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Heat Transfer:

- Heat transfer refers to the transmission of energy from one region to
another in a sane medium or between two medium , as a result of
temperature gradient.

 The temperature difference between two points in the same medium, or
between two mediums which are in thermal contact represents the driving
potential as applied to heat transfer problems.

THERMODYNAMICS VERSUS HEAT TRANSFER

- Thermodynamics is concerned with the equilibrium states of matter, and
precludes the existence of a temperature gradient. For heat transfer or
exchange, temperature gradient must exist and as such heat transfer is
inherently a non-equilibrium process .

+ Thermodynamics helps to determine the quantity of work and heat
interactions when a system changes from one equilibrium state to another.
The analysis, however, does not provide any information on the nature of
interactions and the time rate at which interactions occur. It simply
describes how much heat is to be exchanged during a process without
caring to explain how that could be achieved.But Analysis of Heat Transfer
overcomes these limitations of Thermodynamics .

+ Heat transfer helps to predict he temperature distribution, which may be
the function of both space coordinates and time within regions of matter.




Heat transfer also helps to determine the rate at which energy is
transferred across a surface of a specimen or body due to temperature
gradients at the surface, and temperature difference between the different

surfaces.

For Example : The difference between thermodynamics and heat transfer
can be well appreciated by considering the cooling of a hot steel bar which
is placed in a water bath.

Thermodynamic analysis would help to predict the final equilibrium

temperature of the composite system.comprised by steel bar-water
combination Analysis, herenver fails to predict how long it will take to reach
the equilibrium condition or what would be the temperature of the bar after
a certain length of time before the equilibrium condition is attained.

Heat transfer analysis does help to predict the temperature of both

the bar and theatre as a function of time. That is, the temperature at all
paints of interest within the bar or temperature at any specific point such
as at the centre of the bar where it is the highest) at any time can be
predicted. Also, the instantaneous heat transfer rate can be predicted from
all or from any part of the surface of the bar at any time.

Other Importance Of Study Of Heat Transfer :

The design of the heat exchange equip ment such as boilers, heaters,
refrigerators, and heat exchangers depends not only on the amount of heat
to be transmitted but rather on the rate at which heat is to be transferred
under given conditions. The discipline of heat transfer seeks to quantify the
rate at which heat transfer occurs in term of the degree of non-equilibrium.
This is accomplished through the rate equations for the different modes of
heat transfer(Conduction , Convection and Radiation ) .
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Example 1.1. Calculate the rate of heat transfer per unit area through a copper plate 45 mm
thick, whose one face is maintained at 350°C and the other face at 50°C. Take thermal conductivity
of copper as 370 W/m°C.

Solution. Temperature difference, df (= 1, - 1,) = (50 - 350)
Thickness of copper plate, L = 45 mm = (0.045 m
Thermal conductivity of copper, k£ = 370 W/m°C

Rate of heat-transfer per unit area, q :

o Copper
From Fourier’s law h k & plate
df (f-. T r]) o
=— kA — = - kA 2 -350°C)
e dx L (=350°)
..(Eqn. 1.1)
q:gz—kﬁ ! . Iy q(}uC)
or, A dic ] &
= _ 370 x (50 - 350)
0.045 e
= 2.466 x 10° W/m? or Slles:='

2.466 MW/m? (Ans.)
Example 1.2. A plane wall is 150 mm thick and its wall area is 4.5 m*. If its conductivity is
9.35 W/m°C and surface temperatures are steady at 150°C and 45°C, determine :
(i) Heat flow across the plane wall,
(ii) Temperature gradient in the flow direction.
Solution. Thickness of the plane wall,

L =150 mm
=0.15m
Area of the wall, A = 4.5 m?
Temperature difference, df =1, -1, =45~ 150 =-105°C
Thermal conductivity of wall material,
k =935 Wim°C
(i) Heat flow across the plane wall, Q :
As per Fourier’s law,

di (1, — 1)
—— kA — P S N
Q dx L

=-935x45x %)- = 29452.5 W

(if) Temperature gradient, E:

From Fourier’s law, we have
ﬁ . Q 29452.5

- = 0~ 700°C/m
dc kA 9.35x45




| CONVECT|ON = Thiesaal Convec hHon (8 4o ode 4 \_l
et Evansfere bet? o palid puadace and i adjscant 0izuzd
ot ’1(&2 Haod e "

at ok ‘7

(4 ' 2
N W)o-!rr) orc

; L 3
‘-‘3 the (.‘41721’14%{)@#_’{3 , /m Ering.

(
@r z(Q.uW' ffY\e,oQ'aum (caml 5 Qic,ui op oY o ,fym‘),jg"ﬁ it L )

|
T AdasAd ore. Ao ol e e J odte A DR s ; J |
(e f 228! h/(: ol edion [enivin of 4?91“-J) w0 i
|

=

W.@M.W.. fho convection foad S amfos
LAt . 3

s Cf,,n\/»ecﬂx(on le POM;L.)‘JL onQ.:,;., e & ,,(’OJJ._;J ’rﬂoJi«sz o J /
‘ A e YV S

: ' 2,
divectly Dinked with T Sransort o muodiio thslf.

(_mr\\r(&.c g{oﬁ constl ﬁid 3 the Ma cor ;"m d’f 4fa L\OJJ: }'“‘rdffi/z 9 J

-

HQKQ (‘m"r\o”uc;aicn by P"Kﬂﬂ,ﬂnca (f’ ’vHUiCJ Tf)t}*’iGT) —> Gnvachion

Thave one TINo eru s convecHons ome rJ»'/Jrvfn%wf%});
Q'Q Foh:cao! Q”VQCF‘@O

C‘,i‘) Ees . o '\lo&maﬁ Conveetion |
—> Covechion 8 colled foreed conveckion, 2f dhe $Luid /i
2 Preced do Flow ovey Haa susdce laa erxdermall wnson y
auche as o fan | pump | blo e o He aind | l
> Cornvection 5 called nakurcal freee) conveckion if she ‘
.CQ,U._\A medenrn 12 ¢ auged ijmc:j —porr_ce&v'i‘hgﬁ‘m =
anduced ba dmﬁﬁ+8’ Aifferrences e do Ho vostradien {
of MW in MEJ (T as Hs warmor ady ﬁjaujf '

4o e loo 3 Doty 2R ond s A
e eroley caf (as \ZJU% %ﬁm)ai :an-zérg Klace A 1
* Conveckion M %TM»PM 2 alse seen an M 2 |

pvcesses 2ueh a1 Goiling & Gondampakion 4 ag Mone p“mczs&e/x

—

envelve chan &tf P"\g% o@ o »FQJ-A-Ta’ a..caon«{fav\IQA o

£0uid mokon anducod MB/%LPWCMJ euch oA AR

o wap s s blel M'z/ bmslu\(y o e :ﬁ«,l)rf Mgiﬁdcs ke

dw?wfg M’“@ Ccon DUUY\M:Hoq :
o Conveckion Mak &lfmszW oA govwrvlrj (96 N o2 SZ;‘D -

esoi , Heey . *
E 4 | IQ: F\ASCJCS——JCJEJ Datt .

(,«(e\m(\@ /_\ — ,gur(/pnco. O 2o H/\’zrové/e\ w’ﬂfcjn C,cr\\(QCQ'{OM /auuﬁ'
- L cuuy{zm AaK os P\QCQ s
s Lurd aco j@mIMWQ_ S _ 0
JC‘C —= “:CN\/P . U{ e ‘P/OJ&C‘.C /Q'(kﬁpt dEM}Q"-X L\'X JMM Jhe Swleco Joc; ;




[ 4 |1 ll'q .u‘:{l‘:r,p e !-'[I'il'-'{ﬂ.* wy f"""'# ,"-”" "'-i' o """'“', 1

L\-— CeTV( FI‘uu-'

L,n” -*[. "ﬂ‘l’ = N e on

w - C

—_—

K‘EY PmNT A.EGUT ‘h! : 'nw_J u,rwtc.l:'ion M £:}'OA\"£W-
Cbtmriu&,ln 8 mot & F-—wrMa. of Ahe FLM .
e It 8 an  ox Fm{-mand-' all cle.l'mlﬂ-'-"‘ﬂp +Mm.ﬂw' . |
. I'k,& VTLQHE_ d-ILf’U\JA -~ an A" dboa Vﬂ_ﬂiaﬂblﬂ fﬂ-PJvMﬂua, l

convection  such ar mrc-&ca- W"‘"GA"’R’, e ned ure c-g-l,u_jk

£ Lid amotien | the mpm{-iﬂéua:f Jos. fIaid  ane| e
19.“1::' W.l_a c_j_ia-

__—TW.: of Corwection = __L\, l’ym'-’—_',{
__‘E:ur. cenvection ".'F aﬂﬂ = 2-285
Freee convechion 'F pjﬂ“j‘u' - 0 -4000
fovced Carmvechon G-F 3&-“4 = 2 6- 250
Fovced conveckien 4‘F,ﬂ.ﬁ1n1¢l = GO -20,000
I'Z-oi.b-'a el Candengation = 2Goe ~ 400000 6"0!3'*?)1

Heat Trancefer Coefficient (h)

The units of h are,
) w 5
¢ = or Wim*"C

-

h=
A‘I."I] m-uc

or, Wim’K

The coefficient of convective heat transfer A" (also known as film heat transfer coefficient) may
be defined as “the amount of heat transmitted for a unit temperature difference between the fluid and
unit area of surface in unit time."

The value of *h" depends on the following FR— Free stream
factors : Fluid l
(1) Thermodynamic and transport flow L=
roperties (e.g. viscosity, density,
;ugiﬁc heat clxs:.}. ? : — 1, Q wive
(#i) Nature of Muid Mow.
(iii) CGeometry of the surface. (@) Physical configuration
(iv) Prevailing thermal conditions. L @ I
Since *A" depends upon several factors, it S——NVWW\——0
is difficult to frame a single equation to satisfy (L
all the variations, however, by dimensional e A
analysis an equation for the purpose can be ®) Equwnle.nlmrl:ull
hialnid: Fig. 1.9. Convective heail-transfer
The mechanisms of convection in which phase changes are involved lead to the important fields

1 I =g
of boiling and condensation. Refer Fig. 1.9 (b). The quantity A [Q = “”mf] «Eqn {l-ﬁl] is

called convection thermal resistance |[(R .J 1o heat flow,

lh'.lq.'unv



Example 1.4. A hot plate Im x 1.5 m is maintained at 300°C. Air at 20°C blows over the plate.
If the convective heat transfer coefficient is 20W/m*°C, calculate the rate of heat transfer.

Solution. Area of the plate exposed to heat transfer, A= 1 x 1.5=1.5m?

Plate surface temperature, 1, = 300°C

Temperature of air (fluid), r, = 20°C

Connvective heat-transfer coefficient, h = 20 W/m?°C
Rate of heat transfer, Q :
From Newton's law of cooling,
Q =hA(1~1)
= 20x 1.5(300-20)=8400 W or B4 kW

Example 1.5. A wire 1.5 mm in diameter and 150 mm long is submerged in water at atmospheric
pressure. An electric current is passed through the wire and is increased until the water boils at
100°C. Under the condition if convective heat transfer coefficient is 4500 W/m*°C find how much
electric power must be supplied to the wire to maintain the wire surface at 120°C !

Solution. Diameter of the wire, d = 1.5 mm = 0.0015 m
Length of the wire, L= 150 mm =0.15m
Surface area of the wire (exposed to heat transfer),
A=mdL=mx0.0015x0.15=7.068 x 10~ m?
Wire surface temperature, 1. = 120°C
Water temperature, f, = 100°C
Convective heat transfer coefficient, h = 4500 W/m? °C
Electric power to be supplied :
Electric power which must be supplied = Total convection loss (Q)
Q= hA (1, 1) = 4500 x 7.068 x 10 (120 - 100) = 63.6 W
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Laws of Radiation :
1. Wien's law. It states that the wavelength A,_ corresponding to the maximum energy is inversely
proportional to the absolute temperature T of the hot body.

1
ie., A, = > or, A, T = constant AL

2. Kirchhof's law. It states that the
emissivity of the body at a particular

Body |
temperamre is numerically equal fo its 7 /
absorptivity for radiant energy from / o,
body at the same temperature.

3. The Stefan-Boltzmann law. The law .'/// '

states that the emissive power of a black

T>T, Body 2

{ar)

body is directly proportional to fourth
power of its absolute lemperature.
n ¢ T,
ie. Q=T .A1.8)
Refer Fig. 1.10 (a) I/ |[FaA (T, + T (T, 2+ T,7))
Q =FoA(T*-T,) .19 _— (b)
where, F = A factordepending on geom- Fig. 1.1 transfer by radiation
etry and surface properties,
@ = Stefun-Boltzmann constant
= 5.67x 10*Wm?K*,
A = Area, m*, and

T,.T, = Temperatures, degrees kelvin (K).



