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1 Introduction
CHAPTER

THEORY

1.1 INTRODUCTION

Heat is the form of energy that can be transferred from one system to another as result of temperature
difference. Heat transfer deals with system that take thermal equilibrium and thus it is non-equilibrium phenomenon.

The energy can exist in numerous forms such as thermal, mechanical, electric, magnetic, chemical and
nuclear and their sum constitute the total energy E of the system. The form of energy related to molecular
structure of system and degree of molecular activity is referred to as internal energy. Internal energy can be
viewed as sum of kinetic and potential energies of the molecules. The portion of internal energy associated
with kinetic energy of molecules is called sensible energy or sensible heat. The internal energy associated with
inter molecular forces between molecules of as system is called latent energy or latent heat.

1.2 ENERGY TRANSFER

Energy can be transferred to or from a given mass by two mechanism: heat transfer Q and work W. The
sensible and latent form of internal energy are termed as thermal energy. The transfer of thermal energy is heat
transfer.

Since, first law of thermodynamic says,

Ein Eout AES}’SWTD
—_— ——

Net energy transfer Rate of change in

by heat, work or mass Internal, kinetic, potential etc.

In heat transfer analysis, we consider only that form of energy which can be transferred as a result of
temperature difference i.e., thermal energy. The conversion of nuclear, chemical, mechanical and electrical
energies into thermal energy is denoted by heat generation. i.c.,
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Thermal, system for steady flow system,
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1.3 SurrFace ENERGY BALANCE

A surface contains no volume or mass and thus no energy. Therefore, surface can be viewed as fictitious
system whose energy content remain constant during a process.
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L] Control Surface
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— | Q, (conv)
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(cond) i i Q (Rad)

Ein - Eout; Ql = Q2+Q3

1.4 Heat TRANSFER MECHANISMS

Heat can be transferred in three modes : conduction, convection and radiation. All modes of heat transfer
require existence of temperature difference.

1.4.1 Conduction

Conduction is transfer of energy from more energetic particles of substance to adjacent less energetic
ones as result of interaction between the particles. In gases and liquids, conduction is due to collision and
diffusion of molecules during their random motion. In solids, it is due to combination of vibration of molecules
in a lattice and energy transport by free electrons.

According to Fourier Law of heat conduction.

(a) Fourier’s Law of conduction : The Law State that the rate of heat transfer by conduction along a

given direction is directly proportional to the temperature gradient along the direction and is also directly
proportional to the area of heat transfer lying perpendicular to the direction of heat transfer.

) dT
Qcond o A&

: dT
Qcond = _kAd_x

Where K = thermal conductivity of material and unit is given by W/m.K.

K is measure of material ability of conduct heat. The thermal conductivity is normally highest in solid
phase and lowest in gas phase. The thermal conductivity of gas increase with increasing temperature and
decreasing molar mass. The K of liquid decrease with increasing temperature with water being notable
exception. Like gases, K of liquids decrease with increasing molar mass. Liquid metals such as Na, Hg have
high thermal conductivity and are suitable for application where high transfer rate is desired, as in nuclear
power plants.

The heat conduction in solid is due to lattice vibration effect and flow of free electrons. The high value
of K are primarily due to electronic component. The lattice component depends on molecular arrangement. For
example, diamond which is highly ordered crystalline solid has highest known thermal conductivity (K) at
room temperature.

The metal alloy have thermal conductivity much lower than that of either metal.

The thermal conductivity of certain solid exhibit dramatic increase at temperature near absolute zero,
when these solid become super conductor.



Thermal conductivity of some material

Diamond 2300 W/m.K
Silver 410 Wm.K
Gold 395 Wm.K
Copper 385 W/mK

Aluminium 202 W/m.K

Heat conducted _ K (m2 s)

%~ Heat stored pCp

The product of pCp is called heat capacity, it is expressed as per unit volume and unit is J/m* K. Thermal
diffusivity is defined as

Thermal diffusivity is viewed as ratio of heat conducted through the material to heat stored per unit
volume. The larger the value of o the faster the propagation of heat into the medium.

1.4.2 Convection

Convection is mode of energy transfer between solid surface and the adjacent liquid or gas that is in
motion and it involve combined effect of conduction and fluid motion.

According to newton’s law of cooling.

Newton’s Law of Cooling : According to Newton’s Law of Cooling the rate of heat transfer by
convection between a solid and surrounding fluid is directly proportional to the temperature difference between
them and is also directly proportional to arca of contact between them.

