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a.1. INTRODUCTIoN

1 the (emperatore ”l‘." Dody doey oy |
woith time, iU1S said 1o e in steay stae,
(here 1y an abrupt c‘lmn“qv n iy Sl
(emperare, it (body) utlmn.\" M Cquilibyyy,
femperature or Q steady state after SO iy
During this pct‘iml the tvn\pcrnl‘nl\‘ Varriex winh fie
and the body is said to be W an unsteady
ransient state, The term transient or unsteay
designates a4 phenomenon which is iy
dcpciulcnl. The steady state is thus the limir o
transient temperature distribution for lage valu
of time, |
Conduction of hear in unsteady state wefers
to the transient conditionys wherein the heat flov
and the temperature distribution at any point§
the system vary continuously with time, Transiee
conditions occur in:
(i) Cooling of I.C. engines;
(i) Automobile engines;
(i) Heating and cooling of metal billets
(iv) Cooling and freezing of food: ‘
(v) Heat treatment of metals by quenchit®
(vi) Starting and stopping of various heat &%
change units in power installation:
(Vi) Brick burning;
(Vi) Vuleanization of rubber ete. .
The lemperature field in any (ransics
Problem, in general, is given by
t= f(x 27
tmng::?:;it:%c " 'u ns} s ey .t'hciif‘l or !
Periodic vapys may follow a periot
Arlanon,

. q no
@ Non-periodic variation. In
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,,Wu'nmm*.t ety pmh,,”,‘
l'h”’“\”'-‘ (W“Ilill ”Il\ pjypl‘t|||, | “.
| dther regular or o o
| rr”’l

yhich are ! o e
qilar’ it definite y eyl S— A
(ranslent conditlons occur in automobile engines.

liek
el perlodic virthintion s
: (-hfum'tmlm-d by it frmonle sintsoldil or nons
on which Is cyelie but nol necessarily harmonic,

by o1y functl
fmiples: The fempernture varintions in

(1) eylinder of an 1O, engines
(1) hulding during i period o
of carth during n period of 24 hours;
ritors (whose pac

inusotdal function, and irregular periodic variations

(24 hours,

(illy surlnee
(iv) hent processing of regene

| cooled by alr) ete,

~ The translent heat conduction problems ma
(1) Analyticnl;

(i) Annlogicali

kings arc heated alternately by fucl gases and

y be solved by the following methods :
(1) Graphical;
(iv) Numerical,

- 4.2, HEAT CONDUCTION IN sOLIDS HAVING INFINITE THERMAL
IBLE INTERNAL RESISTANCE) - LUMPED

CONDUCTIVITY (NEGLIG
PARAMETER ANALYSIS

will be always a temperature gradient
for solids of large thcmmlvconductivity
lates and thin metallic wires, the

nal conductivity and there
moved, However,
their volume like p

3 All solids have a finite thert
n'nildcthc solid whenever heat is added or re
W nee 1 i
ith surface areas that are large in proportion o

e in comparison with the convective

intemal resi 2 -
resistance () cn be nssumed to be small or negligib

- tesistance | < Eon e g 5 '
ance ( A | the surface. Typical examples of this type of heat flow are:
(1) Heat treatment of metals;

(1) Time re
) Time response of thermocouples and thermometers ctC:

stance is assumed ne gligible in comparison with its surface

¢y, The emperature, in this process, is
led Lumped parameter analysis
of its temperature and total heat

ffsis;lrjlc process in which the internal resi
-~ COnyj | e is called Ihc Newtonian heating or cooling proce
ered 1o be uniform at a given time. Such an analysis 18 ¢

wuse the : i i '
camc'lc I'lu, whole solid, whose energy at any time is a function
y is treated as one lump,

e ——————————
Scanned by CamScanner



m Heat and Mass _Iransfﬁr -
e o e 1 amnelAture 18 4 P = (
Let us consider a body whose inital tLmlmllurc ¢ as shown in FIg. 4.1(ar). The rangiey, rt
h h n o0l p F o s .
i . e eonstant lemperi ( ] o of internal energy i
i e ey el hqlmd - :((;l b): relating its rare of change f 4y witl,
of the body can be determin -

