA) is used to represent the convection resistance and ( / )L kA  is the
conduction resistance. In accordance with Eqn. (1.27), the overall heat transfer coefficient is:

1 2

1 1

1/ / 1/
= =

+ + ∑ th

U
h L k h A R

(1.29)

The overall coefficient depends upon the geometry of the separating wall, its thermal properties,
and the convective coefficients at the two surfaces. The overall heat transfer coefficient is particularly
useful in the case of composite walls, such as in the design of structural walls for boilers, refrigerators,
air-conditioned buildings, etc. Use of overall heat transfer coefficient is also made of in the design of
heat exchangers.

Example 1.4
The inner surface of a combustion chamber wall receives heat from the products of combustion. The
wall is being cooled by a coolant on the outer side. Compute the overall heat transfer coefficient and
draw the equivalent thermal circuit.

Fig. Ex. 1.4

cT wcT wgT gT1rR

1cR2R3R

kQ

Coolant cQ

rQ

cQwcT

wgT

cT

gT
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Solution
The physical configuration is shown in Fig. Ex. 1.4 (a). The heat transfer is taking place in three steps,
viz., (i) heat is transferred from the hot gases of combustion to the inner surface both by convection and
radiation simultaneously, i.e., the convection and radiation resistances are parallel, (ii) the heat is conducted
through the wall by conduction, and (iii) heat flows by convection from the outer surface of the wall to
the coolant assuming negligible radiation there.

The overall heat transfer coefficient can now be obtained by computing the overall thermal resistance
in three steps.

Step 1: ( ) ( )c r c g wg r g wgQ Q Q h A T T h A T T= + = − + −

1

( ) ( ) g wg
c r g wg

T T
K K T T

R

−
= + − =

or 1g wgT T QR− = (i)

where gT  = temperature of hot gases

wgT  = temperature of inner surface of wall

1R  = combined thermal resistance due to convection and radiation

1 1 1 11/( ) /( )= + = ⋅ +c r c r c rK K R R R R .

Step 2:
2

( ) ( ) wg wc
k wg wc k wg wc

T TkA
Q Q T T K T T

L R

−
= = − = − =

or 2− =wg wcT T QR (ii)

where wcT  = surface temperature on the coolant side

2R  = thermal resistance of wall due to conduction .= L

kA

Step 3:
2

( ) ( )
−

= = − = − = wc c
c c wc c c wc c

T T
Q Q h A T T K T T

R

or 3wc cT T QR− = (iii)

where cT  = temperature of the coolant

3R  = thermal resistance by convection between wall and coolant

1
.=

ch A

Adding Eqns. (i), (ii) and (iii)

1 2 3 1 2 3

overallg cT T T
Q

R R R R R R

− Δ= =
+ + + +
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∴
1 2 3

1 1
UA

R R R R
= =

∑ + +
(iv)

The thermal circuit is shown in Fig. Ex. (1.4) (b). Eqn. (iv) for heat flow is analogous to Ohm’s law
for direct current flow

1 2 3

Δ=
+ +e e e

E
i

R R R

where
1 2
,e eR R  and 

3eR  are the equivalent electrical resistances. Thus the well-known electrical network

analysis can be utilised in solving heat flow problems.

1.10 HEAT TRANSFER WITH CHANGE OF PHASE

There are several heat transfer processes of practical interest which involve change of phase. In the
boiling of a liquid, the latent heat absorbed by the vapour is to be supplied during the phase change from
liquid to vapour. Conversely, during the condensation process the latent heat released by vapour is to be
removed. During the melting of a solid, heat is to be supplied to effect a phase change from solid to
liquid. During the re-entry of a space vehicle into the earth’s atmosphere a large quantity of heat is
generated at the surface due to air friction, which is very rapidly removed by a process called ablation,
in which a part of the solid body is allowed to melt away. Though the processes involving phase change
are very important, yet their analysis is very complicated. A detailed discussion of some of these processes
involving change of phase will be given in Chapter 11.