Qconv = hAs (Ts _Tuo)
Where h = convection heat transfer coefficient (W/m”.K)

1.4.3 Radiation

The maximum rate of radiation that can be emitted from surface at absolute thermodynamic temperature
Tg is given by Stefan-Boltzmann Law as

Qcmit,max = UAST:(W)
Where o =567 x 10° Wm?K*
Radiation emitted by real surface
Qcmit - SGAST:
Where € = emissivity of surface

Absorptivity a is fraction of radiation energy incident on surface that is absorbed by the surface. The
rate at which surface absorbs radiation is

Qincident 2
Qref = ( - a)(Qincia.'lent

Y

Qabs = G‘Q abs




Qabsorhed = OLQincidmt

But, according to Kirchoft law the emissivity and absorptivity of surface at given temperature are equal.

Qabs = 8Qincident

When surface of emissivity € and surface area A, is completely enclosed by much larger (or black)
surface at thermodynamic temperature T, undine S€parated by gas that does not intervene with radiation, the
net rate of radiation heat transfer between these two surfaces is

Qemltted

N\
87 AS7 TS

ancu:lent

Q. = SASG(T: —T;m)(.‘. a=g)

There are three mechanisms of heat transfer, but not all three can exist simultancously in a medium.
Heat transfer is only by conduction in opaque solids, but by conduction and radiation in semitransparent
solids. Thus, solid may involved conduction and radiation but not convection. How ever, a solid may involve
heat transfer by convection and/or radiation at its surface exposed to fluid or other surfaces. For example, outer
surface of solid piece of rock will warm up in warmer environment as result of heat gain by convection (from
the air) and the radiation (from the sun and warmer surrounding surfaces). But inner part of rock will warm
up as heat is transferred to nner region of rock by conduction.

Heat transfer is by conduction and by radiation in still fluid (no bulk fluid motion) and by convection
and radiation in a flowing fluid.
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2 Heat Conduction
CHAPTER

THEORY

General relation for Fourier Law of heat conduction,

, T
Qn == KAE
Where n = normal of isothermal surface at point P.

In rectangular co-ordinates, the heat conduction vector can be expressed in terms of its components as

Q, = Qi+Q,j+Qk
Where, f,j and k are unit vectors and QX,Q}, and QZ are the magnitude of heat transfer rates in x,

y and z-directions which can be determined by Fourier Law as

, or . ar | ar
=—KA_ —. =_- KA = = _ -
Qx Xax' Q}’ ,a}: Qz oz

2.1 GenerRAL Hear ConbucTion EQuAaTion

Let us consider an infinitesimal volume element of side dx, dv and dz.

Now consideration here will include the non steady condition of temperature variation with time t.
Y de+dy

T ;/ sz+dz

AN

Q.
Q"
le < >
Z dQv

According to Fourier heat conduction law, the heat flowing into the left most face of the element in the
X-direction.



oT
= —Kdydz—
dQ, yaz =

From Taylor’s series

de+dx = dQ); +£(dQ‘{ )dX

The net heat flow by conduction in X-direction.

3]
de - de+dx = _g(dQ‘{ )dX

_ —i(—l(.dy.dz.g}dx
: ox

ox
= K.dx‘dy.dz.(;; (D)
Similarly in Y-direction and z-direction
o'T
dQ, — dQy.4 = K.dx‘dy.dz_ﬁ .2)
, T
dQ, - dQ,.,, = Kdxdydz. 2 ..(3)

Let q, is the rate at which heat 1s generated mitially per unit volume.
Then the total rate of heat generation in elemental volume is = q,.dxdy.dz ..(4)

The rate of accumulation of internal energy within the control volume = mC—

ot

oT
= p-dxdy-dzE (5

From energy balance equation
Rate of energy storage within the solid = Rate of heat influx — Rate of heat outflux + Rate of heat generation

T

= pc'dXd.V'dz'E = (dQ\; * dQ)r * sz) - (de+dx + dQ_\Hd}' * sz+dz) + quXdde
oT °T o°T &°T
— = Ky—+ +—r+

= p.C. o {6}(‘ PP } 4G

2 2 2
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vitede _ 2.2
- K o ot
Where o — thermal diffusivity
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In cylindrical co-ordinate

2 2
12[ Q] 1 0T 0T 96 _
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In spherical co-ordinate
%.E(rzg}r l i(sinﬁig}r 5 .l > £+q—G = llc'fl"
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2.1.1 Boundary and Initial Condition

To describe a heat transfer problem completely, two boundary condition must be given for each direction
of coordinate system along which heat transfer is significant.

