Transient
Conduction

MECH-420 Heat Transfer




Transient Conduction . .
Transient Conduction

* A heat transfer process for which the temperature varies with time, as well
as location within a solid.

« It is initiated whenever a system experiences a change in operating conditions.

* It can be induced by changes in:
— surface convection conditions ( /,T),

— surface radiation conditions (4., T ),

— a surface temperature or heat flux, and/or

— 1internal energy generation.

 Solution Techniques

— The Lumped Capacitance Method

— Exact Solutions
— The Finite-Difference Method (numerical)



Lumped Capacitance Method

The Lumped Capacitance Method

» Based on the assumption of a spatially uniform temperature distribution
throughout the transient process. Hence, 7' (7,7)~T(t).

* Why is the assumption never fully realized in practice?

» General Lumped Capacitance Surroundings
Analysis: |

p,c, V, (0) =T,

» Consider a general case,
which includes convection,
radiation and/or an applied
heat flux at specified
surfaces (AM, 4.,,4, ),
as well as internal energy
generation




Lumped Capacitance Method (cont.)

> First Law:

dE AT - .
St :p\vlc_:Ein_Eout‘l‘Eg
dt dt
» Assuming energy outflow due to convection and radiation and
inflow due to an applied heat flux g;,

PV =g = A (T =)~ A, (T=T )+ B

* May /4 and 4, be assumed to be constant throughout the transient process?

* How must such an equation be solved?



Special Case (Negligible Radiation)

» Special Cases (Exact Solutions, T(O) =T)
> Negligible Radiation (6 =T-T7,0'=60- b/a) ;

a=hd, |/ pVc bz(qs” ;i +Egj/p‘v’c

The non-homogeneous differential equation is transformed into a
homogeneous equation of the form:

ﬁ+au§"=b
dt

Integrating from ¢ = 0 to any ¢ and rearranging,

T-T bla
T I = exp(—at)+ T [1 — exp(—at)]

To what does the foregoing equation reduce as steady state is approached?

How else may the steady-state solution be obtained?

(5.25)



Special Case (Convection)

> Negligible Radiation and Source Terms [h >>h, E,=0,q = Oj ;

dT
pV07 =—h4, (T -T,) (52)
0 t
'OVCJ- - dt Note: 0=T-1,
h4,.J6 0 0
0_T-1% _ exp{—(hAs’c jt} = exp[—i} (5.6)
6;' 7: _];o pVC 2

The thermal time constant is defined as

|
@ = (hAS J(p‘v’c) (5.7)

%_J

Thermal Lumped Thermal
Resistance, R,  Capacitance, C,

The change in thermal energy storage due to the transient process is

AE,=-Q= —onutdt =—hA4,, jé?dt =—(pV¥c)f 1—6Xp(—iﬂ (5:8)
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Special Case (Radiation)

» Negligible Convection and Source Terms (hr >>h, E, =0, q'= Oj ;

Assuming radiation exchange with large surroundings,

Sl ——od o (T4~ T4)

(C,'ASJG JAfdt:.’-T dT
,OVC L TiTs?lr_T4

t= pye In
4¢4, .o

sur

+2| tan ! 4 —tan ! L, (5.18)
TSUI' TSUI'

This result necessitates implicit evaluation of 77).

T +T

sur

. —-T

sur

L +1;
1;

—1In

sur
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. :,,,_;l'> Aluminum sphere
@ j/ D=75mm, Tj=25°C
— g 2 p=2700 kg/m3
Tg,i=300°C D ¢ = 950 J/kg-K
h=75Wm2-K  °+ ) k = 240 Wm-K
—>

Time required for sphere to acquire
90% of MAX possible thermal energy
and find center temperature



Analysis

» Neglect heat transfer to/from other spheres or from @
sphere by radiation or conduction due to contact with
ofther spheres.

» Constant Properties

» Check LUMPED CAPACITANCE criteria to see
Temperature is function of TIME only, and not a function

9VSPACE

h w  0.0375
. _ 3 _ m -K 3
Bigpyire = = =0.00625<0.1 - LUMPED
Ksovin 150L
m—K

Lumped Capactiance and a uniform temperature throughout at any instant of time.

But all points changing over time together.

Q)= ( pve, ) {1 exp( tﬂ T, =[h114 j pVe, > Thermal Time Constant
T

t N

AE,=-Q= —I Eoudt =-hA,_|60dt —(pV¥c)6, [1 — exp(—iﬂ
0
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TEMPERATURE IF Given TIME

T(t)-T. ( tj bla | ( zj
=exp| —— |+ l—exp| ——
T-T r) T-T r

l o0

l o0

1 pvc
a=—:.T b=| g4, + / p¥c
A hAS,c (M ) P

T(0)=T, +(Tl-—Tw)exp(—ij
-

=300+ (25— 300) exp(=984 / 427)
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TIME IF Given TEMPERATURE
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Problem: Furnace Start-up

Problem 5.22: Heating of coated furnace wall during start-up.