1.11 DIFFUSION AND MASS TRANSFER

In a system comprising two or more components having different concentrations at different points, the
molecular motions will cause the transfer of mass by diffusion to minimize the concentration differences
within the system. The transport of one constituent from a region of higher concentration to that of a
lower concentration is known as mass transfer. Mass transfer by molecular diffusion is analogous to the
conduction of heat in solids. The basic law governing molecular diffusion, called Fick’s law, is similar to
Fourier’s conduction law Eqn. (1.8), and is given by

dc
N D

dn
= − (1.30)

where N is the rate of mass flux of the diffusing component measured in moles per second per unit area,

D is the coefficient of molecular diffusion or diffusivity, and /dc dn  is the local concentration gradient of

the diffusing component.

If the concentration c is expressed in moles per unit volume, then the dimensions of D are 2m /s.

Mass transfer may also take place due to convection between a moving fluid and a surface and
between two relatively immiscible moving fluids both under natural and forced conditions. In fact there
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exists a similarity between mass transfer and heat transfer by convective processes. The general equation
for convective mass transfer is analogous to Newton’s law of cooling Eqn. (1.41), and is

mN h c= Δ (1.31)

where mh  is the convective mass transfer coefficient and cΔ  is the concentration difference between

the boundary surface concentration and the average concentration of the diffusing fluid stream.
A detailed discussion of the phenomena of mass transfer will be given Chapters 13 and 14.

1.12 USE OF S.I. UNITS IN HEAT TRANSFER

In this Section, a brief outline of the system of units is given which will be used throughout the book.
In heat transfer, the physical quantities such as thermal conductivity, heat transfer coefficient, heat

flux, specific heat etc. are expressed in terms of five fundamental dimensions, viz.,

L = length
M = mass
F = force
t = time

T = temperature

Each of these dimensions is associated with a unit when it is to be expressed numerically. For
example, the length for a rod is one dimension of the rod and to express it numerically, we may use units
and say the rod is so many metres long. Time may be expressed in units of hours, mass in units of
kilograms, temperature in units of degrees of celsius, energy in joules, and so on. To express the dimensions
of a physical quantity, a consistent system of units should be used. The International System of Units
(S.I. units) has now been adopted as a world wide standard (Walshaw: 1977).

The superiority of S.I. units over the gravitational metric (metric-engineering) units is undisputed.
The absence of ,cg the gravitational conversion factor constant and J, the mechanical equivalent of
heat, and the use of the same units for all types of energy whether electrical, mechanical, thermal or any
other, make the system more flexible as a result of which this system of units can be used in science and
engineering with ease. Furthermore, the abolition of H.P. for measuring the rate of work and calorie for
heat in this system is very appropriate. The S.I. units are easiest for numerical and practical purposes
when used all by themselves.

The S.I. units are comprehensive, coherent, rational and brief. This system of units has only 7 base
units and supplementary units to cover the entire spectrum of science and engineering. All other physical
quantities are derived coherently from these units and are known as derived units. The base and
supplementary units are given in Table 1.3.

In the metric engineering system kg f  is used for kilogram force and kilogram mass is denoted by

kg .m  There is no such confusion in the S.I. system because the kilogram is the unit of mass and Newton
is the unit of force. By Newton’s second law of motion:

1
Force Mass × Acceleration= ×

cg
(1.32)
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where cg  is the gravitational conversion factor constant. Equation (1.32) is the defining relation for

units of force, mass, length and time. In the metric engineering system:

21
1 kg 1 kg 9.806 m/sf m

cg
= × × (1.33)

∴ 29.806 kg m/kg s .= ⋅c m fg (1.34)

Table 1.3 S.I. Base and Supplementary Units

Physical quantity Name of unit Unit symbol Dimension

Base Units
Mass kilogram kg M
Length metre m L
Time second s t
Temperature kelvin K T
Current ampere A I
Luminous intensity candela Cd –
Amount of substance mole mol –

Supplementary Units
Plane angle radian rad –
Solid angle steradian sr –

In the S.I. system, the concept of cg  is not normally used. In other words, the conversion factor cg

in the S.I. system is taken as unity. I Newton force (1 N) is defined as a force that will accelerate 1 kg

mass, 21 m/s ;

21 Newton force 1 kg m/s= (1.35)
Even so, we should keep in mind the physical relation between force and mass as given by Newton’s

second law of motion.
Work is defined as the product of the magnitude of a force and the distance moved in the direction

of force at its point of application. The unit is thus newton metre, Nm, which called a joule (J) in the S.I.
system.

