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Chapter 1

Thermal Conductivity

Transference of heat: -

Basically there are three modes of transfer for heat
1.Conduction:- The process in which heat is transferred from one point to the other through the
substance without the actual motion of the partialsis called conduction.
2. Convection:- The process in which heat is transmitted from one place to other by the actual
movement of the heated particlesis called convection.
3 Radiation:- The process in which heat is transmitted from one place to other directly without

the necessity of intervening medium is called radiation.



What is Thermal Conductivity?

Fourier’s law of thermal conduction also known as the law of heat conduction is very relevant for
heat transfer computation. This principleis applicable for heat transfer between two isothermal
planes

The Formulafor Thermal Conductivity

, | Every substance has its own capacity for conducting and transferring
“ B e, B ==... the heat. The thermal conductivity of amaterial is explained by the
following formula:

K =QX /AAT

Also, the above formula can be rearranged to give the value of transfer of heat, asfollows:
Q=K XA (Thot —Tcold) xt/ X

The Sl unit of this quantity is watts per meter-Kelvin or WmK-1, These units will describe the

rate of conduction of heat through the material having the unit thickness and for each Kelvin of

temperature difference.

K is constant of proportionality, is called coefficient of thermal conductivity of the material.

If A=1sgm, [Thot —Tcold] = 1degreeC, t=1sec. And X =1cm. Then Q =K

M.K.S. unit of coefficient of thermal conductivity is

Kilo cal per meter sec. degree C

Joule/ meter sec. degree C

C.G.S. Unitis

cal per Cm sec. degree C


https://www.toppr.com/guides/physics/thermal-properties-of-matter/heat-transfer/

Temperature gradient:- is the rate of change of temperature with respective to the distanceis
called temperature gradient.
Temperaturegradient =T2- T1/X
The quantity of temperature gradient is negative, due to temperature decreases as the distance
increases from hot end.
Q=-KA(dO/dX)t
Dimension of K is MLT 2 81
Thermal Resistivity:- It reciprocal of thermal conductivity (1/K) the quantity of heat X / AK

Is called thermal resistance.

Thermal diffusivity :- theratio of thermal conductivity per unit volume is called thermal
diffusivity.
h=k / PS

Where p is density of the substance

Sisthe specific heat of the substance
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[Fig. 1.2 : Rectilinear flow of heat|

Heat flow
_—

| Consider two parallel planes P, and P, perpendicular to the length of the bar at a
distance x and x + §x from the hot end. Let g be the excess of temperature above

surroundings of the bar at plane P,.

: do
The temperature gradient at the plane P, = —

do .
The excess of temperature at plane P, =0+ d—°0x
X

. d do
and temperature gradient at plane P, = = 0+ ——0x

. The quantity of heat flowing through P, in one second

Ql = -KAd_e
dx



where K-thermal conductivity and A area of cross section.
- Quantity of heat flow through plane P, in one second.

d

Q. =-KA(—L;(9+E&SX] ....... (3)

Therefore net gain of heat per second by the section gx between plane P and P,
of the rod.

Q=Q1'Qz

Q=-KA@- —M1(9+@8x)
dx dx\  dx

Q=-KA@+KAi(6+§98x)
dx dx\ dx
do do d’0

Q=-KA—+KA—+KA—2'5X
dx dx dx



—

Q=KAd~.9-8x """" (4)
dx-

Case - I : Before the steady state is reached :

The quantity of heat Q is used to raise the temperature of thfcs
is lost to the surroundings due to radiations before the steady sta

ection and the regy
is reached. Let the

0 i
rate of rise of temperature of the bar be %t- The heat used per second to raise the

temperature of the rod
: : - er second
=mass of the section x specific heat x raise in temperature p :

=(Ax8x)pxSx:_9
t

where A is the area of cross section of the rod, p is the density and 5 is the

specific heat.

The heat lost per second due to radiation.

Q = Emissive power x surface area of the section x temperature Xcess

Q =E xPe«dx x6 ------". (6)

where E is the emissive power of the surface, P is the perimeter, © is the average
excess of temperature of the bar between the planes P, and P,.



-, the eqution (5) and (6) becomes

Q= A6xpij—9+ E x Pedxs0
|

Substituting the value of Q from equation 4.
d0 d

KA —0x = Adxp xS— + E x Pedx+0
dx- dt

d%0_pSdo, EPGl 7
dx2 KdtJrKAO 0

equation (7) is the general equation of the rectilinear flow of heat along a bar.

Case - I1 : If the heat lost by radiations is negligible :

The bar is completely covered by insulating from surrounding. The heat lost by
the radiation emissivity ( E x pgx x 9)is zero. In that case the total heat gained by the
bar is used to raise the temperature of the bar,

The equation (7) become



9'0 NS dO
dx’ K dl

d'0 _pSdo _1do
or R Ve

& Kd hat e (8)

;(S =h isthe thermal diffusivity

Case - I11 : After the steady state is reached : '

At this stage the temperature at every point of the bar become stationary, i.e.