Examples where three modes of heat transfer(Conduction , Convection and Radiation )occur :
Example-1:

A good example would be heating a tin can of water using a Bunsen burner. Initially the flame produces
radiation which heats the tin can. The tin can then transfers heat to the water through conduction. The
hot water then rises to the top, in the convection process.

Example -2 :

The atmosphere would be another example. The atmosphere is heated by radiation from the Sun, the
atmaosphere exhibits convection as hot air near the equator rises producing winds, and finally there is
conduction between air molecules, and small amounts of air-land conduction.

Lonauction
. The transfer of heat from
Convection one substance to another
The tranfer qfheat due to direct contact ,
trought a fluid ‘}
caused by
molecular motion

Radiation
« 4 Encrgy that is radiated

- or transmitted
in the form of rays or

waves or narticles

CONDUCTION How is Heat Transferred?

There are THREE ways heat can move.

— Conduction -‘?‘:ns-ﬂ
) /' RADIATION
. //v' — Convection

— Radiation




Heat Transfer within Boiler

A steam boiler 1s designed to absorb the maximum
amount of heat released from the process of

combustion.

< Heat transfer within steam boiler i1s accomplished by
three  methods: radiation, convection, and
conduction.

+The relative percentage of each heat transfer within

steam boiler is dependent on the type of steam boiler,

the designed transfer surface, and fuels.
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Chapter-22

. Steady State Heat Conduction

/

(@) Rectangular coordinates

() Spherical coordinares

(&) Cyhndrical coordinates

notation T{x), on the other hand, indicates that the temperature varies in the
x-direction only and there is no variation with the other two space coordinates
OF time,

Steady versus Transient Heat Transfer
Heat transfer problems are often classificd as being steady (also called steady-
state) or transient (also called unsieady). The term steady implies no change
with time at any point within the medium, while transiens implies variation
with time or time dependence. Therefore, the temperature or heat flux remains
unchanged with time during steady heat transfer through a medium at any lo-
cation, although both quantities may vary from one location 10 another
(Fig. 2-4). For example, heat transfer through the walls of a house will be
steady when the conditions inside the house and the outdoors remain constant
for several hours. But even in this case, the temperatures on the inner and
outer surfaces of the wall will be different unless the temperatures inside and
outside the house are the same. The cooling of an apple in a refrigerator, on
the other hand, is a transient heat transfer process since the temperature at any
fixed point within the apple will change with time during cooling. During
transient heat transfer, the temperature normally varies with time as well as
position. In the special case of variation with time but not with position, the
temperature of the medium changes uniformly with time. Such heat transfer
systems are called lumped systems. A small metal object such as a thermo-
couple junction or a thin copper wire, for example, can be analyzed as a
lumped system during a heating or cooling process.

FIGURE 2-3
The various distances

and angles mvolved when
describing the location of a point
in ditferent coordimate systems.

(¥ Transient

TC ISC T

Q,

(I} Steady-state
FIGURE 2-4
Steady and transient heat
conduction in a plane wall.
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Internal Heat Generation ( (Jg ):

A medium conducting heat energy may involve
the conversion of mechanical, electrical, nuclear
or chemical energy into heat energy. For
example, when a resistance wire conducts
electric current, it converts electrical energy into
heat energy at a rate of I’'R, where 1 is the
current and R is the electrical resistance of the
wire.

Similarly, heat is generated in an exothermic
chemical reaction in a medium. The reaction
may also be an endothermic reaction. In such a
case, the heat generation term will become a
negative quantity.

Likewise, nuclear fission process in a nuclear
reactor generates a large amount of heat in fuel
elements.

Heat is also generated in a nuclear fusion
reaction. For example, hydrogen atoms get fused

into helium making the sun a large nuclear
reactor.

One thing to note is that heat generation is a
volumertric phenomenon. This means that heat
generation occurs throughout the body of the
medium. For this reason, the rate of heat
generation in a medium is usually specified per
unit volume, W,/m?.

The rate of heat generation may vary with
respect to time as well as position within the
medium. When variation with respect to
position (x,y,z) is known, we can calculate total

rate of heat generation in a medium of volume V
by:

Egr:ﬂ - f E:gnnfjv

If the rate of heat generation is uniform
throughout the medium then the above
equation will become:

Ege-n. = €gen * W



General heat conduction equation

What is the basic form of heat conduction
equation?

The basic form of heat conduction equation is
obtained by applying the first law of
thermodynamics (principle of conservation of
energy).

AZ
Ox—> |dz —— Qx+dx
dx N
dy X =

v

Y

Consider a differential element in Cartesian
coordinates. The energy balance for the
differential element can be written as follows:

Rate of Rate of
(heat conduction ) - ( heat conduction ) +

atx,y,z atx+dx,y+dy,z + dz

Rate of Rate of change o
heat generation | = | energy content

inside the element of the element

The first term in the above equation represents
the rate of heat energy coming into the element
at X, y and z planes. The second term represents
the rate of heat energy coming out of the
element at x+dx, y+dy and z+dz planes.The
third term represents the rate of heat generation
inside the element.



Rectangular Coordinates

Consider a small rectangular element of length Ax, width Ay, and height Az,
as shown in Figure 2-21. Assume the density of the body is p and the specific
heat is C. An energy balance on this element during a small time interval Ar
can be expressed as

Rate of heat Rate of heat Rate of change
Rate of heat j :
sonduction at | — conduction . glcn.c:m[mn _ | ofthe cncrg._v
d v iRt at x 4+ Ax, inside the content of
i s y+ Ay, and z + Az element the element
or
FIGURE 2-21 i
x + 3 5 3 i L £ -4 H ; e J'Erkn:m
Three-dimensional heat conduction G+, +0. —Civn— Qi Oiin + Goposons = A {2-36)

through a rectangular volume element.

Noting that the volume of the element is V.., = AxAvAz, the change in the
energy content of the element and the rate of heat generation within the ele-
ment can be expressed as
AEy e = Ej o — By = mCO(T 4 — Ty) = pCAXAYAAT, o 3, — T))
U\.‘ttlllhl.[ = -évrlrm:ul = -’?M‘g‘"d‘:

Substituting into Eq. 2-36, we get

x F . p y \ Tia {a Tr
Qi 0,4 0.~ Ouvae— Opray — Qurat #AeAYAZ = pCAXAYAL
Dividing by AvAyAz gives
o 1 Q‘|+.\|_Q|_ I Q."—"J'_‘Q."_ ]: Q:'i:_gr+l¢= C|'rr-rﬂ.l_rl
AvA: Ax Avd: T Ay Axdy Az L

(2-37)



Noting that the heat transfer areas of the element for heat conduction in the
x, ¥, and z directions are A, = AyAz, A, = AxdAz, and A, = AxAy, respectively,
and taking the limit as Ax. Ay, Az and Ar — 0 yields

a [, daT il afl i AT aT

.'I_\"T-r '“(ﬁm +E(|‘.‘l.‘—:)+}{—ptm (2-28}
since, from the definition of the derivative and Fourier’s law of heat
conduction,

5 i
lim —1 Qo= Q1 '—_%2 L & —kAvAz ):_i( —T)
ar-0 AyAz Ax AyAz dx AyAz dx il i)
i Q_\ ~ay Q'r 1 ag, 1 o [ a ( al”
im = - i [ B
-0 ArAz Ay AvAz dy  AxAzov Aﬂh ] dy | dy )
i L Qex—0Q 1 0. ) g{ , ar __r( _1')
Az 0 ArAy Az ~ AxAy oz .1.1.';1_}' az az\ oz

Equation 2-38 is the general heat conduction equation in rectangular coordi-
nates. In the case of constant thermal conductivity, it reduces to

&T 2T o7

~ [+8aid
o |.l'|._ ar

[

k- ady @-39)
where the property a = &/pC is again the thermal diffusivity of the material,
Equation 2-39 is known as the Fourier-Biot equation, and it reduces to these
forms under specified conditions:

(1) Sready-stare: BT #T T 8
e e e e ==
icalled the Poisson cquation) i dyF o ok ’ .
(2} Transient, no heal generation: rl‘_." " r{‘! L rf_f' = Vi 2.41)
(called the diffusion equation) ae Ay ap war
(3) Steadv-state. no heat gencration: L}'_‘ o ﬂ 3 .ﬂ _ (2423
(called the Laplace equation) iy Ay ar

Note that in the special case of one-dimensional heat transfer in the
A-direction, the derivatives with respect to v and z drop out and the equations
above reduce to the ones developed in the previous section for a plane wall
(Fig. 2-22

it i
ad [
T Lar
ity o
kS
S L
FIGURE 2-22

The three-dimensional heat

conduction equations reduce to the
one-dimensional ones when the
temperature varies in one

dimension only,



Cylindrical Coordinates

The general heat conduction equation in cylindrical coordinates can be ob-
tained from an energy balance on a volume element in cylindrical coordinates,

shown in Figure 2-23, by following the steps just outlined. It can also be ob- =N -
tained directly from Eq. 2-38 by coordinate transformation using the follow- ————
ing relations between the coordinates of a point in rectungular and cylindrical
coordinate systems: _ _ FIGURE 2"_:
A differential volume element in
X = reokd, v = rsind, and 1=z cvlindrical coordinates.

Afier lengthy manipulations, we obtain

) S50 E) 2 el e
Spherical Coordinates

The general heat conduction equations in sphencal coordinates can be ob-
tained from an energy balance on a volume element in spherical coordinates,
shown in Figure 2-24, by following the steps outlined above. It can also be
obtained directly from Eq. 2-38 by coordinate transformation using the fol-
lowing relations between the coordinates of a point in rectangular and spheri-
cil coordinate systems:

FIGURE 2-24 x=rcosdsind, y=rsindund, and :=cosh
A differential volume element in
spherical coordinates. Again after lengthy manipulations, we obtain

5%(&,-“;’1] y r’siln"aill:_i) ‘ r’;nsﬁilmag) 8 =|.|C§
(2-44)



Special cases

(a) Steady state

Steady state refers to a stable condition that
does not change over time. Time variation of
remperature is zero. Hence,

o5 (kB5) + H5(k3y) + 5z (K BL) + égen = 0

(b) Uniform properties

If the marterial is homogeneous and isentropic,
the thermal conductivity of the material would
be constant.

{Comment: What do you mean by homogeneous
and isentropic material? The term homogenous
means, the values of physical properties of a
material do not vary with position within the
body of the material. E.g., The value of thermal
conductivity at position (x1, y1, z1) will be same
as that at some other position (x2, y2, z2). The
term isentropic means, the value of physical
properties at a point in different directions will
be same. That is to say kx=ky=kz at a point. }

a‘i T -+ 2T E.VT
Or2 5 2 & %

V27T = __ﬁﬁgz
The above equation is also known as POISSON’S

(c ) No heat generation

When there is no heat generation inside the
element, the differential heatr conduction
equation will become,

Ox2 oy D=2
Or,
4T =0

The above equation is also known as LAPLACE
Equation.

(d) One dimensional form of equation

If heat conduction in any one direction is in
dominance over heat conduction in other
directions,

2T __
dxr2 0
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Example 2.7. A furnace wall consists
of 200 mm layer of refractory bricks,
6 mm layer of steel plate and a 100 mm
layer of insulation bricks. The maximum

— Refractory bricks

Air gap equivalent to x mm of
insulation bricks

Stecl plate
temperature of the wall is 1150°C on the ’V \nnillsiitonbeicks
furnace side and the minimum temperature r
is 40°C on the outermost side of the wall. e . .
An accurate energy balance over the
Sfurnace shows that the heat loss from the
wall is 400 W/n. It is known that there is a
thin layer of air between the layers of
refractory bricks and steel plate. Thermal
conductivities for the three layers are 1.52,
45 and 0.138 W/m°C respectively. Find :

(i) To how many millimeters of
insulation brick is the air layer
equivalent?

(it) What is the temperature of the
outer surface of the steel plate?

(AMIE Winter, 1996) }4—7 L, —»] p |_ oot La. |

Solution. Refer Fig. 2.15. . T 100 tou

Thickness of refractory bricks,

LA =200mm=02m
Thickness of steel plate,
L.=6mm=0.006 m
Thickness of insulation bricks, L, = 100 mm = 0.1 m
Difference of temperature beetween the innermost and outermost sides of the wall,
At =1150-40=1110°C

nso'c| @ |® O | © | .
N //

0
Furnace 40¢C

=xmm
Fig. 2.15.