(i) Specified temperature boundary condition : (Drichilet Boundary Condition)

v

0 L
T(0, t) = T, and T(L, t) = T,

(ii) Specified heat flux boundary condition : For a plate of thickness L subjected to heat flux of 50
W/m? into medium from both side, the specified flux boundary conditions are

Heat .
ﬂii Conduction
_ KE
=g arx
Conduction Heat flux
o
& =qL
o Ko
L >N

_K_EI L.t) =
A (L.t) 50

Since flux at surface x = L is in negative x-direction, thus it is — 50 W/m?.

Special case (1) : Insulated boundary

0% I

T
1=0= -K—(0,t)=0
q==0 8x( )

aT
C 0 =
= ax( ) =0



That is, on an insulated surface, the first derivative of temperature w.r.t. space variable (the temperature
gradient) in direction normal to insulated surface is zero. This means temperature function must be perpendicular
to insulated surface since slope of temperature at surface must be zero.

Special case (2) : Thermal Symmetry
Zero

|
slo&c; [ | Temp Distribution

/"r\( (Symmetric about

centre plane)

0]

|
|
|
|
!
T2 |C

It possesses thermal symmetry about centre plane at

_L
XT3
x\27 )

(iii) Convectional boundary condition : The convection boundary condition is based on surface energy
balance

Heat conduction at surface in a selected direction = Heat convection at surface in the same direction

Convection| Conduction
—_—— h
h, 3
Tlc.o sz
e
>X
0O L
JT(0,1)
_KT =-h [Tool _T(o.t)]
OT(L,t
and —K% = h[T(L.t)-T,, |

(iv) Radiation boundary condition :
Heat conduction at surface in a selected direction = Radiation exchange at surface in the same direction

Radiation [Conduction
—

—3r>

0 T >X

-K

aréz,t) _ Slg[T"‘ —TEE..U]

surr,l



(v) Interface boundary condition

: The boundary condition at interface are based on requirement

A B

——

oY

0]

Xo

L

Cal

(a) Two bodies in contact must have same temperature at arca of contact.

(b) An interface cannot store energy, thus heat flux on both side of interface must be same.
Ty (Xa ) =Ty (xp, 1)

_KA

on

aT, (xg.1) _ X 0Ty (x.1)
T x BT -

Example 1 : Consider a spherical container of inner radius r; = 8 cm and r, = 10 cm, K = 45 W/m°C.
The inner and outer surface of container are maintained at temperature of T; = 200°C and T, = 80°C. Determine
general relation for temperature distribution inside the shell under steady condition and determine the rate of

heat loss from the container.

Solution :

Heat transfer is steady the heat transfer is one-dimensional since there is thermal symmetry about mid

point.

O

dT
dr|_, 0
So isotherm are concentric sphere. So T = T(r)

Heat conduction equation,

ibz
dr

Boundary condition are,

@)

dr =0
ar _ o
ar  r°

€
M= e

T(r) = T, = 200°C



T(r,) = T, = 80°C

T,= 7, "Cand T, = +C2
1 2
Solving for ¢; and ¢, and substituting for T,
0l T, -5T
_ 12 (T -T,)+22 11
T(r) = I‘(rz_rl)( Ry P

The rate of heat loss from container is rate of heat conduction through contamer wall,

51, (T, = T,) dnknr, (T, - T,)

2 —_—
dr r°(r, — 1) L —h

Qshpere - —kAE _ +k(4nr?).

2.2 Heat GENERATION IN A SoLiD
Heat generation is expressed per unit volume of medium

- v
. Egcn,c]cctric _I Re
.. = =
gen Vi ;L

The temperature of medium rises during heat generation at start up condition. At steady state, the rate
of heat generation equals the rate of heat transfer to surroundings.

The maximum temperature T, in a solid that involves uniform heat generation occur at a location
farthest away from outer surface when outer surface of solid is maintained at constant temperature T,. For
example, maximum temperature occur at mid plane in sphere. The temperature distribution within solid in these
cases 1s symmetrical about centre of symmetry.

Consider a solid medium of surface area A, and volume V and volume V and constant thermal conductivity,

where heat is generated at €, per unit volume under steady condition.