B0
dt

Equation (7) become
d'e  EP
dx’ KA

EP

where EX =u

6



The general solution of this equation is

0=Ac"™ 4 Be ™ e (10)
where Aand B are two unknown constants to be determined from the boundary
conditions,

1) The bar is sufficiently long, steady state condition. The whole of heat energy

Is lost from the sides as radiation and free end will be at the temperature of the
surroundings.

a) If the bar is of infinite length :

The excess of temperature above the surroundings of the hot end be 0, and of the
other end be zero.

X=0 0 =6,
from equation 1.10
8,=A+B
X=0,0=0
from equation 1.10
0=Ae”




But o= cannot be zero
L A=0
0, =B
Substituting the values of A and B in eqution 10 we have

O:eoe_px """" ( ] ] )

The equation (1 ) represents excess of temperature of a point at a distance
from hot end after the steady state is reached.
(

Exposed bar

Temp. Excess

, >
Distance x hot end

[Fig. 1.3 : Graphical representation|



b) Suppose the bar is sufficiently long and is of finite length L. Then the boundar

conditions are
Al x =0

=

do

dx
The values of Aand B in this case are

0

() atx=L

A_
| 4¢" ™
1)
B=— —
J+e

The solution of equation (10) become

0=0' e TH 5ol
0 1ye2nl” L 200
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1.4 Methods of radical flow of heat :
1. Spherical shell method :

Consider two spherical shells A and B of radii r, and r, respectively. Let a source
of heat is electric heating element be placed at the centre O of the shell. The heat is
conducted through the shell from inner to outer shell. The temperatures of the inner

and outer shells be 6, and 0, constants after the steady state is reached.

[Fig. 1.3 : Spherical Shell]



Consider an i nary shell of radius P .
1der an imaginary shell of radius ' and thickness dr having temperatures of
o and 0+ doon its inner and the outer surface respectively.

I'he quantity of heat conducted per second, through this shell,”

., 40
Q KA= <. e (13)

dr

o, do
Q= ~K4nr dr (A - 4m‘")

dr dnk

Lo B
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4;'-r (9 -OZJ (14)

from this equation (14) the value of conductivity K can be calculated.

Case : The temperature distribution in the spherical shell may be obtained.
The value of Q from equation (13) and (14), we get,

Koanr 98 _ 4n(6,-0,)nr,
dt -1

(6 ‘ez)rlrz dr
L-r 1

Integrating both sides

or df=-

Id9=—(9' -62)r1r2 J‘dl'

2
L—r I

o-LAh)E ('1)” (15)




2 % A
Now in order to obtain the value of constant C, we have,

r=r, 0=0,
0-0,)nr,
o (00D
-1
. I,
or C=60-(0-0,)
r, -,

Substituting it in equation (15) we get

0 -0,)nr,
P L VL L +0,-(0,-0,)—
r(rn-n) hL=h
1 ((6,-0,)rr
or 0= = e ( "‘r““)‘l “+(r,-1)8, (On‘gz)er
2 N




((0,-6, )rr
9=,2'_rl = r2J12+[92’2"19|)

The equation (16) gives the temperature of spherical surface of radius .
2) Flow of heat along the wall of a cylindrical tube :

Consider a cylindrical tube of length ‘1’, inner radius 'r,” and outer radius ‘r,’. The
tube be heated along its axis by placing on electrically heated wire. Heat will conducted
radially from inner side towards the outer side across the walls of the tube. When the
steady state reached the temperature constant of the inner and outer surface of the

tube are 6, and O, respectively. (6, > 60,)
Consider a cylindrical shell of thickness dr at a distance r from the axis. Let g
and (6 —d6) be the temperatures at r and (r+dr).
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[Fig. 1.4 : Cylindrical tube]




The quantity of heat flowing per second across the element

do
e — (17)
Q=-K2nrl % (A =2mrl)
Qg =-K2a1d6¢ (18)
r




or Q[log, %J: MKI(6,-6,) e (19)

Qlog, 2
K= . esssee- (20)
2nl(6, -6, )
Qx2.3026xlog,, 2
or K= 0 o eeemae- (21)
2n1(0, - 0,)

. Theequation (21) is used to find thermal conductivity of poor conductors given
in the form of cylindrical tubes,



Case : To find the temperature g of the cylindrical shell at a distance r,
the rate of Q from eqution (17) and (19)

de _2nKI(6, -6,)

Q=-K:2nrl ==
dr log rz_
¢ r|
d9=-(9' _92 )sdl’
or log, L or

rl
Integrating both sides we have,

J'd9=_(9| 'ez)ejdr

log. 2 T
J
6, -6
0= -i'\:) log.r+C
log, % —

I,

Butwhenr=r,, 0=6,

9' = (el -92)

log, %
L

log.r, +C

equating



c=6+2=%
or log, 2
"1

Substituting the value of C in equation (22) we get

9=—9' =9 log, r+ 0, +9—1;91Iog,r,
r, r
log, * log, *
I n

0= : —(9|—92)l0ger+el logei+(el_02)log¢rl
log L f

h

|
0= —— [-(el -0, )loge r+8, loge 1, —0, loge 1, +8, loge -6, log, 6]
loge =
g
1
Ga — [-(6,-8,)log, r+6, log, r, -6, log, 1,]
Ogc —

n

0= _l_r;[(el loge T -92 loge T )—(Gl —92 )loge r]
oget T T T T e (23)

The equation (23) represents temperature distribution in a cylindrical tube heatedd
along the axis in steady state.