Thermal conductivities :

ky=1.52W/m°C;,  ky=k,=0.138 W/m°C;
Heat loss from the wall, ¢ = 400 W/m?
(i) The valueofx (=L.):

ke=45 Wim°C

A At At
We know, Q= I or %=q=_l,
I— I—
k k
1110
or, 400 =
bivb L b
1110
- 400 =53 L (x/1000) 0006 = 0.1
1.52 0.138 45 0.138
B 1110 B 1110
0.1316 + 0.0072x + 0.00013 + 0.7246  0.8563 + 0.0072x
or, 0.8563 + 0.0072 x = w =2775
400
2,775 - 0.8563
= = 266.5 mm
or, 0.0072 (Ans.)
(ii) Temperature of the outer surface of the steel plate L,
g =400 = =40
or, 400 = -"‘"—_40)_. = 1.38 (1, —40)
(0.1/0.138)
o . = % + 40 = 329.8°C (Ans.)
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Fire brick (A)
Common brick (B)

Example 2.8. A furnace wall is
composed of 220 mm of fire brick, 150
mm of common brick, 50 mm of 85%
magnesia and 3 mm of steel plate on
the outside. If the inside surface
temperature is 1500°C and outside
surface temperature is 90°C, estimate
the temperatures between layers and
calculate the heat loss in kJ/h- m°.
Assume, k (for fire brick) = 4kJ/m-
h-°C, k(for common brick) = 2.8 kJ/m-
h-°C, k (for 85% magnesia) = 0.24 kJ/
m-h-"C, and k (steel) = 240 kJ/m-h-°C.

(AMIE, Winter, 1997)

Solution. Given : L, = 220 mm =
022m; Ly=150mm=0.15m; L. =
S0mm=0.05m; L,=3mm=0.003m

1, = 1500°C, 15 = 90°C;

k, =4 KI/mh°C; k, = 2.8 kI/mh°C

ke = 0.24 KJ/mh°C; k, = 240 kJ/mh°C.
Heat loss in kJ/hm? :

The equivalent thermal resistances of various layers are :

1500°C

(t) \

mm mm

Fig. 2.16.

Magnesia (C)

Steel plate (D)
3 4| 5

920°C
(t5)

|€— 220 — |41 50—>|e—»| |« 3 mm

50
mm

L 22 2
Ry,=-2= 922 _ 4,055 m*h°C/k)
15 2
Ry = Ly _ 015 _ 05357 mhecad
ky 2.8
. 05 ”
Rpyo= Le _ 003 _ 2083 m*hecks
ke 0.24
003 2
Ryp = Lo _ 0003 ) 25% 10 m2hecik)
k, 240
Total thermal resistance,
(R o = 0.055 + 0.05357 + 0.2083 + 1.25 x 107 = 0.3169 m*h°C/kJ

) (1 = 15) (1500 - 90)
Heat loss, q T 0.3169

- = 4449.35 kJ/hm?
(Rip ioral

Temperatures between layers :

(Ans.)

(Ans,)

Also, q9 Ry o

or 1, = tg+q R, ,=90+4449.35x 1.25 x 10 = 90.056°C
Similarly, 1y = t,+qR, ~=90.056+444.35x0.2083 = 1016.86°C
and t,=t,+qR, ,=1016.86 +4449.35 x 005357 = 1255.2°C
[Check 1, = tL+qR, ,=12552+4449.35 x0.55 ~ 1500°C]
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Exampel 2.29. The furnace wall consists of
120 mm wide refractory brick and 120 mm wide
insulating fire brick separated by an air gap.
The outside wall is covered with a 12 mm thick-
ness of plaster. The inner surface of the wall is at
1090°C and the room temperature is 20°C. The
heat transfer coefficient from the outside wall
surface to the air in the room is 18 W/m*°C, and
the resistance to heat flow of the air gap is 0.16
K/W. If the thermal conductivities of the refrac-
tory brick, insulating fire brick, and plaster
are 1.6, 0.3 and 0.14 W/mK, respectively cal-
culate :

(i)

4l l,.‘)r/

= 1090°C

Rate at which heat is lost per m* of the
wall surface; 120 mm
(ii)
(iii)

Each interface temperature; and

Temperature of the outside surface of
the wall.

Solution. Refer Fig. 2.39.
Thickness of refractory brick, L, =120mm=0.12m
Thickness of insulating fire brick, L, =120mm=0.12m
Thickness of plaster, L. =12mm=0.012m

Refractory bricks

Air gap
Insulating fire bricks
r rl’lnslcr

‘/ /l‘./

L,

et e v

Fig. 2.39.

Heat transfer coefficient from the outside wall surface to the air in the room,

h, = 18 Wim?C
Resistance of air gap to heat flow = 0.16 K/W
Thermal conductivities :
Refractory brick, k, =16 W/m°C
Insulating fire brick, £, = 0.3W/m°C
Plaster, k. = 0.14 W/m°C.
Temperatures : 1, = 1090°C; 1 =2()“C
Consider Im? of surface area.

(i) Rate of heat loss per m?of surface area, g :
“/,! - ’,1 )
b Iy de. |
—A 4 air gap resistance + - + ~€ 4 —
A s ke hy
. (1090 - 20)
- 2 7] 2
0.12 +0.16 + 0.12 0012 + 1
1.6 0.3 014 18
= Wi =1378.5 W or 1.3785 kW
0.075 + 0.16 + 0.4 + 0.0857 + 0.0555
i.e., Rate of heat loss per m? of surface area = 1.3785 kKW  (Ans.)
(if) Temperatures atinterfaces, fplyply
0=13785= 1090 -1, _ 1090 - 1, _1090 -1,
Lylk, 0.12/1.6 0.075
=1090-1378.5x0.075=986.6°C  (Ans.)
b=t 986.6 —
. =1378.5 = — = 3
Also, 0 air gap resistance 0.16
=986.6 - 1378.5x0.16 =766.04"C (Ans.)
-ty 76604 -1, 766,04 -1,
i =1378.5= - - =
Again, ¢ Lylky  0.12/0.3 0.4

1,=766.04-1378.5x0.4=214.64°C (Ans.)
(m) Temperature of the outside surface of the wall, 7. :

Q-H78$— -5 _ ”14.64-15_

214.64 - 1

Lelke 00127014
1,=214.64 - 1378.5x 0.0857=96.5°C (Ans.)

0.0857

Example 2.30. A furnace wall is made up of three layers of thicknesses 250 mm, 100 mm and 150
mm with thermal conductivities of 1.65, k and 9.2 W/m°C respectively. The inside is exposed to gases

at 1250°C with a convection coefficient of 25 W/m*°C and the inside

surface is at 1100°C, the

outside surface is exposed to air at 25°C with convection coefficient of 12 W/m*°C. Determine :

(i) The unknown thermal conductivity ‘k’;
(ii)  The overall heat transfer coefficient;
(iii) All surface temperatures.

Solution. L, =250 mm=0.25m;

A
Ly =100 mm=0.1m;
Le=150mm=0.15m;
ky = 1L.6SW/m°C,

ke =92 W/m°C,

ly = 1250°C, 1, = 1100°C;

hyy =25 Wim**C; b, = 12 Wim?*°C.
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(i) Thermal conductivity, k (= k,) :
The rate of heat transfer per unit area of the furnace wall,
q = h,,,(rh]— 1)
= 25(1250 - 1100) = 3750 W/m?

\
(

Also = Ll
! (R,,, )mml
_ (tyy = tf)

(R)eonv —ty = Ry a+ Ry g+ Ryy_c+ (Ryp)eom - o5

| ' \ 6/

tyy=1250°C & N

or q

L

Gases

-
:

hy =25 Wim' ‘¢

[
I
I
|
I
|
|
|
|
|
|
|
|
)
|

|
|
|
[ Z - / 2,
n ! 2 3 4 h,=12Wm C

=2 =momn—1l50mrn

(a) Composite system

Ihs 1 b 4 t le

o o’c R S i 25°C
129C By~ Ruva Ric Ryl

(b) Thermal circuit

Fig. 2.40.
(1250 - 25)
or, L + L‘A -+ L_B + L( 1

-~

or, Tl

1225 1225

0.04 + 0.1515 + %J +0.0163 + 0.0833  0.2911 + (I?

B B

or, 3750(0.289 + ] = 1225

rn
2
01 _1235 9911=0.0355
k, 3750
0.1

=k = —
& 0.0355
=2.817 Wim°C (Ans.)

(ii) The overall heat transfer coefficient, U :

or,

( Rm )toml

The overall heat transfer coefficient, U =
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() The overall heat transfer coefMicient, [7:
|

{ RN\ !mul

The overall heat trmnsfer coefficient, U =

I 0.25 0.1 01s |

=—+ + + + —
"HT2s T 1es 2817 92 12
=00 +0.1515+0.0355 +0.0163 +0.0833=0.3260 “C m*/W

1 o
(Ry )y 03266
(i) Al surfuce temperaturess £ 0 0 e

4 =d=9u=4

i g0 = =f) _th-h) _(h-t)
Lytk, Ly lky, L 1k,
100 — 1)

Now, (R,

U= 306 W/m* C (Ans.)

RYAl
i 0.25/1.65
0.28
or, fo= 1100 < 3750 x === = 83187 C (Ans.)
’ 1.65
(5318 - 1,)
similarly, M50 = ———
Similuarly, 01/2817
or, t,=531.8 - 3750x _"‘.—I}%—:i = MR.6°C (Ans.)
) (JUH.6 ~ 1
and 3750 = 200 i)
(0.15/9.2)
K.
or, , = 398.6 - 3750 x f% ~337.5°C (Ans.)

|Check using owtside convection,

(337.5 - 25)  (337.5 - 25)

- o = 3150 Wim'|
I'., -

i =
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J» HEAT CONDUCTION WITH INTERNAL HEAT GENERATION
Following are some of the cases where heat generation and heat conduction are encountered :
(i) Fuel rods - nuclear reactor;

(if) Electrical conductors;
(iii) Chemical and combustion processes;
(iv) Drying and setting of concrete.
It is of paramount importance that the heat generation rate be controlled otherwise the equipment

may fail (e.g., some nuclear accidents, electrical fuses blowing out). Thus, in the design of the thermal
systems temperature distribution within the medium and the rate of heat dissipation to the surround-
ings assumes ample importance / significance,
Refer to Fig. 2.91. Consider a plane -

wall of thickness L (small in comparison -
with other dimension) of uniform ll;lmcnnal r I.lcm]cnl :,':Hc
conductivity k and in which heat sources r

are uniformly distributed in the whole vol- I
ume. Let the wall surfaces are maintained 1,

— I'l:l
at temperatures I, and r,. 7z — - ¥‘_\£—
Let us assume that heat flow is one- // ey
dimensional, under steady state conditions, / Nt

I

I

1

and there is a uniform volumetric heat gen- I

eration within the wall. |

Consider an element of thickness at a I
distance x from the left hand face of the o : by =l =1,

]

I

I

1

|

—» iy
wall.
Heat conducted in at distance x, \Q
dt g
=-kA—
Q o
Heat generated in the element, T = iB =7 > X
Q,=A.dr.q, x| |a—dx
(where g, = heat generated per unit H—H_ e
volume per unit time in the element) — ——————»
t duct t at dist
Heat. conducted oL AT pig 291, Plane wall uniform heat generation. Both the
(x+dx), Quoan=0c+ E(Q,)d.\' surfaces maintained at a common temperature.

As O, represents an energy increase in the volume element, an energy balance on the element of
thick dx is given by

Q:+ le Q(zhﬁ'l
d
= + — dx
Q. d.r(Q’)
_d dx
or, Q,= I(Q,)
d dt
or, q‘.A.dx = z[—kﬁz]dx
ek AL &
2 L
d’r  dy
or, F + T =0 ..(2.88)

Eqn. (2.88) may also be obtained from eqn. (2.8) by assuming one-dimensional steady state
conditions.
The first and second integration of Eqn. (2.88) gives respectively
dt qy

. (289)
=_%-xz+ Cx+G . (2.90)

Case L Both the surfaces have the same temperature :
Refer to Fig. 2.92.

At x=0 t =t =1, and

At x=L 1= L=

(where 1_ = temperature of the wall surface).