Ceramic film,

Rz'-:f Carbon steel,
p. ¢, k T;

KNOWN: Thickness and properties of furnace wall. Thermal resistance of ceramic coating
on surface of wall exposed to furnace gases. Initial wall temperature.

FIND: (a) Time required for surface of wall to reach a prescribed temperature, (b)
Corresponding value of coating surface temperature.

T=1300K
h=25 W/m‘/(? T
R;' 0- m*- K/W

Schematic:

Carbon steel, T;=300K
15;=1200K

TR R




KNOWN:  Thickness and properties of furnace wall.  Thermal resistance of ceramic coating on surface of wall exposed to furnace gases.  Initial wall temperature.


FIND:  (a) Time required for surface of wall to reach a prescribed temperature, (b) Corresponding value of coating surface temperature.



Problem: Furnace Start-up (cont.)

ASSUMPTIONS: (1) Constant properties, (2) Negligible coating thermal capacitance, (3)
Negligible radiation.

PROPERTIES: Carbon steel: p= 7850 kg/m3, c =430 J/kg-K, k=60 W/m-K.

Hence, with
1 . 1 !
U=(Ry )" =(—+R}j =(—2+10_2m2-K/WJ =20 W/m? K.
h 25 W/m~ -K
2
g UL _20Wm® Kx00lm _ o0 o

k 60 W/m-K

and the lumped capacitance method can be used.

(a) From Eqgs. (5.6) and (5.7),
T 1 ¢ _ G

—T — _ _
Ti_—TC:=exp(—t/rt):exp(—t/RtCt)zexp(—Ut/ch) L = hA,._ (p‘v’c)— R A

t | T-T,, _ 7850 kg/m’(0.01 m)430 Jkg K 1200-1300
—— n = — n
U T,-T, 20 W/m? -K 300-1300

t=3886s=1.08 h. <



ASSUMPTIONS:  (1) Constant properties, (2) Negligible coating thermal capacitance, (3) Negligible radiation.



PROPERTIES:  Carbon steel: ( = 7850 kg/m3, c = 430 J/kg(K, k = 60 W/m(K.



ANALYSIS:  HEAT TRANSFER TO THE WALL IS DETERMINED BY THE TOTAL RESISTANCE TO HEAT TRANSFER FROM THE GAS TO THE SURFACE OF THE STEEL, AND NOT SIMPLY BY THE CONVECTION RESISTANCE. 


and the lumped capacitance method can be used.



(a) From Eqs. (5.6) and (5.7),


Problem: Furnace Start-up (cont.)
(b) Performing an energy balance at the outer surface (s,0),
W(Too —Ts0 ) =(Ts 0 —Tsi )/ R

;Mo +T5i /Ry 25 W/m® K x1300 K +1200 K/10°m” -K/W
h+(1/RY) (25+100) W/m* - K

S,0

Ty, =1220 K. _

How does the coating affect the thermal time constant?

=130
Ta13 OKK? T =Carbon steel T;=300K

h=25Wfm?

)

R;=10%m2-K|W £ ;=1200K

F
o Tso

L iy

(1h) 7 R;




(b) Performing an energy balance at the outer surface (s,o),


How does the coating affect the thermal time constant?



——> T, 20°C

h’-‘150Wflﬂ 2K Qconv
Substrate Chip, §= IxdOWm
L=5mm, t=1mm

INTEGRATED CIRCUIT:
Steady State Temperature
and time fo come within 1C
of steady state.
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1" Law

_Eout +Egen o O
Lh(DPYT. -T)+S,, (I*et)=0

gen

Sen
T =T, +—=
h

S en
b="5"=6.429K / 5
pc,

\ \

Transient Conduction

=80C

) .
V. _Lethick _ ik
VR

. 150

a=—"—o - m —K —=0.107s""
p(thick)c, 2000 %8 «0.001m 700
m’ kg — K

FInd Steady State Temperature

T(t)-T, ( tj b/a ( tj
———==exp| — |+ l—exp| ——
I, -1, t) T—1I, T
azlgrzpvc bz(qg -+QJ/ch
o b4,
Solve for t
T(t)—];_exp(_ij(l_ bla bla
I; =1, T L -1, T -1,
T(t)-T, bla
i-n g% (¢
q_blay P77
T-T,
T(t)—-T.,—b/a [ tj
=exp| ——
T-T —-b/a T
| TO-T,~bla (—r) =
I'-T —-b/a
1[79 20— 60}
11/11/2022
20-20-60] _ 5 5.
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