1.5 Comparison of conductivities of different metals :
Ingen Hausz Experiment :

The experiment is used to compare the thermal conductivities of different
materials (Metals). Take a box containing hot water or oil. Materials are taken in the
form of long thin rods., identical in size and shape and polished similarly. The emissive
power E for all the rods is the same. Rods are fixed at the base of the vessel and their
portions outside the vessel are coated uniformaly with wax. Oil or water is maintained
atboiling point.

Heat is conducted along the rods and in steady state wax is found to be melted to
different lengths depending upon the value of K for different materials.
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[Fig. 1.5 ; Conductivities of different materials|

gths up to which the wax has melted bel,, L, 1.,

. €1C. 6, be the excess
¢ of heated ends, then the equation re

presenting the temperature



Let 6, be the excess temperature of the melting point of wax above the rogpy,
temperature.

Asfirstrod 9 _=6,¢™"

for secondrod @ =6,¢™"

forthirdrod 6 _=0,¢™" andsoon
0,=0,e"" =0,e™" =0e™ =....
Wl =l =pl, =

But
o= [E
" KA
EP
p.z: —



(BE
K.A
Here E, P and A for all the rods are same, as they are identical in size, shape etc.

EP EP EP
KJA K‘A K.A

Le. T=T=T -+ = Constant

= .,'- ..... = Constantfy . (24)

K3 =

or '.

i.e. the conduc.tlvnies of the material of the rod is directly proportional to the
square of the length up to which the wax melted on the rod. The equation (24) is used
to compare the thermal conductivities of different metals.



The rate of flow ('_)f hc'at through a metal bar of arca of cross section 1 m? when
temperature gr'adlen( is 1 °C/m under steady state is called,

a) Thermal resistance b) Diffusivity

c) Thermal conductivity d) Resistivity

Under steady state, the temperature of a body
a) Increases with time
b) decreases with time
c) does not change with time and is samce a
d) does not change with time and can be different at differe

t all points of the body
nt points of the body.

Thermal conduction in metals takes place by
a) Free electron b) bound electron

¢) vibrations of molecules d) none of above

made by joining two equal plates of thermal

A single plate of double thickness is
lent thermal conductivity of the composite

conductivities K, and K. The equiva
plate will be

2K\ K, KK,
) K, + K, )R, K,
K, K
- Xy 2
c) KI +K? d) K‘ +K2

If the density of material is p and specific heat is S, then thermal diffusivity is,

o
h S — __.K
a) PK b) B= s
Kp PS
h=—— =
c) S d) h

In the steady state of temperature, the flow of heat across the body d

a) Only upon its thermal conductivity s
b) Upon its thermal conductivity and thermal capacity

¢) Upon its thermal capacity only

_aaileither upon thermal conductivity nor upon thermal capacity



7.

8.

10.

The S 1 thermal conductivity is;
I'he ST unit of B F/aes i 0C

Jsm- ' OC S -
:l)) J ?’('/Scc.un d)J.m/Scc."C
It'] is the length and A area of cross section of a rod and K is termal conductivity
of material then the thermal resistance is given by
Kl /l
R ®) Ki
KA '
) l d) KA

The coefYicient of thermal conductivity of'a metal depends upon,
a) temperature difference between the two sides

b) thickness of the metal plate

<) area of the plate

d) none of above.

Four rods with different radii ‘r’ and length ‘I’ are used to connect two reservoirs

of heat at different temperatures. Which one will conduct most heat?
a)r=lcm.l=1m b)r=2cm, = 2m
cS)r=lcm.1=0.5m d)r=2cm, |l = 0.5m

Heat is flowing through two cylindrical rods of same material. The diameter of
the rods are in the ratio 1:2 and their lengths in the ratio 2:1. If the temperature
difference their ends is the same, then the ratio of amount of heat conducted

through them per unit time will be;
a) l:l b) 2:1
c) 1:4 d) 1:8

A metallic rod is heated at one end continuously. A fter some time Stecady state is
reached. The flow of heat in the steady state does not depend upon,
a) the area of cross section of the rod
b) the temperature gradient

c) the mass of the rod

d) the time of flow of heat

‘.




13. In Ingen-Hauz experiment the thermal conductivity K and length *I" of the rod up
to which wax melt are related as,

K
1

K
a) = Constant b) = Constant

K_
c¢) ;7 =Constant d) Kl = Constant

IZ

14. If the density of the material is p, specific heat is S, diffusivity is D, then its
thermal conductivity K is,

a) K= Do b) K=SDp
SD S
) P d) K D

15. The experiment used to compare the thermal conductivities of different metals,
a) Searls method b) Ingen-Hauz experiment

c) Lee’s method d) None of above
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