Using these boundary conditions in egn. (2.90), we get

Cy=1,and C=2L.L

2k
Substituting these values of C, and C, in egn. (2.90), we have
ta-de a9 g .y 1,
2k 2k
e
t=—(L-x)x+1 (2.
or, 2% ( ) .. (2.91)

In order to determine the location of the maximum temperature, differentiating the eqn. (2.91)
w.rt x and equating the derivative to zero, we have

& EE.(L -20)=0
dx 2k
Since, /3 # 0, therefore,
* L
L-2x=0 or by



L-2x=0 or X =

r2 | s

Thus the distribution of temperature given by eqn. (2.91) is the parabolic and symmetrical about

L
the midplane. The maximum temperature occurs at ¥ = — and its value equals

tax = [g—i([. - x)le,..f: +1,

: q_x[ _E)E]
or, I_Zk L 2 )2 +1,

ie. b %‘-Lz +1, (2.92)

Heat transfer then takes place towards both the surfaces, and for each surface it is given by
dt

==kA| —
Q (d-‘)x-l}au-i

= -M[q—‘(l. - 21)]
2k

xr=0orx=L

ke, Q= %&'qg «(2.93)

When both the surfaces are considered,

AL
Q=2x qu =A.L.q, +[2.93 (a)]

Also heat conducted to each wall surface is further dissipated to the surrounding atmosphere at
temperature f

AL
Thus, T“I,= hA(t, - 1,)
4
t.=t +—-L
or, w=lat oy +(2.94)
Substituting this value of 7 in eqn. (2.91), we obtain
qy qy
t=t, +—L+—(L-x)x WG
at 3, Zk( ) (2.95)
At x=L/2 ie., at the midplane :
% , Gl
t=t . =t +—L+—"—
T2 8k
or, Ioax =1, + qg i + L_] .12.95 (a)]
2h 8k
r+ ' midplane P
| - A
' |
|[ L/ rup |
| P - e : H(x) |
:// !'ull'/ \}\{ = Plane wall
LY I, : N\
k¥
| s B
I Imaginary .-E I 4 ha
L wall - -
' £ |
' r
' l
* » X 1 N
x=0 x=L x=2L i‘ L .I
f— L—>le— L —>|

Fig. 2.92. Heat conduction in an insulated wall. Fig. 2.93. Plane wall with uniform heat generation—
Both the surfaces of the wall having different
temperatures.



The eqn. (2.95) also works well in case of conduc-
tion in an insulated wall Fig. (2.92).

The following boundary conditions apply in the full
hypothetical wall of thickness 2L :

dt
Atx=L T 0
Atx=2L  1=1,
The location x = L refers to the mid-plane of the
hypothetical wall (or insulated face of given wall).
Eqns. (2.91) and (2.92) for temperature distribu-
tion and maximum temperature at the mid- plane (insu-

lated end of the given wall) respectively can be written
as

9
=—(2L - e a2
] Zk( X)X+ 1, (2.96)

_s 2
Tnax = % L+t (297
[Substituting L = 2L in egn. (2.91) and (2.92)]
Case IL Both the surfaces of the wall have different
temperatures :

Refer to Fig. 2.93

The boundary conditions are :
At x=0 =1,
At x=L =1,
Substituting these values in egn. (2.90), we obtain the values of constant C, and C, as :
toa—1, 4
C,=t C=22_wl 2.1
e L T

Inserting these values in egn. (2.90), we get

:=_q_tx2+ Lia—lgy

X+ q—'L.x+ ta
2k
q, q, X
= E’L-x = E‘x’q— I(rm2 1)+

q -
o t= {fk—“ -+ ,—'Z——L—"—'}x +i1, .(2.98)

The temperature distribution, in dimensionless form can be obtained by making the following
transformations :

q, x Y x
""ﬂ:if[z—[z) :|+IU'2_ i) + (g = 1s2)

tig W i [.t (x)l] x
or, i w5 e+l
ta—to 2k Ga-to)lL \L)] L

t-ty % L 1[,_£]+[1_£]
U e O Ga=taydLl E L

q r
?i‘m (a constant) by a factor Z, we have

Replacing the parameter

mzz,i[,_z],,[,_i]
=1ty Ll L L

L™ x||Zx ]
—= =l - —+1
La-1, [ L][ L ..{2.99)

In order to get maximum temperature and b it e s Rt
its location, differentiating Eqn. (2.99) w.rt x
and equating the derivative to zero, we have

a =[|-i)z+(%+1)(-u=o

or,

d(x/L) L
Ix Ix
Z-—-—- 1=0
o I L
2%
—=Z-1
or, L
x Z-1
or, I= = ..(2.100)
Thus the maximum value of temperature (/L) —»
x Z-1 Fig. 2.94. Effect of factor Z on the temperature
occurs at I = 7 and its value is given by: distribution in the plane wall.
oy =tz [ _Z-1 [Zx(z_ I)H]
[ 2Z 2Z
tx =tz _[(Z+1 [Z-i-l)
or, T e
[T 2Z 2
Z+1
=(_" .(2.101)

4z

Fig. 2.94 shows the effect of factor Z on the temperature distribution in the plane wall.The fol-
lowing points emerge :

®  As the value of Z increases the slope of the curve changes; obviously the direction of heat
flow can be reversed by an adequately large value of 9y

®  When Z = 0, the temperature distribution is linear (i.e., no internal heat generation).

®  When the value of Z is negative, q, represents absorption of heat within the wall/body.



Example 2.81. A plane wall 90 mm
thick (k = 0.18 W/m°C) is insulated on one
side while the other side is exposed to
environment at 80°C. The rate of heat
generation within the wall is 1.3 x 105
W/m3, If the convective heat transfer
coefficient between the wall and the
environment is 520 W/m*°C, determine the
maximum temperature to which the wall
will be subjected.

Solution. Refer Fig. 2.98

L =90 mm=0.09m,

k =0.18 Wim°C

h = 520 W/m*C
Temperature of environment,

t, =80°C

The rate of heat generation,

q,=13x% 10° Wim?

Maximum temperature, £

Insulated
face

A

%

5 3
g =13 10" Wim

Planc wall
(k=0.18 W/m "C)

h =520 Wim’ °C

80C

=

1
1
|
il
|
|
|
|
|
|
|
|
|
|
|

AN NN NN NN NN AR RN

!

(=]

=
~

f
!

Fig. 2.95.

One dimensional, steady state heat conduction equation is given by

q
+
d.tz

_"=0
k

Integrating the above equation twice, we have

(where C,, C, = constants of integration)

()

i)

< 1i0)

In order to evaluate C| and C,, using the following boundary conditions, we have

& o
(i) At x=0.;x"— s Ci=0
(if) At x = L, the heat conduction equals the convective heat flow to the environment.
dt
ie "‘H‘|_ L* hAlL,, - 1,]
dr h
“l2e L ;[‘u.r -1, wliv)
Again 1rom eqn (i),
dt 9y
— =-—L
delior K AR
From egns. (iv) and (v), we obtain
q
~Hw-n]=-L
q,
Ly =1, + T‘ .L
Substituting into eqn. (i), we have
9 9
Ly=1t+ -f—-L: ——zi--L +C,
9 5 .2
C=t,+—L+—=L
2 a h 2% (vi)
Inserting the values of constants C, and C, in eqgn. (iii), we get
&2 1,+ %...%.p
2k h 2k
9 9 02 2
t=t,+—L+—(L- v
or, ot 2"‘( x7) (vii)
The maximum temperature occurs at the insulated wall boundary i.e., x=0
4q q
foa = 1, + -!- L+ 21 r Vil
Substituting the proper values, we have
13x10° 13x10°
Tay = 80 + ———— % 0.09 + ———— % (0.09
—_ 520 2x0.18 ©0%’

= M27.5°C (Ans.)
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.2. HEAT CONDUCTION THROUGH A COMPOSITE CYLINDER
Consider flow of heat through a composite cylinder as shown in Fig. 2.47.
Let, by = The temperature of the hot fluid flowing inside the cylinder,
1., = The temperature of the cold fluid (atmospheric air),
k, = Thermal conductivity of the inside layer A,
kg = Thermal conductivity of the outside layer B,
1, 1, I; = Temperatures at the points 1, 2, and 3 (see Fig. 2.47)
L = Length of the composite cylinder, and
h,g.. hd = Inside and outside heat transfer coefficients.
The rate of heat transfer is given by
Q =y 205 Lty - ) = ks 'Ii‘f:i;(;lr]; )
_ kg 2nL(t, - 13)

=h.2nr. Lt~
In(r/n) PRt

0 ] Cold fluid (air)

Rearranging the above expression, we get

r.&f - ;I=L 0
By 20 L -
_.
h=h=3 L 1
In(ry/n)
= 2
o %y .2%L (i)
In(ry/r)
Qo
h—ty=— :
AT Ry miInL =
Adding (#), (if), (iii) and (iv), we have
Q 1 I 1 1
S - + + =, 1
2nL hhf"? kA kn bd.ra W £l
In(rn/n) In(nir)
2nLin, —1y)
= T
by 1y Kk, kg hy.ry
In(n/n)  In(rin)
2Lty — ty)
of, ==
I, Inm/r)  In(s/n) 1 R
RO ky kg hy.ry
If there are ‘n" concentric cylinders, then
2 L, —t,
D T LUy ~ 1) 270)
1 n=n I I
- —In{r, Irb+ ——
_hhf.r, El ka {mlH’ "} JF!qf‘rlu-i-ll:|

If inside and outside heat transfer coefficients are not considered then the above equation can be
written as
= M ~(2.71)

n=n 1

Z k_ln['En+I)I’;|]

n=] "
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Example 2.47. An insulated Steam pipe
steam pipe having ouiside diam-
eter of 30 mm is to be covered with
two layers of insulation, each hav-
ing thickness of 20 mm. The ther-
mal conductivity of one material
is 5 times that of the other.

Assuming that the inner and
outer surface temperatures of com-
posite insulation are fixed, how

much will heat transfer be in- .
creased when better insulation
material is next to the pipe than it
is outer layer ? (M.U.)
Solution. Case L. When better
insulation is inside :
Refer to Fig. 2.59.
30 y—
r====15mm=0.015m;
2 iy S
r,=15420=35mm=0.035m;
Fig. 2.59.
ry=35+20=55mm=0.055m
kﬂ = SkA
Heat lost through the pipe is given by
0= 2rL(t - t;) _ 2nL(t-t;)
it /R) L In(r/n)  In(0.035/0.015) _ In(0.055/0.035)
" sz ; ky k, Sk,
ALt -1)  k,2mL(y - 1y)
= = =1.0662r Lk, (1, — 1.
- 1= 0.8473 + 0.0904 0.9377 RERL i)
Case I1. When better insulation is outside : Refer to Fig. 260.
- nL(n—t3) _ el - t;)
2" In(nln) L In(r/r) " In(0.035/0.015) . In(0.055/0.035)
kg ky S5k, A
Steam pipe

Better insulation (4)

Poor insulation (8)
(ky=5k,)

Fig. 2.60.
o 0,= kg 2rL(th~ ) _ kg 2mL(t - 13)
' © 0 0.1694 + 0.452 0.6214
From expression (i) and (ii), we have,
Q, _1.609x2rL.k, (1 - 1)
0 1.066 x 2rL.k, (4, - 1)

=1.509

=1.609 2rL.k, (1, - 13)

| Better insulation (A4)

Poor insulation (8)
(ky=5ky)

(1)

i)

As Q, > Q,, therefore, putting the better insulation next to the pipe decreases the heat flow.

Percentage decrease in heat transfer

=QZ‘Q' =Ql*1=1.509ﬁ|=0.5090rso.9% (Ans.)
Q Q




Example 2.50. An aluminium pipe carries steam at 110°C. The pipe (k= 185 W/m°C) has an inner
diameter of 100 mm and outer diameter of 120 mm. The pipe is located in a room where the ambient
air temperature is 30°C and the convective heat transfer coefficient between the pipe and air is 15 W/
m2°C. Determine the heat transfer rate per unit length of pipe.

To reduce the heat loss from the pipe, it is covered with a 50 mm thick layer of insulation

(k = 0.20 W/m®C). Determine the heat transfer rate per unit length from the insulated pipe. Assume
(AMIE Summer, 1999)

that the convective resistance of the steam is negligible.

Solution. Case I. Refer to Fig. 2.63. .
Aluminium

Given : pipe

=0.06m |
Temperature of steam (hot fluid),
fy= 110°C
Temperature of ambient air (cold
fluid),

Cold fluid _/V\

1,=30°C film
Thermal conductivity of pipe ma-
terial,
k=185 W/m°C
Heat transfer coefficient between
the pipe and air,
hy=15 Wim**C
Heat transfer rate per unit length of pipe, O/L :
Heat transfer rate is given by,
2r L(rnf ~1y)
T3

0= Fatain) .
ky

MLt~ 1)

2r(110 - 30)

1
or, L

In (0.06/0.05) &

1

(n(r,/5) P!
k.‘l hcf

'

- |

185

i.e., Heat transfer rate per unit length of pipe = 451.99 W/m

Case 11 : Refer to Fig. 2.64.
ry=50mm=0.05m;
ry;=60+50=110mm=0.11m;
k=020 Wm°C;

Cold fluid |

Fig. 2.64.

k
2
h ;= 15W/m*C

]

r, = 60mm=0.06m
4 =185W/m°C

15 x 0.06

(Ans.)

