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Examples

=T, Quenching & Heating
Transient problems

Could be
a small

copper
ball



Examples and comparison
T=f(t), T=f(dis)

T, °C

(a) Copper ball

t, sec

T=f(t, dis)

(b) Roast beef



Analysis and general formulation

¢ Basic assumption:

The lumped capacitance method assumes
that the temperature of solid is spatially uniform
at any instant of time. This means negligible

temp gradients within the solid. E..;=9con
Energy balance: -E.,=Ex
ontrol volume
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and recognizing that (d8/df) = (dT/dt) if T is constant, it follows that

Separating variables and integrating from the initial condition, for which ¢ = 0 and
1(0) = T, we then obtain
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Evaluating the integrals, it follows that
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Note

TThe temp. of a luUmped System appreacnes
the envirenment temp. as time gets larger.
ThiS Is can be checkead by the previeus
exponential eguation (eg.7):



Tnerral tirne constant,

T = Ve [h AS ........................ 8)

T, = ( hAL)( ch‘) <o R,C, ........................ (9)

Where R, Is the resistance to convection heat transfer
and C, is the lumped thermal capacitance of the solid.
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Transient temperature response of lumped capacitance solids for different
thermal time constants 7,.




Totzll energy iransisr Q)

, The Total energy transfer Q occurring up to
some time t can be obtained from:

Q=jth=hAJ9dt
0 0

Use the eq. (7) of 6

"

o
0

= eXp

Pl

hA

J——

: ) ,
(s" —-—




.
Srandanng . e
b d BRI Rt MBS LT EE DL RN e e PRI -“':‘::::,
O y CERT L LA AR R R T T Shand
Al TR

For cﬁlenching 0 18 positive and the solid experiences a decrease in energy. Equa-
For heating Q Is negative and the solid experiences an (8 <90),
Increase in the internal energy of the solid.

Heating
Too>T

0
0 =-ve




Maximum heat quantity

[ > X

Q = Qmax - me (Tl — Too)



Validity of the Lumped Capacitance Method

To develop a suitable criterion consider steady-state conduction through the
plane wall of area A ( Fig. A ). Although we are assuming steady-state condi-
tions, this criterion 1s readily extended to transient processes. One surface is main-
tained at a temperature T, and the other surface is exposed to a fluid of temperature
I', <Ti;. The temperature of this surface will be some intermediate value, T, ,, for
which T,, <T,, <T,. Hence under steady-state conditions the surface energy bal-
ance, is
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T T l" Hf-c t ﬂf BH t number on steady-state temperature

distribution 1n a plane wall with surface convection.




Notes

Biot number plays a fundamental role in conduction
problems that involve surface convection effect.

Biot number provides a measure of the temperature drop
In the solid relative to the temperature difference
between the solid’s surface and the fluid.

Biot number may be interpreted as a ratio of thermal
resistances.

If Bl << 1, the resistance to conduction within the solid is
much less than the resistarnice to convection across the
fluid bounaary layer. Hence, the assumption of a uniform
temperature distribution within the solid is reasonable if
the Biot number Is small.



The Biot nUmBer can be Viewed as the ratie ofi the
CORVECcHIoN at the stiace ter conduction wWithin the
pody.

Convection
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Bi = heat convection
el e PE
heat conduction




T=T{)

- Transient temperature distributions for different Biot numbers in a plane wall

symmetrically cooled by convection,




Conclusion

If the following condition is satisfied
Bi - ML

K

the error associated with using the lumped
capacitance method is small.

Where L. is the characteristic length. It is
defined as the ratio of the solid’s volume to
surface area,

L.=V/A,

<0.1 i, (13)

Note

For symmetrical heated or cooled plane wall of
thickness 2L, L.=L.

For a long cylinder L.=r,/2 and for a sphere, L.=r./3



Example: small bodies with high thermal conductivities and low
convection coefficients are most likely to satisfy the criterion
for lumped system analysis

h=15W/m2.°C

- %D= 0.02 m

. ML _ 15X0.02 _ 500075 < 0.1
0



¢ Using L.=V/A,, the exponent of the eq. 7
may be written as 5,

1s termed the Fourier number. It is a dimensionless time, which, with the Biot num-
ber, characterizes transient conduction problems. Substituting the previous eq.

in the original eq. (7), we obtain




The heat transfer coefficient for air flowing over a sphere
i$ to be determined by observing the temperature—time
history of a sphere fabricated from pure copper. The
sphere, which is 12.7 mm in diameter, is at 66°C before

it is inserted into an airstream having a temperature of
27°C. A thermocouple on the outer surface of the sphere
indicates 55°C 69 s after the sphere is inserted in the
airstream. Assume, and then justify, that the sphere

behaves as a spacewise isothermal object and calculate
the heat transfer coefficient.




Schematic




Steps of calculation

1. Find from appendices the properties of copper (
density p, heat capacity C and thermal
conductivity k) at average temperature 333.5 K.

2.Assume Lumped Capacitance

3. Apply the Eq. 7

4.Find h

5.Check Bl number