Rate of heat transfer from the solid= Rate of heat generation within the solid

Q = CgenV
= hAs (Ts - Tm) égcnV
= = T, + lf:
For large plane wall, of thickness 2L

As =2 A'wa]l
and vV = 2 A‘wa]l L

10



I—o 1T
Cgen L
TS. plane wall = TCO h
For cylinder, Ay = 2w, v= T:RSL
égenrl)
Toop= Tot—5—

Consider heat transfer from long solid cvlinder. The heat generated within this inner cylinder must be
equal to heat conducted through outer surface.

dar |
kA, o Cgen Vi
égcn
Where dT =- Ir dr
|
|TO T
: T,
L G
I Cd
!
Symmetry
Integrating At r=0,T=T,
r=r, T =T,
Cgen iy ¢ cnrg
T,-Ty=- =20 _-_¢
) 2k 2 4k
€, onli
= T, - T, = =2
4k
€, onli
= ATn‘mx = Tl) - Ts gm0
4k

11



For plane wall, AT, = ——
2k

égen r(]

For sphere, AT, = —==
6k

Example 2 : A long homogenous resistance wire of radius r, = 0.5 cm and thermal conductivity k = 13.5
W/m°C is being used to boil water at atmosphere pressure by passage of electric current. Heat is generated in

wire uniform /y as result of resistance heating at the rate of €., = 4.3 x 107 W/m’. If the outer surface

temperature of wire is measured to be T, = 180°C, obtain relation for temperature distribution, and determine
temperature at centre line of wire when steady operating condition are reached.

Solution :
Heat conduction equation

ld{ dTJ Cgen
——r— |+ -0
rdr\ dr k

|
|
Oi—r—)r

Two boundary condition are

dT(0) .
Tar =0, T(ry) = T, = 108°C
Integrating above equation
dT & o1’
r— = &4
dr K
2
= -2 _i¢nr+c,
4k
Applying first condition ¢, =0
_ Con (2 2
T=T, + ™ (ro—r )

Maximum temperature occur at centre line r = 0

¢
- gen 2
T=T+—1

4k
QOO
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OBJECTIVE QUESTIONS

1.

Thermal conductivity is lower for

(a) wood (b) air

(c) water at 100°C (d) steam at 1 bar
Match the property with their units
PROPERTY

A. Bulk modulus

B. Thermal conductivity

C. Heat transfer coefficient

D. Heat flow rate

UNITS

. Wis

2. N/m?

3. N/m’

4. W

5. WmK
6. W/m’K

Consider the following statements :

1. Temperature of the surface.

2. Emissivity of the surface.

3. Temperature of the air in the room.
4. Length and diameter of the pipe.

The parameter(s) responsible for loss of heat
from at hot surface in a room would include

(a) 1 only (b) 1 and 2
(¢) 1, 2 and 3 (d) 1,2, 3and 4

For a given heat flow and for the same thickness,
the temperature drop across the material will be
maximum for

(b) Steel
(d) Refratory brick

Heat is mainly transferred by conduction,
convection and radiation in

(a) Copper
(¢) Glass wool

(a) insulated pipes carrying hot water
(b) refrigerator freezer coil
(c) boiler furnaces

(d) condensation of steam in a condenser

6.

13

Match List (Law) with List-II (equation) and
select the correct answer using the codes given
below the lists:

List-I

A, Stefan-Boltzmann law
B. Newton’s law of cooling
C. Fourier’s law
D. Kirchoff’s law

List-11

q=hA(T, - T,

E = aE,
3. q= %(Tl - Tz)

4. q=cA(T'-T))
5. q=KkA(T, -T,)
Codes :

A B C D
(@ 4 1 3 2
by 4 5 1 2
(c) 2 1 3 4
(d 2 5 1 4

In descending order of magnitude, the thermal
conductivity of (a) Pure iron, (b) liquid water,
(c) Saturated water vapour, (d) Pure aluminum
can be arranged as
(a) a, b, c, d
(c)d, a b, c

(b) b,c,a d
(dd.c. b, a

In case of one dimensional heat conduction in a
medium with constant properties, T is the

iy . aT
temperature at position x, at time t. Then — 1is

ot
proportional to
(@) . (d) x
X ox
T o’T
(c) axat (d) axz



10.

11.

12,

A 100W electric bulb was switched on in a 2.5m
x 3m * 3m size thermally insulated room having
temperature of 20°C. Room temperature at the
end of 24 hours will be

(a) 321°C (b) 341°C
(c) 450°C (d) 470°C
Statement for linked answer question 12 & 13

Consider steady one-dimensional heat flow in a
plate of 20 mm thickness with a uniform heat
generation of 80 MW/m?. The left and right faces
are kept at constant temperatures of 160°C and
120°C respectively. The plate has a constant
thermal conductivity of 200 W/m. K.