Do
('“'“, ‘T}l‘c
iy
exchange at the surface. That 18:

throughout and which is Placeg

Enul' i mer\’.
Control o =hA (t—1)

surface . —_—
y_ /4. ‘/ dt = Cy=ple -

—

e 5\ o | sl e — %R =_|
@ R "W

A
e |
/1
ALAAN
v

Negligible > j

\ internal thermal
j'i\\ resistance J | eyt
N i .
Body % Ny / %

L« S —"
[—

System

1=0,1=¢
1>0,1=/(7)
(b) Equivalent thermal circuit for lumped

a) General system for unstead ! ;
2 Y i capacitance solid

heat conduction

Fig. 4.1. Lumped heat capacity system.

dt
= - pVC E:r- = hAS (f - ta) “(4]]
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/m?°C,

1 = Temperature of the body at any time, °C
A, = Surface arca of the body, m?,

;]

1, = Ambient temperature, °C, and

T = Time, s.
After rearranging the eqn. (4.1), and integrating, we get
: j dt - _hic_ jd _
t-1) pvcd® s
ol In(t~1,) = - p%:-c s | el
The boundary conditions are:

Att=0, 1=, (initial surface tlemperature)
; C, =ln(t-1) (From eq™ @)
_ hA

Hence In(t - t,)=— _‘—;C-T +In (% - t,) L - (4-31} -

t . p [Substituting the values in €4
_— ld

or, =—= €Xp| - _hil-'_‘r (44)

tl’ il B[' pVC ! ; 4 ]
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Chapter : 4 : Conduction-Unsteady-State (Transient) m
FoHOWi“g points are worth noting:

(. Eqn (4.4) gives the temperature distribution in the body for Neywronia

: . e n heating or cooli
temperature rises exponentially with time as shown i Fig 80 ing and

- pticates 42,

L0

o () o0

= Rrh Crh

o|e >

Temperature, C —»

o

Time, T —» Y T2 k-
Time, 1 —>»
Fig. 4.2. Newtonian heating or cooling. Fig. 4.3. Transient temperature response.

. pVe : : A
2. The quantity ~ -~ has the dimensions of time and is called thermal time constant, denoted

. . . sl . - .
by, Its value is indicative of the rate of response of a system to a sudden change in its environmental
temperature i.e., how fast a body will response to a change in the environmental temperature.

1
T = [H] (pVe) = Ry, Cy,

S

1
Where, Ry = [ A J = Resistance to convection heat transfer, and
5

C,,(=pV,) = Lumped thermal capacitance of solid.
Fig. 4.3 shows that any increase in R, or C, will cause a solid to respond more slowly to

Bt th ) ; "
thanges in its thermal environmental and will increase the time required to attam the thermal

eQuilibrium (8 = 0),
Fig. 4.1(b) shows an analogus electric network for a lumped heat capacity system, in which
rﬁ 9 QVC represents the thermal capacity of the system. The value of C,, can be obtained from the
Yowing thermal and electrical equations, by similarity.

Q =(pVe)=C,t ...Thermal equation.
) 5 =0F ..Electrical equation.
g s = Capacitor charge,
C = Capacitance of the condenser, and
i Whe o E = Voltage. b .
0 the switch is closed [Fig. 4.1 (b)] the solid is charged to the temperature 0. On opening

1
Wi . o
ch, the thermal energy stored as C, is dissipated through the thermal resistance R, =| ; WA,

'Eteimpefature of the body decays with time. From this analogy it is concluded that R -elccmcal
s may be used to determine the transient behaviour of thermal SySt€ms.