Thus 2 21 J 1 Nm 1 kg m /s= = (1.36)
Since the energy has the same dimensions as work, the unit of energy (whether mechanical, thermal,

potential, electrical) is joule.
Power is measured in watts (W) or J/s.

Thus 2 31 W 1 J/s 1 Nm/s 1 kg m /s= = = (1.37)
In the M.K.S. (gravitational) units, work is measured in kg mf ⋅  and the power is expressed as

horse power. But horse power being a non-coherent unit, has no place in the S.I. units.
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Pressure is measured in 2kg /cmf  in the metric engineering system whereas it is expressed in bars

in the S.I. system. It is to be noted that:
5 2 5 21 bar 10 N/m 10 kg/ms= =

and 1 atm = 1.013 bar

The unit of pressure is also called a ‘pascal’ (Pa) which is equal to 21 N/m .  Thus 51 bar 10 Pa .=
In the S.I. system, there is a provision for multiples and submultiples of the base units when the size

of units becomes too large or too small. Multiples in powers of 10 are formed with certain prefixes. They
are summarized in Table 1.4.

Table 1.4 Multipliers in S.I. Units

Multiplier Prefix Abbreviation Multiplier Prefix Abbreviation

1210 tera T 110− deci d
910 giga G 210− centi c
610 mega M 310− milli m
310 kilo k 610− micro μ
210 hecto h 910− nano n

10 deca da 1210− pico p

For example : 1000 W = 1 kW (kilowatt)
1000000 N = 1 MN (meganewton)

210 m 1 cm− =
Table 1.5 gives the unit abbreviations for the quanties normally used in heat transfer.

Table 1.5 Physical Quantities Used in Heat Transfer (S.I. Unit Abbreviations)

Quantity Unit Abbreviation

Mass kilogram kg
Force newton N
Time second s
Length metre m
Temperature degree celsius or °C

kelvin K
Energy joule J
Power watt W
Pressure newton per 2metre 2N/m (Pa)
Thermal conductivity watt per metre per K W/mK
Heat transfer coefficient watt/per 2metre  per K 2W/m K
Specific heat joule per kilogram per K J/kg K
Heat flux watt per 2metre 2W/m
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The S.I. system eliminates any confusion between mass and weight, since being different in kind,
their units have been given different names, namely, kilogram and Newton e.g., on the earth a mass of
1 kg weighs 9.807 N.

There is one and only one unit in the S.I. system for each kind of quantity. For example, the joule
2 2J Nm kg m /s= =  is the derived unit of energy whether it is potential, internal or in transition as

work, heat transfer or electrical energy. Similarly, power or rate of transmission of energy (mechanical,
hydraulic, electrical etc.) can equally well be expressed in terms of one derived unit, namely, the watt, W
= J/s. Clearly, the S.I. system has many advantages, and the S.I. units are most convenient for practical
and numerical purposes. They have been recognised and are being used in most countries of the world
as the standard units. However, since the M.K.S. (gravitational) and the British (F.P.S.) systems are still
being used in some places, a comprehensive list of conversion factors useful in heat transfer calculations
compiled from Kothandaraman and Subramanyan: (1977); Kumar: (1976); Ozisik: (1977) is presented
in Appendix B to serve as a ready reference for conversion of units from one system to the other.

Example 1.5
If the combustion chamber wall of Example 1.4 is made of Firebrick (k = 0.145 W/m K, ε  = 0.85) and
is 14.5 cm thick, compute the overall heat transfer coefficient for the following data.