Insulation
layer

l L)
k, =185 W/m°C
ky=0.20 W/m °C

Heat transfer rate per unit length from the insulated pipe, Q/L :

Heat transfer rate in this case will be given by

0= 2rL(ty — 1)
[n(r/n) Jnln) 1 1
| ka ky hy - |
Q_ 2Rty ~ ty)
L [In(r/r) Lnln) 1
L ks ky hy.n |
Substituting the given data is the above equation, we have,
Q _ 2m(110 - 30)
L [In(0.06/0.05) 4 In(0.11/0.06) 1
185 0.20 15x 0.11

502.65

= =138.18W/m
0.000985 + 3.030679 + 0.606060

ie., Heat transfer rate per unit length of insulated pipe = 138.18 W/m

(Ans.)

[Eqn. (2.69)]

=451.99 W/m



Example 2.53. A steam pipe (k = 45 W/m°C) having 70 mm inside diameter and 85 mm outside
diameter is lagged with two insulation layers; the layer in contact with the pipe is 35 mm asbestos
(k = 0.15 W/m°C) and it is covered with 25 mm thick magnesia insulation (k = 0.075 W/m°C). The
heat transfer coefficients for the inside and outside surfaces are 220 W/m?°C and 6.5 W/m*°C
respectively. If the temperature of steam is 350°C and the ambient temperature is 30°C, calculate :

(i) The steady loss of heat for 50 m length of the pipe;

(ii) The overall heat transfer coefficients based on inside and outside surfaces of the lagged
steam main.

Solution. Refer to Fig. 2.67. ——————— Steam main (A)

70 . L Asbestos (B)
n= = mm or 0.035m Magnesia (C)

hE % =42.5mm or 0.0425m

r, =425+35
= 77.5mmor0.0775m
r, =71.5+25
= 102.5mmor0.1025m
L =50m
k, =45W/m°C
ky = 0.15W/m°C
ke = 0075Win°C
Temperature of steam,
t,, = 350°C
Ambient temperature,
t,=30C

hyy = 220 Wn*°C,
h,, = 6.5WmC.

(f) Lossofheat,Q: Fig. 2.67.
2 L(ty = 1)

0 1 +h(rzlq)+h(qlrz)+ln{r¢lr,)+ 1
hyy 1y k, kg ke hy .ry
B 2m x 50(350 - 30)
B 1 In(0.0425/0.035) " In (0.0775/0.0425) % In (0.1025/0.0775) > 1
220 x 0.035 45 0.15 0.075 6.5 % 0.1025
100530.96

= =10731.23W
0.129870 + 0.00431 + 4.00516 + 3.72779 + 1.50094

i.e., Loss of heat for 50 m of length = 10731.23 W  (Ans.)

(i) The overall heat transfer coefficients, U , U,:

The loss of heat can also be expressed as follows :
Q=U,A At=UAA!?

Where U and U, are the overall heat transfer co-efficients based on the outside area A, and
inside area A, respectively.

v @ _ 1073123
! A, At 2mr L x At
10731.23 2
= = 1.0414 Wim?°C (A
27 % 0.1025 x 50(350 - 30) e
Skilary, v, 0 10731.23 10731.23

~ ALAt 2mRLx At 2mx0.035x50(350 - 30)
=3.05 Wm**C (Ans.)
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Example 2.62. A spherical thin walled metallic container is used to store liquid N, at - 196° C.
The container has a diameter of 0.5 m and is covered with an evacuated reflective insulation
composed of silica powder. The insulation is 25 mm thick and its outer layer is exposed to air at
27°C. The convective heat transfer coefficient on outer surface = 20 W/m?° C. Latent heat of
evaporation of N, =2 x 10° J/kg. Density of N, = 804 kg/m’.

k (silica powder) = 0.0017 W/m°C.,

Find out the rate of heat transfer and rate of N, boil-off. (N.U., 1998)

Solution. Given: 1,=-196"C,1,=27°C; , = % =0.25m;
r, = r,+0025=0.25+0.025=0.275m;

hy =20 Wim*C; hy y,

=2x 10°J/kg; P, =804 kg/m’;
k =0.0017 W/m°C.

Insulation
(k= 0.0017 W/m°C)

Rate of heat transfer, 0 : L
The heat flow is given by ‘( \ \
N (f-1,)
Q"(rz-r,:+ [ L . }
ankrr,  hyx4anr’ /:/
B (=196 - 27) /X
0.275 - 0.25) . [ /i
am % 0.0017 x 0.25x 0.275 20 x 47 x 0.275° ( ¢
«— r;—» «—25mm
-2 __ . _paw : :
17.022 + 0.0526 - r; —p!
The — ve sign indicates that the heat flows in. Fig. 2.79.
my, X hg =13.1
or my = al x 3600kg/h = 0.2358kg/h (Ans.)

2x10°



Example 2.6). Determine the rate of heat flow through a spherical boiler wall which is 2min
diameter and 2 cm thick steel (k = 58 W/m K). The outside surfoce of bouer wall is covered with
asbestos (k = 0.116 W/m K) Smm thick. The temperature of outer surface and that of fluid inside are

50°C and 300°C respectively. Take inner film resisiance as 0.0023 K/W. IN.U. Summeer, 2000 )
Solution. Given : r=—==Im rn=1+—=102m: k. =58 WmK:
2 1040 L
.‘
k. =0.116 Whmk: =rn+— =102+ 0.005 = 0.025m
» ; . 104D
@ = h, A, (1~ 1,)as heat flows from fluid to inner surface by convection
only.
=1
0, u = "'I—'
b A

1 :
where, —— is inner film resistance.

Steel
ik, =58 WmK)

Insulation (Asbestos)

//}‘/j/-/$ (k= 0116 W/m K)

{

-+ A f, = $0°C
4 T (
L7yt
-
+—r,—p
- >
Fig. 1L80.
0= (]
I (n-5) (n=r)
hA dAxk,nr 4Arkyrnon
g (300 - 50)
- 102 -1.0 e 4
0.0023 + (1.02 - 1.0} x (1.025 - 1.02)
nxS8x1.0x1.02 4rx0.116x1.02x1.025
250

~ 0.002 e = 4458IW = 4.SBIKW (Ans.)
L0023 + 2.6902 x 1077 + 0.0032808

BIJAN KUMAR GIRI
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Refer to Fig. 2.105. Consider a cylindrical rod in which one-dimensional radial conduction is
taking place under steady state conditions.
Let, R = Radius of the rod,
L = Length of the rod,
k = Thermal conductivity (uni-

Element

form),

4, = Uniform volumetric heat gen-
eration per unit volume per unit time,

h = Heat transfer coefficient, and
t, = Ambient temperature.

In order to obtain temperature distribution,
consider an element of radius r and thickness dr as
shown in Fig. 2.105.

Heat conducted in at radius r,

Q,=—k.2:l:r!..£
dr

Heat generated in the element,
Q, =q,2rrdrL

Heat conducted out at radius, r + dr,

d
Q{r +dr) = Qr + _(Qr)dr
dr
Under steady state conditions,

Qr+Qg= Q(rtdr]

. — — — —

d
=0+ d—(Q,)dr Y PSS S N . )
r |
Q, = i(Qr)d" Fig. 2.105. Heat conduction in a

dr solid cylinder with heat generation.
qg-2nr.dr.L= i[-—klnrl..ﬂ]dr

dr dr

d| dr| 4,

or — ,_E =_ T.r +.(2.105)

[Egn. (2.105) may also be obtained from eqn. 2.22 assuming steady state uni-directional heat
conduction in radial direction].

Intergrating the above equation twice, we obtain

a_ 4 r .
ar k2
d‘ qg r q
—_— i e o
o, o=+l (2.106)
s _‘i—"-% +Clog, +C; (2.107)

(where C, and C, = constants of integration).

The constants C, and C, are evaluated from the boundary conditions, as follows :
() Atr=R, t=1,

(ii) Heat generated = Heat lost by conduction at the rod surface

BIJAN KUMAR GIRI
Dept. Of Mechanical Engg.



ie. g X (RR*x L) = —k x zmx[ﬁ]
r=R

r
dt
Also, at r=0, —=0
dr
Since in case of a cylinder, centre line is line of symmetry for temperature distribution and as

dt
such 5 (temperature gradient) must be zero.
r

di
The temperature gradient [EJ at the surface (i.e. at r= R) is given by

[ﬂ} __ &R G
drlex k2 R

Also from boundary condition (ii), we have
[ﬂ] __ %R
drl, =g k 2

i e e or C =0

P, = ——=r—+ (.
W kL 4 2
4 R
or, C2= "n'+ —ki'—“'—

Substituting the values of C, and C, in egn. (2.107), we have the general solution for temperature
distribution as

2 2
| S L
k 4
i r=t,+ Tpr_ 2 .(2.108)
' m

It is evident from eqn. (2.108) that temperature distribution is parabolic and the maximum tem-
perature occurs at the centre of the rod (r = 0) and its value is given by

Bijan Kumar Giri
Dept. Of Mechanical Engg.

94 2
Lo = T+ i-R' .(2.109)

By combining eqns. (2.108) and (2.109), we arrive at the following dimensionless form of tem-
perature distribution :

92 p2_ 2
1, J‘R":Rhﬂ:]_(r]’

b =1, 9% g2 R R
4k
) BTy ( r)z
ie. T R -(2.110)

Also, energy generated within the rod (per unit time)
= Energy dissipated (per unit time) by convection at the rod boundary

Le. g, % (RR®x L) = hx 2nRL (r.—1)
9
t,=t,+—.R il 2
or, h (2.111)
Inserting the value of £_in eqn. (2.108), we obtain the temperature distribution (in terms of 7 ) as
9. e 2 2
t=t,+—R+—[R"—r (2
at o 4k[ 1 (2.112)
The value of 1, , at r=0, is given by
9e s p2
Loy =, +— R+ —R w2
max = la o ak (2.113)

Example 2.88. A current of 300
amperes passes through a stainless steel
wire of 2.5 mm diameter and k = 20 W/m°C.
The resistivity of the wire is 70 x 107 Qm
and the length of the wire is 2m. If the wire /
is submerged in a fluid maintained at 50°C /
and convective heat transfer coefficient at /
the wire surface is 4000 Wim*°C, calculate  — -:— -
\
\

Wire (k = 20 Wim'C)

the steady state temperature at the centre

g
I
-~
T
wn
=
0

and at the surface of wire. (M.U)
Solution. Refer to Fig. 2.106. Y d
\
R= 2—25 =1.25mm = 0.00125m;
k=20 W/m°C,

resistivity, p = 70 x 10°* Qm
L =2m, 1, =50°C, Current,
1= 300 amp.



Temperature at the surface of wire (¢ ) and at the centre of wire (rm) :
Rate of heat generation,

)
=I’R = ’x 2=
Q' e A

(where R_= electrical resistance)

Rate of heat generation per unit volume,

AL A AL "\A
2
=70x10"% i
n x 0.00125°
=26.14 x 10* W/m®
Temperature at the surface of wire is given by
4q
r,=r¢+£‘-R ..[Eqn. (2.111)]
8
or f=504+ 2814X107 600125 = 458.44°C  (Ans)
> 2 % 4000
Temperature at the centre of wire is given by
q
o =1+ H‘-R’ (Egn. (12.109)]
L]
ot o = 458.44 + % % (0.00125)° = 509.5°C (Ans.)
x

Example 2.89. A 3 mm diameter stainless steel wire (k = 20 W/m°C, resistivity, p = 10 x 107 Qm)
100 metres long has a voltage of 100 V impressed on it. The outer surface of the wire is maintained
at 100°C. Calculate the centre temperature of the wire. If the heated wire is submerged in a fluid
maintained at 50°C, find the heat transfer coefficient on the surface of the wire. (M.U.)

3
Solution. Radius of stainless steel wire, R = 3 =1.5mm = 0.0015m

Length of the wire, L=100m

Voltage impressed =100V

Thermal conductivity, k =20 Wim°C

Resistivity, p=10x 10" Qm

The temperature of the outer surface of the wire,
1, =100°C

Fluid temperature, 1, = 50°C.