and
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meat and Mass Transfer

—@—’-1 can be arranged 1n din

The power ntial, i.€.,
P on exponential, oVe

e ) (ke )(
hA, T= A -—-‘-*A’A T =(T){L2}
¢ ..‘(4151

ove (kA J(pVie

1ensionless form gg follg,
W,

Volume of the solid (V)

where o = [-'(—] = Thermal diffusivity of the solid

pc
I, = Characteristic length = Surface arca of the solid (A, )

The values of characteristic length (L,), for simple geometric shapes, are given beloy,.

v _ LBH = i-thickness
g =__=____=L/2_sem|
Flat plate : L, A 2BH | " |
where L, B and H are thickness, width and height of tp, o
nR’L _ R — radius of the cylinder
oI . = where, R =radwus o Yy i
Cylinder (long) : L & >

R = radius of the sphere.

Sphere: . = 3 _ R where,
4 3

Cube: L. = -é? = -éi ~ where, L=Side of the cube.

Further, from eqn. (4.5):

hL
(/) The non-dimensional factor _Ic_ is called the Biot member B,

: h y
ie. * Bi= —ZLi = Biot number.
It gives an indication of the ratio of internal (conduction) resistance to surface (convectior
resistance. When the value of B, is small, it indicates that the system has a small internal (conductio
resistance, i.e., relatively small temperature gradient or the existence of practically uniform temperal
within the system. The convective resistance then predominates and the transient phenomenon’
controlled by the convective heat exchange.

If Bi< 0.'1, the lumped heat capacity approach can be used to advantage with simple shapes
as plates, cylinders, spheres and cubes. The error associated is around 5%

ot
(if) The non-dimensional factor ~7 i :
tor 12 is called the Fourier number, F o

. ot
Le. =—= 1
e Fy = — = Fourier number

. ”

It s.lgmﬁcs l}.]c degree of penetration of heating or cooling effect through a solid.
Using non-dimensional terms, eqn. (4.4) takes the form of ghas

0t~y

Bf Iy =1,

The graphical representation of eqn. (4.5) for d; "
and infinite square rods and cubes and SPherc;) iosf S(lill;if:lc:]; ;(?hd: iInﬁnite plates, infinite ¢
182. 4.4,

&= Bk, "-(“

nde!

-
Scanned by CamScanner



1.0

'
S e s
4 4 " !' '3 i 1- —
3. Wi, 3 l, | ;
{ 3 Infinjte
‘ /-l plites '
0,1 R "
g % e
- e s
10 NN
- “ pﬁ Infinite {1
\ cylinders
0.01 == e—
: o & Infinite] = j;-";--_-l’
- Cubes ]_‘ _‘_"__:".fﬂu-‘:r_c md‘ —
& spheres _“1 : ..';_-1 S S =
ooorlM__1 1 1\ _] e . -
] | 2 3 4 5
BiF,

Fig. 44, Newtonian heating or cooling (for various solids)
Instantaneous heat flow rate and total heat transfer:
The instantancous rate of heat flow (().) may be found as follows:

/
0, = pVe :‘j—f-t =pVe &

d
tﬁl’
dr {

+ (¢ ~t,) exp {- L ‘l:}:l

pVc

or, Ql' o pV(" [“I - 1) J" hA; ] cxp J-— hA, T}]
| pve 1 pve
or, Q,=-hA, (1, —1,) exp [—- héy 't] ik Bed )
pVe
or, Q =-hA, (1, -1,) e Pt ...[4.7 (a)]

The total or cumulative heat transfer is

7 T
Q= J(l Q; dv

- j‘:— hA, (4 - 1,) cxp[

o g X

pVe

]d'c

T
= i, oy RGPV
— hA; /pVc
[# T
=pVe (4 - 1,) | exp {— —-’ucl]
L pVe |,

or

Q' =pVe (t; - t,)

exp {
L

Q' =pVe (t, —1,) [eH -

_ha, } ) 1} .(4.8)
pVe
. 1438 (@)

... in terms of non-dimensional B; and F,, number.

e 'E“mple 4.1. A 50 cm x 50 cm copper slab 6.25 mm thick has a uniform temperature of 300°C.
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