Gas temperature = 800°C
Wall temperature on gas side = 798°C

Film conductance on gas side = 240 W/m K
Film conductance on coolant side = 210 W/m K

Radiation shape factor between wall and gas = 1

Solution
Referring to Fig. Ex. 1.4

gT  = 800°C = 1073 K

wgT  = 798°C = 1071 K
The overall heat transfer coefficient per unit area is

1 2 3

1
U

R R R
=

+ +

where
4 4

1 1 1

( )1 1 1 1ε σ −
= + = +

−
g wg

r c g wg g

F T T

R R R T T h

8 4 40.85 5.67 10 (1073 1071 ) 1
277.53

(800 798) 40

−× × −= + =
−

or 3
1 3.60 10R −= ×

2
0.145

1.0
0.145

L
R

k
= = =

3
1 1

0.1
10c

R
h

= = =
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∴ 2
3

1
0.906 W/m K.

3.6 10 1.0 0.1−= =
× + +

U

Example 1.6
An insulated pipe of 50 mm outside diameter ( 0.8)ε =  is laid in a room at 30°C. It the surface temperature
is 250°C and the convective heat transfer coefficient is 210 W/m K ,  calculate the heat loss per unit
length of pipe.

Solution
The heat loss due to combined modes of convection and radiation is

4 4( ) ( ) ( )ε σ∞ ∞ ∞= − + − + −s s sQ hA T T hA T T A T T

(where sT  = surface temp. and T∞  = room temp.)

4
4( ) ( ) ( ) ( )π ε π σ ∞

∞= − + −s sh DL T T DL T T

or 4 4( ) ( ) ( )π ε π σ∞ ∞= − + −s s
Q

h D T T D T T
L

8 4 410 0.05(250 30) 0.8 0.05 5.67 10 (723 303 )π π −= × × − + × × × × −

2232.4 W/m.=

Example 1.7

An immersion water heater of surface area 20.1 m  and rating 1 kW is designed to operate fully submerged

in water. Estimate the surface temperature of the heater when the water is at 40°C and the heat transfer
coefficient is 2300 W/m K.  If this heater is by mistake used in air at 40°C with 29 W/m K,h =  what
will be its surface temperature?

Solution
Let sT  be the surface temperature of the heater

(i) When used in water

water( )sQ hA T hA T T= Δ = −

1000 300 0.1( 40)sT= × −

or
1000

40 73.3°C
300 0.1

= + =
×sT

(ii) When used in air

1000 9 0.1( 40)sT= × −

or
1000

40 1151°C
9 0.1

= + =
×sT

This surface temperature is extremely high and will result in melting of the heating element. So an
immersion water heater should never be operated in air.
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Review Questions and Problems

1.1 Define the following:
Thermal conductivity, convection heat transfer coefficient, radiation heat transfer coefficient, overall heat
transfer coefficient.

1.2 Obtain the dimensions of the physical quantities defined in Question 1.1.
1.3 Describe the mechanism of

(i) Heat convection
(ii) Mass diffusion

(iii) Heat conduction in solids.
1.4 Explain the concept of driving potential as applied to heat transfer problems.
1.5 Identify the mode of heat transfer in the following:

(i) Heat transfer from a room heater.
(ii) Boiling of water in a boiler.

(iii) Heat loss from a thermos flask.
(iv) Drying of a wet hot plate in atmosphere.
(v) Heat transfer from an auto radiator.

(vi) Heating of water in a bucket with an immersion heater.
(vii) Cooling of an I.C. engine cylinder by air/water.

(viii) Condensation of steam in a condenser.
(ix) Collection of solar energy by a collector.
(x) Protection of human body with warm clothing in winter.