The location of maximum temperature within
the plate from left face is

(b) 10 mm
(d) 0 mm

The maximum temperature within the plate in
degree C is

(a) 160 (b) 165
(c) 175 (d) 250

For the three dimensional object shown in the
fig below. Five faces are insulated. The sixth
face (PQRS), which is not insulated, interacts
thermally with the ambient, with a convective
heat transfer coefficient of 10 W/m?K. the
ambient temperature is 30°C. heat is uniformly
generated inside the object at the rate of 100 W/
m’. assuming the face PQRS to be at uniform
temperature, its steady state temperature is

(a) 15 mm

(¢c) 5 mm

Q F
p |
I
1 |
2m E_R
JL == G
S Im Ih
(@) 10°C (b) 20°C
(c) 30°C (d) 40°C

13.

14,

15.

14

In MLTO system (T being time and 6 temperature),
what is the dimension of thermal conductivity?

(a) MLIT 193 (b) ML 10!
(c) MLO T3 (d) MLO'T 2

In which one of the following materials, is the
heat energy propagation minimum due to
conduction heat transfer ?

(a) Lead (b) Copper

(c) Water (d) Air

A plane wall of thickness 2L has a uniform
volumetric heat source q* (W/m’). It is exposed
to local ambient temperature T, at both the ends
(x = £ L). The surface temperature t, of the wall
under steady-state condition (where h and k have
their usual meanings) is given by

q*L
2k

*
@ T,=T,+3 L

(b) T=T,+

-
2

*
(© T=T,+% hL

q*L
T=T +
(d L,=1T, o

QOO



ANSWERS AND EXPLANATIONS

1.

Ans. (b)

Generally fluids will have lower K than solids
and within fluids, gases will have low "K" and
out of steam and air the density and viscosity of
steam is higher than air hence air has low "K".

Ans. A-2, B-5, C-6, D-4
Ans. (d)
If considering radiation heat transfer
Q = ceA(T,* - T,
and A ==aDL
Hence heat transfer will depend upon
1. Temperature of the surface and surrounding.
2. Emissivity of the surface.
3. Length and diameter of the pipe.
Ans. (d)

Whichever the material is having lowest thermal
conductivity the corresponding material has
highest temperature drop.

Ans. (¢

Because for radiation to be comparable the
magnitude of temperature difference should be
large enough. Convection & conduction is also
predominate in boiler furnace.

Ans. (a)
Stefan Boltzman Law,
Q = cA(T,*- T,
Newton law of cooling,
Q = hA(T, - T))

Fourier law,
kA
Q= T(T1 -T;)

Kirchoff law,
E = aE,
Ans. (¢

Out of the given substances pure aluminium has
high K and steam has low K.

8.

Ans. (d)

For one dimensional unsteady state heat
conduction without heat generation, the heat
conduction equal is

°T_1er

x: o adt
Ans. (d)

HG =100 W

Volume of room
V=25 x3x3=225m’
T, = 20°C
Heat generator during 24 hours
= 100 x 24 x 3600 = 8640000 J

The heat generated by the bulb is absorbed by
the air present in room at constant volume.

Hence 100 x 24 x 3600 = mc, AT

~ (pV).CdT
100'% 24 x 3600
AT="5%C, x12
AT = 452.61°C
T = 472.61°C

10. Ans. (o)

15

For location of maximum temperature

X M-1
L 2M
o er
Where M = ZK(TI—Tz)

__80x10°x0.02*
~ 2x200(160 - 120)

X = x (0,02 = 0.005m = 5Smm

2x2



11.  Ans. (¢ 13. Ans. (¢

Qng( [ZXJQJ _ A 4T
T=t+ 1-| — Q=
' O8K L dx
(6)
6 2 a3y = k(D)=
_ 1604_%30><10 x 0.02 (ML-T™) (L)
8200
= ML?T = k(L)(®)
)
2 x0.005
1-| 222 | | =175°C o
[ ( 0.02 J ] = k= MUTZ e
Lo
12. Ans. (d) 14. Ans. (d)
Q, = 100 x volume Due to minimum thermal conductivity of air heat
=100 x Ax 1 =100 A conduction is minimum in air.
=hA((T,-T 15. Ans. (a)

T,=T, +10=30+10=40°C

QOO
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