Centre temperature of the wire, ¢

max *

_pL_10x107*x100 _

Electrical resistance of the wire, R, = ~— = e ) 1.415Q

A nx0.0015

Vi o100

i =Vl=—= =T7067W
Rate of heat generation, ¢ R 1415
Rate of heat generation per unit volume
7067
=2 7% _9908x10° Wi’

AL 1x0.0015" x 100
The centre temperature is given by

q. 2
to. =1.4+-2.R* ...[Fig. (2.
ax = F+ 20 [Fig. (2.109)]
6
=100+ 2298107 _ 4 0015? = 10028°C
4x 20
Heat transfer coefficient, /i :
.= f.,«%-R L[Eqn. (2.111)]
6
100 = 50 + %x 0.0015
o (100 - 50) = 13983
h
h= 74:3'5 =149.97W/m*°C  (Ans.)
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of heat, under steady state conditions, through a
sphere having uniform heat generation,
Let, R = Outside radius of sphere,
k = Thermal conductivity
(uniform),

q, = Uniform heat generation per
unit volume, per unit time
within the solid,

1, = Temperature of the outside
surface (wall) of the sphere,
and

1, = Ambient temperature.

Consider an element at radius rand thickness,
dr as shown in Fig. 2.119.
Heat conducted in at radius r,

dt 5 dt
=—kA—= -k x4nr°-—
o dr dr
Heat generated in the element,
Q, = g, x A xdr=gq,x4n’ x dr

Heat conducted out at radius (r + dr)
d
Q(r +dr) = Qr + ';(Qr) dr

Under steady state conditions, we have
Qr + Q‘= Q(r+drl

Fig. 2.119. Sphere with uniform heat generation.

d
+ — .di
o, dr(Q’) r

d
or, Q,"—'E(Q,)dr
d dr
xdnr’ x dr = —[-—41\:& 2-—]d
ol % " dr r dr 4
or, g x4nr’x dr = -4k di[r‘-%]dr
r r
1 df. 5 d.r] 9,
—_—|r—=|+L£=0 ()
o 7 dr [' ar)tk 0
(Heat flow equation)
1 2 dzf dt qg
—|rr—+2r—|+-=x=0
% r [ dr? dr] k
dit 2 _dr 4,
—t=x—+-—==0
or ar v odr k
or, ,-ii[ + 2ﬂ + g'—': = (multiplying both sides by r)
s ar -k plying y
d’t  dr dt | qgr
F—t —+ =t ==
= dr? dr dr &k
di,d), b 4,
dr\ dr dr k
Integrating both sides, we have
dr 9y .
r—+t+——==C
dr k2 e
d qg r
3 —(rt) + ——=(,
o b s S
Integrating again, we have
q; r
o+ T'? =Gr+0C, (i)
(where C,, C, = constants of integration).
At the centre of sphere, r=0 C,=0 [From eqn. (iif)]
Applying boundary condition, at r= R, t=1_to eqn. (iii), we have
9, R
Rt + -f--—6a=C,R (:+ C,=0)
or, C|=l',..+:—: R?

By substituting the values of C, and C, in egn. (iii), we have the temperature distribution as

3
4+ -qi%= [r_,-i- -&R’]r

k 6k
qds 2 de 2
t+—=r'=t.+-—R
T 6k 6k

9,
of; t=1_+ é(Rz s rz) «(2.122)



e p2_ 2
t=1 +—(R -
or, " 6]:( ro) .-(2.122)

From eqn. (2.122) it is evident that the temperature distribution is parabolic; the maximum
temperature occurs at the centre (r = 0) and its value is given by

Lo =t + qz R’ (2.123)
From eqns. (2.122) and (2.123), we have
t—t, _Rg—r2 _k_(LT
- R? R
t—t, rY
Le., e =i = (E] -(2.124)

(temperature distribution in dimensionless form)
Invoking Fourier’s equation (to evaluate heat flow), we have

™ b
Q- M(dr)r-n

=_k X41I:R2)<i|:!w+ q—’(R2~ rz):'
dl' 6& r=R

[substituting the value of f from eqn. (2.122)]

=-kx 4n33[q—’{—2r)] = kx4nR x IR
6k FER 3k
4
or, Q= SNRJ Xqg
(= volume of sphere x heat generation capacity) -.(iv)

Thus heat conducted is equal to heat generated. Under steady state conditions the heat conducted
(or generated) should be equal to the heat convected from the outer surface of the sphere.

4

ie., g% 311123: hx4rR* (1, -1,)
q,R
t,=t,+—— (2.
or, w=lat g, -(2.125)
Inserting this value of £_in eqn. 2.122, we have
BR 4 2 2
t=t,+—+—(R -r w2
6k( ) (2.126)
The maximum temperature, 1,,,. = 1, + z—; R+ :—;- R? (atr=0) «(2.127)

Example 2.104. An opproximately spherical shaped orange (k = 0.23 W/m°C), 90 mm in diameter,
undergoes riping process and generates 5100 W/m® of energy. If external surface of the orange is at
8°C, determine :

(i) Temperature at the centre of the orange, and
(ii) Heat flow from the outer surface of the orange.

90
Solution. Qutside radius of the orange, R = 7= 45 mm = 0.045 m

Rate of heat generation, g, = 5100 W/m?
The temperature at the outer surface of the orange, 1, = 8°C

(i) Temperature at the centre of the orange, Lo
q
b =L+ éRz ...[Eqn. (2.123)]
i to =8+ —10 _ (0.045)°=15.48°C (Ans)
2 (6 x0.23)

(i) Heat flow from the outer surface of the orange, O :
Heat conducted = Heat generated

Q= qungJ

i 0 = 5100 x %n x (0.045° = 1.946W (Ans.)

— B o T BipEn 0 8 — - 1 =
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For the proper design of fins, the knowledge of temperature distribution along the fin is necessary.
In this article the mathematical analysis for finding out the temperature distribution and heat flow
from different types of fins is dealt with.

The following assumptions are made for the analysis of heat flow through the fin :

Steady state heat conduction.

No heat generation within the fin.

Uniform heat transfer coefficient (h) over the entire surface of the fin.

Homogeneous and isotropic fin material (i.e. thermal conductivity of material constant),
Negligible contact thermal resistance.

Heat conduction one-dimensional.

7. Negligible radiation.

2.10.2. HEAT FLOW THROUGH “RECTANGULAR FIN”
Consider a rectangular fin protruding from a wall surface as shown in Fig. 2.121.

il i ol

~ Perimeter, P =2 (b+y)
8 17}
A cony
i 1 /' =y
k B// ¥
/ x f’/,/ T
Q. Lf-”'/ . Cross-sectional
|/ area, A =by
Wall | B
~ Element
/’J -
P
== x
Fig. 2.121. Rectangular fin of uniform cross-section.
Let, I = Length of the fin (perpendicular to surface from which heat is to be removed),

b = Width of the fin (parallel to the surface from which heat is to be removed),
y = Thickness of the fin,
P = Perimeter of the fin [=2(b + y)],
A_, = Area of cross-section (=by),
t, = Temperature at the base of the fin, and
t, = Temperature of the ambient/surrounding fluid,
k = Thermal conductivity (constant), and
h = Heat transfer coefficient (convective).

In order to determine the governing differential equation for the fins, shown in Fig. 2.121, consider
the heat flow to and from an element dx thick at a distance x from the base.

Heat conducted into the element at plane x,

d
Q, ~—Mﬂ[ :] i)

Heat conducted out of the element at plane (x + dx)

dt
Q{x +de) = -k An [Z i -(if)

Heat convected out of the element between the planes x and (x + dx),
Q o =h(P.dx)(t=1)
Applying an energy balance on the element, we can write

Qx = Q[xmd(] + anm:
dt dr
] =kl ] e s 2128

Making a Taylor’s expansion of the temperature gradient at (x + dx) in terms of that at x, we get

[d:) (dr] d(dt] d‘( :)(dxiz
= ==+ dx +
dx X+ dx dx X dx \ dx d.\' dx 2!
Substituting this in eqn. (2. 128). we have

—Mu[d] —*M,[ _m[ ] d- ka,,[d'](“") + .t h(P.dY)(1-1,)

Neglecting higher terms as dx — 0, we have

-k,;ﬂ[%]huﬂ["'] 4,[ ]dx+h(de)(r-.r)

d’
k&,{g}dx —h(P.dx)(r - ’n') =0
Dividing both sides by A _ dx, we get,

2
LM iy
det Ay
d’ hP
o L2 (t-1)=0 ~(2.129)

At kA



d*t  hP
or, =

(t-1,)=0 «(2.129)

Egn. (2.129) is further simplified by transforming the dependent variable by defining the

femperature excess 0 as,
aln N 'u) —la)
As the ambient temperature _ is constant, we get by differentiation

do_dr d_ o

Cde dd g ad

Thus, % -me=0 (2,130

hP
where mz= ‘H;

Egns. (2.129) and (2.130) represent a general form of the energy equation for one-dimensional
heat dissipation from an extended surface (fin). The parameter m, for a given fin, is constant provided
the convective film coefficient & is constant over the whole surface and the thermal conductivity k is
constant within the temperature range considered. Then the general solution of this linear and
homogeneous second order differential equation is of the form :

6=Ce™+C,e™ -(2.131)
or, [r—1,=Ce™+C,e™]

where C, and C, are the constants, these are to be determined by using proper boundary
conditions,

One boundary condition is :
0=0 =1 -1 atx=0
The other boundary condtition depends on the physical situation. The following cases may be
considered :

Case 1. The fin is infinitely long and the temperature at the end of the fin is esentially that of the
ambient/surrounding fluid.

Case II. The end of the fin is insulated.
Case I1L The fin is of finite length and loses heat by convection.

" B2.1. Heat dissipation from an infinitely long fin (/ — =) :
Refer to Fig. 2.122. In this case the boundary conditions are :

N\

3
|

l

o

Temperature
profile (1]

.

b i v i s s s e g e —=—t=1,(atx =)

Fig. 2.122. Infinitely long fin (Case I).

(1) At x =0, =1, (Temperature at the base of fin equals the tempera-
ture of the surface to which fin is attached.)
-1, =t,—1, (in terms of excess temperature)
or, At x=0, 6=8,
(i) At x =00, t=t,
(Temperature at the end of an infinitely long fin equals that of the surroundings)
At X =00, 0 =0 (in terms of excess temperature)
Substituting these boundary conditions in eqn. (2.131), we get,
C,+C, =8, (i)

C]em(-l +C, emi=) = ) (i)

or, Ce™+0=0 ~C =0

and, C, =9, [From eqn. (i)]



Inserting these values of C, and C, in eqn. (2.131), we get the temperature distribution along the
length of the fin,

0=0e ™ (r-1,)=0,- fa)e"'"[or : - Y =e"'“} (2.132)

r=1,

+ — 1| along the fin length for different values

of parameter m (m, < m, < m,) is shown in Fig. 2.123; the plot indicates :
(1)  As the value of m increases, the dimensionless temperature falls;

The dependence of dimensionless temperature [

(if) As the length of fin increases to infinity all the curves approach I, . 0 asymptotically.
-t

(1] a

A

-1,
‘a"-

o |

m,

=N

m,

m; < my <my e S
0 » X

Fig. 2.123. Tenuperature distribution in a fin.

The heat flow rate can be determined in either of the two ways :
(a) By considering the heat flow across the root (or base) by conduction;

(b) By considering the heat which is transmitted by convection from the surface of the fin to the
surrounding fluid.

(a) The rate of heat flow across the base of the fin is given by (Fourier’s equation)

Om=-ka[ 2]

dt ~
[-Et-}x.o= [—m(fo— -f.-)e .“]l'uz —m(lo - ‘a) [me egn. (2-132)]

52 Qﬁ,,=-*A‘_SX[-M(lo—fa)lak{l“m(:o_;a)
ie., Qs = kA m(t,—1) ...(2.133)

Ph
or, Qm=kA, .J‘I (fp—1,) (Substituting for m)
or, Qpn=+[PhEkA, (1~ 1,) ..[2.133 (a)]
(b) Alternatively :
Qpn= j:' h(P.dx)(t —1,) ...convective rate of heat flow
= [ P, ~1)e ™ dx [From Eqn. (2.132)]

=hP(,-1,) L—e"‘dx

1 ’k
=hP(t,-t,)—=hP(t,~1,) % (Substituting for m)

m
or, Qpm= ,{PhMa (r,-1,) ...[Same as Eqn. 2.133 (a)]
[An infinitely long fin is one for which m, — <o, and this condition may be approached when ml > 5]
From the Eqn. (2.132) it is evident that the temperature falls towards the tip of the fin, thus the
area near the fin tip is not utilised to the extent as the lateral area near the base. Hence beyond a
certain point the increase in the length of the fin does not contribute much in respect of increase in the
dissipation of heat. Consequently a fapered fin is considered to be a better design since its lateral area
is more near the base/root where temperature difference is high.