1.6 A metallic plate, 3 cm thick is maintained at 400°C on one side and 100°C on the other. How much heat
is transferred through the plate? (k = 370 W/mK) 2[3.7 MW/m ]

1.7 A constant temperature difference of 166.7°C is maintained across the surfaces of slab of 3.05 cm thickness.
Calculate the rate of heat transfer per unit area across the slab for each of the following cases:

(i) Slab is made of copper of k = 380.7 W/mK.
(ii) Slab is made of aluminium of k = 225 W/mK.

(iii) Slab is made of carbon steel of k = 17.3 W/mK.
(iv) Slab is made of brick of k = 0.865 W/mK.
(v) Slab is made of asbestos of k = 0.173 W/mK.

5 5 4 3 2 2[20.8 10 , 12.3 10 , 9.5 10 , 4.7 10 , 9.5 10 W/m ]× × × × ×
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1.8 Estimate the loss of heat through a red brick wall of length 5 m, height 4 m and thickness 0.25 m, if the
temperatures of the wall surfaces are maintained at 110°C and 40°C respectively, k for red brick is equal
to 0.70 W/mK. [3.92 kW]

1.9 Water at 60°C is flowing through a pipe whose wall is at 85°C. Calculate the heat flux if the surface heat
transfer coefficient is 2581.5 W/m °C. 2[14.5375 kW/m ]

1.10 A steel ball (density = 37800 kg/m  and specific heat = 0.473 kJ/kgK) of 5 cm diameter at 900°C is placed
in atmosphere at 30°C. Calculate the initial rate of cooling of the ball in °C/min. Assume that the convective
heat transfer coefficient at the ball is 223.26 W/m °C.  Disregard and loss by radiation.

[40.6 °C/min]
1.11 A hot plate of length 0.75 m, width 0.50 m and thickness 2 cm is placed in air stream at 20°C. It is

estimated that a total of 300 W is lost from the plate surface by radiation. Taking the convective heat
transfer coefficient as 225 W/m K,  and the thermal conductivity of the plate as 43 W/mK, calculate the
inside temperature of the plate. [253°C]

1.12 Two black bodies exchanging radiation between them are maintained at 1500°C and 150°C respectively.
Calculate the heat flux due to radiation between them. 2[0.527 MW/m ]

1.13 A wire 10 cm long and 1 mm in diameter is taut between two conducting supports in a water tank and is
submerged. A controlled amount of current through a variac is passed through the wire until the water
boils at 100°C. Calculate the steady temperature of the wire if 22 watts of electric power is consumed.
Take 25000 W/m °C.h = [114°C]

1.14 Show that the heat transfer rate through a wall heated by hot gases on one side and cooled by water on the
other side (neglecting radiation) is

1 2

1 2

1 1

T T
Q

x
h A KA h A

−=
⎛ ⎞ ⎛ ⎞Δ⎛ ⎞+ +⎜ ⎟ ⎜ ⎟⎜ ⎟⎝ ⎠⎝ ⎠ ⎝ ⎠

where 1T  and 2T  are the fluid temperatures on each side of the wall and 1h  and 2h  are the corresponding

heat transfer coefficients for the xΔ  thick wall.

1.15 A composite wall consists of 1.5 mm of steel sheet and 10 mm of plywood separated by 2 cm of glass-
wool in between. Calculate the rate of heat flow if the temperatures on the steel and plywood sides are
25°C and –15°C respectively.

k for sheel sheet = 23.23 W/m°C
 k for plywood = 0.052 W/m°C
k for glasswool = 0.014 W/m°C 2[6 W/m ]

1.16 A furnace is to be designed for a maximum wall temperature of 500°C. The hot gas temperature on one
side of the wall is 1000°C and the air temperature on the other side is 30°C. The value of h for hot side and
cold side are 232.6 and 2348.9 W/m °C  respectively. Calculate the permissible thermal resistance per 2m
are of the metal wall. 2[0.007165m °C/W]

1.17 Calculate the heat loss per unit length from the surface of a pipe of 75 mm diameter laid in a room at 20°C.
The emissivity of the pipe material is 0.85 and its surface temperature is 220°C. The convective heat
transfer coefficient may be assumed as 216 W/m K. [1.34 kW/m]
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