2.2, Heat dissipation from a fin insulated at the tip :

Fig. 2.126 illustrates a fin of finite length with insulated end (i.e. no heat loss from the end of
the fin).

i

> x
Fig. 2.126. The fin with insulated end (Case II).
The boundary conditions are :
(H At x=0, 6=0,
@y
dx
Applying these boundary conditions to eqn. (2.131), we have

(i) At x=1

C,+C, =6,
-1, =C,
dt

Further

dx
dr

[&

C,e"-C,e™ =0

—=mCe"™ -mCye”

] =mC| eml_mcze—ml
x=]

i)
T Cye™ (Eqn. 2.131]

my

0

[As per boundary condition (ii)]

Solving egns. (i) and (), we have

C,=8,-C ...[From egn. ()]
Ce"-®,-Che™ =0
or, Cem-8,em+Ce™=0
or, Cile™+em) =0,em™
r -ml
[
or, q=%}ﬁ;ﬁ]
e
C,=60,-|6, {_—e"" e } ...[From eqn. ()]
T e L
or, Cz_ a” b em.l'+ e—ml‘ = e" emf_'_ e—ml
Inserting the values of C, and C, in egn. (i. 131), we have
[ e-nl el!lf
=0, ——— " +0,| ——— |e ™
§ _e"'+ e | ™™
i A eJI(J —h+ emu - X) o em(f—x}+ J—m(.‘ = x))
or, 8, P e

The above expression, in terms of hyperbolic functions, can be expensed as
8 1-1, cosh{m(l-x))

E t,— 1, cosh (ml) 2134)
...Expression for temperature distribution
m(l - x) —mil - x)] T —]
[ cosh {m(l - x)} = % and cosh (ml) = ﬁ]

The rate of heat flow from the fin is given by

di
On= —k&s[z’] o

cosh{m(l - x)}
cosh (ml)
sinh{m(l — x)}
cosh (ml)

Now, ...[Fromegn. (2.134)]

t—t,=(1,- l,,)[

]
Jew

di
é:m—m[

% [cosh (mx)] = msinh (mx)

[

%:I"g= -m(t, - t,) tanh (ml)
Qﬁ”=kAﬂm(rn~—rn)lanh(mf)

(Substituting for m)

Q= ,‘Phu“ (t, - t,)tanh (ml)

«(2.135)

.[2.135(a))

or,



-.«.3. Heat dissipation from a fin losing heat at the tip
Fig. 2.132 illustrates a fin of finite length losing heat at the tip.

("]
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X = |
|
I l

J x=0 ¥ x=l

> x
Fig. 2.132. A fin of finite length losing heat at tip (case III).
The boundary conditions are :

() Atx=0, 0=8,
(if) Heat conducted to the fin at x=/
= Heat convected from the end to the surroundings.

Le., -kA, [%] =hA, (r-1,)
x =]

where A, (cross-sectional area for heat conduction) equals A (surface area from which the
convective heat transport takes place), at the tip of the fin; ie. A = A

dt ho
Thus o . "% atx=/
Applying these boundary conditions to eqn. (2.131), we get
C,+C,=8, (D)
Further =1, =Ce™+C,e™ [Egn. 2.131]
Differentiating this expression w.r.t. x, we have

L.£= mC,e™ - mCye™ ™
dx

[ﬂ] =mCe™ -mCye™ = 0
x=1

dx k
or, CI eml e Cz e-m: _ig
ot; Ge"-Ce™= ~$[c, ™+ Ce™) i)
[~ 8,.,=C e+ C, e™)

Solving eqns. (/) and (i), we have
C,=0,-C, ...|[From eqn. (i)]
. h =

Ce-(8,-Cre™= -G e"+0,-Cle™] ...[From eqn. (if)]

h h h
Ce"-0,e™+Ce™= -R-c,e"’ wie=l; et oG i

q[(!m’+87MI)+ﬁfﬁr—&Ci"’]:eﬂfild—%eo'eim'

= h _ _ h
C',[(e"‘+e "y + E(e"’—e ”'):|=Boe "'I:I—H:I
E T
0,1 -—
C=+ il km_e i}
(e""+e"")+i(e""-e""')
oot~ )™
and, C,=8,-



(-2

=0,[1- 2
(eull'+e—ul!'-,+ __(enl_e—ld)

(e +e™)+ i(e"" —e™y-—e™y —h—c""'
km km

=9, ~
mo ety Bt mi
| (e & 1) km(e e
remy P B i b
£ w ol [ ™ E—")
+ e

| (e e) km(' e)

h

9 [l+—]e""
or, C.o= i km

[(e"'+ e™)+ %le"'— e"")]

Substituting these values of constants C, and C, in eqn. (2.131), we get

6=Ce™+C,e™ -[Eqn(2.129)]
A _ h
L (v gl |
= h e™+ B e
(e"+e™)+ E(e""l -e™) (€™ +e™)+ E(e"’ -e™)
h
mu‘-:l+ -mil - x} e n(l-:)_ -mil - x)
o o _ le e ] m[f e ]
’ ) ml, —mi | T "
o + + —— p—
[e™+e™) km{e e )]
_9__ o E coshm(l — x)] + &[sinh{m[l -0}
or, Y h .{2.136)
A cosh(ml) + -b—"-[sinh(ml}]

The rate of heat flow from the fin is given by

Qﬁu= kA, [':T:'

x=0

cosh(m(l - x)} + L[sinhm(l - x)]
Now, t—-t,=(r,-1,) ko

cosh(ml) + ﬁ;[sinh(ml)}

Differentiating the above expression w.r.L. x, we get

. h
dt —msinh{m(l - x)} - m[;;{cosh{m(.‘ - x}]]]

—_— {r" s fﬂ) " |
dx - cosh (mi) + - (sinh (m))
sinh (ml) + iIcmh(u'n')
[ﬂ =-(t,—t,)m L
dx =0

cosh(ml) + %[siuh(ml)}

h
inh (ml) + — h(ml
sinh (ml) mlcos (ml)}

Q_ﬂﬂ:kAflm(lO—rﬂ) h
cosh(ml) + ;[sinh(mnl

h
inh(ml) + — hi{ml
sinh(ml) m{cos (ml)}

= JPhkA, (1,-1,) :
cosh (ml) + %{ sinh (m1)) (Substituting for m)

taahi(ml) + =
=

n =,fPhk <, =1)
s A (to= 1o .(2.135)

or,
4 ] ——-tanh (m/



Example 2.126. A longitudinal copper fin (k = 380 W/m°C) 600 mm long and 5 mm diameter is
exposed 1o air stream at 20°C. The convective heat transfer coefficient is 20W/m?*°C. If the fin base
temperature is 150°C, determine :

(i) The heat transferred, and
(i} The efficiency of the fin. [P.U., 1997]

Solution. Length of the fin, /=600 mm = 0.6 m

Diameter of the fin,d = 5 mm = 0005 m

The fin base temperature, f, = 150°C

Air stream temperature, {, = 20°C

Thermal conductivity of fin material, k = 380 W/
m°C

Convective heat transfer coefficient h = 20 W/m**C

(i) The heat transferred, Q :

Neglecting the heat loss from the end surface, t
heat transfer from the fin is given by

Q=kA_ m (1, —1)tanh (ml) ..[Eqn. (2.135)]

where
= 8 _ | 4% .4
2 kd 380 x 0.005

Q =380 x [% x 0.005° J x 6.49 x (150 - 20) tanh (6.49 x 0.6) = 6,29 W

=6.29 x 3600 = 22644 J/h or 22.644 kJ/h (Ans.)
(if) The efficiency of the fin, PR
For a fin which is insulated at the tip is given by

_ tanh (ml)

B mi

_ tanh (6.49 x 0.6)

= 207X 0 - 0.2566 or 25.66% ;
(6.49 % 0.6) = (Ao

Example 2.127. A steel rod (k = 32 W/m°C), 12 mm in diameter and 60 mm long, with an
insulated end, is to be used as a spine, It is exposed to surroundings with a temperature of 60°C and
a heat transfer coefficient of 55 W/m*°C. The temperature af the base of fin is 95°C. Determine

(i) The fin efficiency,

(i) The temperature at the edge of the spine;

[Eqn. (2.139)]

(iti) The heat dissipation.
Selution, Given : d= 12 mm = 0.012m; /= 60 mm = 0.06 m; 7, = 60°C; (k = 32 W/m*°C);
h =55 Wm*C; 1, = 95°C.

(i) The fin efficiency, ‘1;1. 5
_ tanh (ml)
T «[Eqn. (2.139)]
where, mw | | Axmd | [Sh g 4% ay03
kA, kxlt-dz ke 32x0.012
4
tanh (23.93 x 0.06)
=———" -~ =(.62180r62.18%
= 23,93 0.06) o (Ane)
(if) The temperature at the edge of the spine, fe
(] _ bty coshm(l - x)
-9_ & e cosh mi (Eqn. (2.134)]

o o a

Bijan Kumar Giri
Dept. Of Mechanical Engg.

At x = [, the above equation reduces to

& -t 1
o, B 1, =1, ~ coshml
L =60 1 _
or, 9560 - cosh (393006
1= 60 +(95 - 60) x 0.45 = 75.75°C  (Ans.)
(iii) The heat dissipation, Qﬂ” i
Qg =y, m (1,~1,) tanh (mi) .[Eqn. (2.135)]

=32 x Ex (0.012)% x 23.93(95 — 60) tanh (23.93 % 0.06) = 2.7 W (Ans.)




2.10.5. HEAT TRANSFER FROM A BAR CONNECTED TO THE TWO HEAT SOURCES
AT DIFFERENT TEMPERATURES
Consider the system shown in Fig. 2.143.
Let, | = Length of the bar connecting two heat sources,
A, = Cross-sectional area of the bar (constant),

P = Perimeter of the bar,
t, = Temperature of heat source-1
t, = Temperature of heat source-2
t, = Temperature of air surrounding the bar,
h = Heat transfer coefficient on the surface of the bar,
k = Thermal conductivity of the bar,
0, =1 -1,and
0, =16,-1,
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Qcony. = H(PA) (11,

B,
f / " Element ‘. t,
g, Q‘ln
i i Heat :
Heat Source @ @ eat Source
«——— x ———> | on

I ]
[ { >

Fig. 2.143. Heeat transfer from a bar connected to heat sources at differernt temperatures.

Consider an infinitesimal element of the bar of thickness dx located at distance x from heat
source—1 as shown in Fig. 2.143,

dt
n=—k A,
O A !

dt
Qo ==k Agg |:f i ﬁx]
dx
Qm:rr. - hP'a‘r (f = 'ra)
Applying energy balance on the element, we have

Qm - Qnm’ + Qmm"

dit d dt
— kA, —=—kA, — |t +—8x |+ hP.Ox (t -t
or, kA T KA., s [ = } (t—1,)
Upon simplification and rearrangement, we obtain
d*t kP
Y (F=15,)=0 w(2.165)

Replacing the temperature excess (1—1,) by 6 (since the ambient temperature is assumed constant),
eqn. 2.165 gets transferred to

d*e  hP
o N ga
A7 ..(2.166)
The solution to the above differential equation is
0=Ce™+C,e™ ..(2.167)

. bra [[RE
where, kA‘_‘S

The constant C, and C, are evaluated from the following boundary conditions :

() Atx=0, 0 =0,

(if) Atx=|, 6=0,

y 6, = C, + C, ..[From eqn. (2.167) using boundary condition (i) wla)
0, = C,e" + C,e™...[From eqn. (2.167) using boundary condition (i) ...(b)

Solving eqns. (a) and (b), we have

0, -9e™

=ml _ e-urf +

B]GMI T 92

ml_ e—m.‘

G G =

€ €



The rate of heat loss is given by

0= j; hPdx (t —1,) = [; hPdx . 0
1 0, sinh m(l = x) 4+ 0, sinh (mx)
0 sinh (ml)

= hP dx

(substituting for 8)
hP |:_ 0, . cosh {m (1 —x)} . 82 - cosh (Wxx)]j

sinh (ml) m m 0
hP 0, 0,
=———|=—11 - cosh (ml)} + —= jcosh (ml) -1
sinh (ml) m { i )} m { ik }
hP

msinh (mf) [(B, + 8,) {cosh (ml) - l}]

But, m= s
kAz‘,v

0 = JhPKA, (8, + 6;) [M} (2.169)

sinh (ml)
The maximum temperature occurs in the bar where E =0 hence differentiating the eqn. (2.168)
we have
—m8, cosh {m (/- x}} + mO, cosh mx =0
or, 6 cosh (m ([-x)} = 92 cosh (mx) W(2.170)
The value of x from the above equation gives the position of maximum temperature in the rod.
Example 2.134. A thin rod of copper (k = 100 W/m°C) 12.5 mm in diameter spans between two

parallel plates 150 mm apart. Air flows over the rod providing heat transfer coefficient of
50 W/m?*°C. The surface temperature of the plate exceeds the air by 40°C. Determine :

(i) The excess temperature at the centre of the rod over that of air, and

(ii) The heat lost from the rod in watls. (ML.U.)

Solution. Refer to Fig. 2.144,

Given:d=125mm=0.0125m; / = 150 mm = 0.15 m; h = 50 W/m?°C; k = 100 W/m°C.
8, =8,=40°C ...Temperature excess for each plate.

(i) The excess temperature at the centre of the rod over that of air; 9 :

The temperature distribution 6 ( = f- fd) along the rod is given by

Chapter : 2 : Conduction-Steady-State One Dimension [PYE]

Plate
¢ [ = 150 mm ————————————p
’— k=100 W/m'C
0, . 0,

h=50W/m"C -dia

IR S e T

Air
Fig. 2.144.
bm 0, sinh {m (!‘— X) + 05 sinh (mx) ..[Eqn. (2.168)]
sinh (ml)
!
Al, x= 2 the value of 0 is given by
sinh (ml/2)
o1 , =26, {7} (D)
1=z sinh (ml)
m PR LA cx. TR e 5 L URIIENE) 7
kA, kx%dz kd 100 x 0.0125

ml =12.65x0.15 = 1.9
Substituting the proper values in eqn. (i), we have
sm.h (1.9/2) - 80 5¢ 1.0995
sinh (1.9) 3.2682

=269 C (Ans.)

Bl , =2x40
‘r=5

(if) The heat lost from the rod, Q :
cosh (ml) — 1
Q = JhPkA, (8, + 0;) {W] ..[Eqn. (2.169)]

= [hx (nd)k X(Edzj X 26, [M]
4 sinh (ml)

= Jhkmtd® x 0, x {M}

cosh (ml)

=50 x 100 x 7% x 0.0125% x 40 % [M}

sinh (1.9)

=0.31x40 % [
3.2682

} =917 W (Ans.)



"Imp. Notes

Rectangular fin :

B=C e+ ()
or [(z—1) = C,e™ + C, e™]
Case 1. Heat dissipation from an infinitely long fin (I — ) :
0=0,e™ (i)
or [(t-2) =(t,-1)e™]
Qs = kA m(1,-1) (i)
[An infinitely long fin is one for which ml — =, and this condition may be approached when

ml > 5]
Case I1. Heat dissipation from a fin insulated at the tip :

i_ t—t, _cosh[m{l—x}] (iv)
e, t,—t,  cosh (ml)
Qﬁn = kAc.s m (fo Rl ‘a) tanh (ml) ...(V)

Case IIl. Heat dissipation from a fin losing heat at the tip :

il
o Ao cosh {m (I —x)} + % [sinh {m (I — x)}] )
P e cosh (ml) + = [sinh (ml)]

tanh (ml) + Ll
Opn = ks m (1, — 1) | ———2 - (vii)

1+— . tanh (ml)
km
hP
where m= KA,

[A_, = cross-sectional area (b X y); P = perimeter of the fin {= 2(b + y)}]
[z, = temperature at the base of the fin; 7, = temperature of ambient/surrounding fluid].

Efficiency of fin : It is defined as the ratio of the actual heat transferred by the fin to the
maximum heat transferable by fin, if entire fin area were at the base temperature.

Effectiveness of fin : It is the ratio of the fin heat transfer rate to the heat transfer rate that
would exist without a fin.
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UNSTEADY STATE HEAT CONDUCTION
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Twansient (Unsteady) State Heat Conduction j
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Let us consider a body whose initial temperature is ¢, throughout and which is placed suddenly in

ambient air or any liquid at a constant temperature 7, as shown in

Fig. 4.1(a). The transient response

of the body can be determined by relating its rate of change of internal energy with convective

exchange at the surface. That is:

S
Control Eot = Qcom. f e '
surface \ . =hA(t-t,) l
/ -l I
\ gl dt — b SRR =
j Negligible ) e e Tpen 2 R, .
internal thermal
resistance
Body ’ l, T .
System
T= 0, = tl
1>0,t=/(1)
(a) General system for unsteady (b) Equivalent thermal circuit for lumped
heat conduction capacitance solid
Fig. 4.1. Lumped heat capacity system.
dt
=—DVCE=M5 (t-1,) w(4.1)
where, p = Density of solid, kg/m?,
V = Volume of the body, m?,
¢ = Specific heat of body, J/kg°C,
h = Unit surface conductance, W/m2°C,
t = Temperature of the body at any time, °C,
A, = Surface area of the body, m?,
1, = Ambient temperature, °C, and
T = Time, s.
After rearranging the eqn. (4.1), and integrating, we get
dt hA
 Frerstuie—il 42
(t-1,) pVe
hA;
Int-t,)=-—>=1+C
or, (r-1,) oVe I ..(4.3)
The boundary conditions are:
AtTt=0, t = £, (initial surface temperature)
C, =ln(t,-1) [From eqn. (4.3)]
hAS
Hence In(t—1t,)=- Ve T+in (4 -1,) [Substituting the values in eqn. (4.3)]
et ARINE - 5 hA, il
=—=exp|-
or, FHIEa NS oVe .(4.4)



-

Instantaneous and fotal heat flow rage . The
instantaneous heat flow rate O may by
computed as follows :

|
©
>
I ===z 1
—
I~
|
Ao
—

|
$|:u-
e

M

>

-

I
Ol
5|
" -

"._.r'
'I——'u-———‘

=i~ HA (t;= t,)exp(_ B’% t}

and the total heat flow (loss or gain) is obtained
by integrating equation 6.5 over the time

interval t=0tot= 1.

Q = [
hA

T ? £
- Io ~-h A (¢ -—tﬂ)exp(— IJ'P—’L T !Jt

exp [-»(h A/pVi ]r]

B [-M(t"ﬁt“) ShA JpVe
h A |
=pVce (( = t,) [exp(—mr]

ourler numbers, we may write :

K and Q =P Velti—t)[exp(-BF)-1]

[n terms of non-dimensional Biot and

— 2:{(6.7)

J
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Characteristic Length for different Section

Characteristic length - PE
for sphere ] — 3" _ R
“ 4mzR* 3
Characteristic length ~R3L _ R
for solid cylinder ‘=27rR(L+R) fI>>R,1 = 2
Characteristic length J iy L
for cube le= 6> 6
Characteristic length ) — [bt -
for rectangular plate | <™~ 573 ~ 3
Characteristic length - (ro, :‘2 )
for hollow cylinder | ‘e 2mrl + 2wl + 270 = 11)
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Example 4.2. An aluminium alloy plate of 400 mm x 400 mm x 4 mm size at 200°C is suddenly
quenched inio liquid oxygen ai — 183°C. Starting from fundamentals or deriving the necessary
expression determine the time required for the plate to reach a temperature of — 70°C. Assume

h = 20000 kJ/m*-h-°C, c, = 0.8 ki/kg°C, and p = 3000 kg/m>. (AMIE Winter, 1997)
Solution.  Surface area of the plate, A, = 2 x 400 . 400 _ 032 m?
1000 1000
Volume of the plate, V = 400 400 . 4 _ 0.00064 m®
1000 1000 1000
Characteristic length, L. = — = D000 0.002 m
A, 032

k for aluminium, at low temperatures may be taken as 214 W/m°C or 770.4 kJ/mh°C.

Biot number, ) = .'i“.. = w =0.0519

k 770.4
Since B, is less than 0.1, hence lumper capacitance method may be applied for the solution of the

problem.
The temperature distribution is given by
bty exp l:_ hA, t:l (Eqn. (4.4)]
"1, pVe . (4.
(For derivation of this relation please refer to Article 4.2)
=70 - (- 183) _ [ 20000 x 0.32 :]

=exp|- .
200-(-183) 7| 3000 x 0.00064 x 0.8

or, 0.295 = g 166467 %

_ 1

- 416667 ¢

1
416667
e = ——=3.389

& 0.295
or, 4166.67 T = In 3.389 = 1.2205

= ﬂx%ﬂﬂ= 1.0545 (Ans.)

4166.67

Example 4.3. A solid copper sphere of 10 cm diameter [p = 8954 kg/m?, ¢ p =383 J/kg K,

k = 386 W/m K], initially at a uniform temperature t, = 250°C, is suddenly immersed in a
well-stirred fluid which is maintained at a uniform temperature {, = 50°C. The heat transfer coefficient
between the sphere and the fluid is h = 200 W/m® K. Determine the temperature of the copper block
at T = 5 min after the immersion. (AMIE Winter, 1998)

Solution. Given : D= 10 cm = 0.1 m; p = 8954 kg/m*; c,= 383 kg K; k=386 Wm K, 1,
= 250°C: 1, = 50°C: h = 200 W/m* K; T =5 min = 300 s.

Temperature of the copper block, f :

The characteristic length of the sphere is,

3
v 3 0
o Youmew) 3™ R D o100
Surface area (A,)  4nR 3 6 6

Biot number, B=—t="— ——_=864x10"
k 386
Since B, is less than 0.1, hence lump capacitance method (Newtonian heating or cooling) may be

applied for the solution of the problem.
The temperature distribution is given by

- hA
=exp |- 0k .Eqn. (4.4))

Substituting the value, we get
r—50 p [ 200

—=exp |- X
250 - 50 8954 x 0.01667 x 383

100] =0.35

4+t
"V L 001667

t = (250 - 50) % 0.35 + 50 = 120°C (Ans.)



Example 4.6. A steel ball 50 mm in diameter and at 900°C is placed in still atmosphere of 30°C.
Calculate the initial rate of cooling of the ball in °C/min.

Take: p = 7800 kg/m®, ¢ = 2 kd/kg°C (for steel), h = 30 W/im**C.

Neglect internal thermal resistance. (M.U.)

50
Solution. Given: R = a2 25 mm = 0.025 m; 1, = 900°C; 1, = 30°C, p = 7800 kg/m*;

C = 2kIkg°C; h=30W/m**C; t = | min =60 s.

The temperature variation in the ball (with respect to time), neglecting internal thermal resistance,
is given by:

2o - exp |- 2iq 44
D =i, oVc ..[Eqn. (4.4)]
2
where, ."iq:_{'x_‘m_."__z:ﬁ: 3% 30 x 60 =0.01385

pVe p X 4 R xc  PRc 7800 x0.025 x (2 1000)
3

Substituting the values in the above equation, we get

1-30 _ omas_ 1 _
m =€ = m = 0.9862
or, 1 =30+ 0.9862 (900 - 30) = 888°C
Rate of cooling = 900 — 888 = 12°C/min. (Ans.)

Example 4.7. A cylindrical ingot 10 cm diameter and 30 cm long passes through a heat treatment
JSurnace which is 6 m in length. The ingot must reach a temperature of 800°C before it comes out of
the furnace. The furnace gas is at 1250°C and ingot initial temperature is 90°C. What is the maximum
speed with which the ingot should move in the furnace to attain the required temperature? The
combined radiative and convective surface heat transfer coefficient is 100 W/m?> °C. Take k
(steel) = 40 W/m°C and « (thermal diffusivity of steel) = 1.16 x 107% m%/s.

Solution. Given:D=10cm=0.1 m; L=30cm=0.3m; 7= 1250°C; r=800°C; 1, = 90°C;
k=40 W/m°C; h =100 W/m*°C; a = 1.16 x 10~ m?/s.

Characteristic length L = Y volums) . EDZL -
gth, A, (surface area) [xDL-i»;D’xz] 4L+ 2D
= a%’i‘%"?m =0.02143 m
Biot number, B, = hTL' = % =0.0536

As B, < 0.1, then internal thermal resistance of the ingot for conduction heat flow can be
neglected.

. The time versus temperature relation is given as

'_-_a-_=c,,,[_£¢_,]

5 =1, pVe
hA, k kA, [k (h](,&,)_a ho A
Blow, pve k pve \pe)k)\V Y
=116x10° x 22 x L _ 0001353
40  0.02143
Substituting the values in the above equation, we get
800-90 _  poonsac _ 1
12 - 90 = s e0.00I,)S]t
1
or, 0612 = gz of LSR5 1,634
or, 0.001353t = In (1.634) = 0.491
= 2B _ 36295
0.001353

Velocity of ingot passing through the furnace,
. Furance length _ 6

: = 0.01653 m/s (Ans.)
Time 3629




The time constant of the thermocouple 18 the
time required by a thermocouple to reach the

following value of initial temperature
differences : |

(a) 63.2% (b) 65%

(c) 68% (d) 70.2%
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fAns. (a):63.2%
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