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Problem 1 [35 pointg]

(a) [6 pts] The temperature profile of ¢ A
three-layer composite plane wall is shov
in the figure to the right. Assume steac
state and no internal heat generation. Ba:
on the temperature profile, rank the therrr
conductivities I@A, kBand kc) and the thermal

resistances of three IayeR"/g, R"Band R"c)

from low to high by filling below subscripts
Wlth HAH, LIB” Or “C”.
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(b) [4 pts] The heat diffusion equation is constedcbased on two physical laws, which are

conservation of energgndFourier’s law of heat conduction.
+2 +2

(c) [6 pts] In general, boundary conditions areuregfl to solve the heat diffusion equation for

the steady-state conduction. There are three cantypes of linear boundary conditions,

which includespecified temperature, specified heat flux, andifipd convection +3

. . : . . possible .
Circle the correct answer in the following sentericis physically . to specify more

impossble

+3

than one type of boundary condition at a singleniolawy at the same time.

(d) [6 pts] Consider a fin with a uniform crosstsat and an adiabatic tip, subject to a constaséba
temperature, which is higher than the ambient teatpee. Asthelength of thefin increases,

Circle the correct answer

thefin efficiency will (i) increase (ii) remain constant (idecrease | | +2
thefin effectiveness will () increase (i) remain constant (iii) decrease +2
thetotal heat removal rate o . . (iii) decrease

. . (i) increase (if) remain constant
from the fin base will +2




Name
(e) [4 pts]Circle the temperature profile(s) below that is(are) gwesfor 1-D steady-state heat
conduction through a three-layer composite wall enad uniform materials. There may be
uniform heat generation inside one or more layers and thermal contact resistance(s) at one or
both interface(s).
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A and C possibl| +4

(f) [6 pts] Consider the heat conduction in a unifor "
2-D plate without heat generation. Some of theaha 7 3;
temperatures calculated when numerically solving t
problem using the Energy Balance Method are shc ,’
in the right figure. The nodes are evenly spadedca l’
x andy directions.
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Based on these known nodal temperatures, o Eadie i f

Unit: °C

the temperatureTQ of the internal node 85°C | +3 Stealem

and the temperaturé’bo of the boundary node i7.5°C.| +3

(9) [3 pts] Two cubes of different materials (matedabnd material B) have identical geometries
and are both subject to the same initial tempeeatand convection conditions &nd T ) on all

exposed surfaces. The Biot numbers associatethareame. Based on above information, the
relationship between their thermal time constasits i

() ta >18 (ii) Ta =18 (ii) Ta <t  (iv) need more informatio| +3




+2

+2

+3

Name

Problem 2 [30 points]

Consider a copper ball of diameter 20 cm%/4.1257 M and V = 0.004189 fundergoing a
thermal treatment process. It is heated unifoimly00 K and dropped in a large pool of water
at 280 K. The convection heat transfer coefficarthe surface of the sphere is 200 WHn

For Copper: Thermal conductivity: 400 W/m-K; density: 9000/kg; specific heat: 385 J/kg-K

(a) [10 pts] How long does it take for the surfeemperature of the copper ball to reach 300 K?

W _10x10°
. hw(l’/3) 2002KX 3 m .
Bi=—o/Z/ - M- W =0.0166= Bi < 0.1= lumped syste| +2
Kegia 400——
m-K
2 | e 9000"9 x 0.004189 SSEJ—K
Thermal time constantr, = ——> = m W 9% -577.4 second
A 200" x 0.1257 r
m”-K
9 T _ exp -t :Mz exp{—LJ: t =1384.5 seconds | 4o
g T-T. 7. |~ 500~ 280 577.

(b) [5 pts] What is the temperature (K) at the eewf the copper ball at that time? Briefly justify
your answer.

Since the copper ball is lumped, the conductivestasce through the solid is negligibly small
compared to convective resistance at the surfacéemperature copper ball is nearly uniform
throughout its volume> T, OT,=300K | +2




Name
Now consider a bismuth ball of same dimension gtiimgugh the same treatment. It is heated
uniformly to 500 K and dropped in a large pool @fter at 280 K. The convection heat transfer
coefficient at the surface of the sphere is 200 ¥AKm

For Bismuth: Thermal conductivity: 8 W/m K; density: 9800 kglrspecific heat: 122 J/kg-K

(c) [6 pts] How long does it take for the surfaemperature of the bismuth ball to reach 300 K?

200 W ><10>< 102
. hconv(ro/s) m2 -K 3 m H
Bi = " = W =0.8333= Bi > 0.1 non-lumped syste| +1
solid 8
m-K
At the surface:r’ =— =1; 4 = T, -1, _300-280_ 0.090¢
r, T.-T, 500- 280
hr ZOOZLX10< 10° m
Bi = o' 0 — m-KW =25
Keoig 8 +2
m-K

Interpolating in Table 5.1C, =1.551,¢, = 2.1588

| L_T-T, Lo\ sin(ér)
AssumingFo > 0.2, for a sphered =_|_ = =C1exp(—Z1 Fo)—*:> Fo= 0.404(

i e er
W +2
2
Thermal diffusivity: a = K _ . m-K 5 =6.7x 100
PCs 98009 x 122 s
m kg-K
Fo :% =0.4040= t =603.8 seconds | +1

o

(d) [4 pts] What is the temperature (K) at the eenf the bismuth ball at that time?

CT-T, o T,-280 _ ]
6, === =C,exp(~¢IFo) = 2= = 1.55K exp-( 215895+ 0.40)| +3

] 00

= T,=33L9K [,




Name
(e) [5 pts] Which ball (copper or bismuth) releasese energy in the time it takes to cool the
surface of each ball to 300 K? Qualitatively jiysyiour answer with a few phrases, equations,
and/or diagrams.
Q=mC, (T, -T,) = oVC, (T, -T))
a J _ J
(PVC,),,,,y 14515 and (oVC,) . =5008

bismuth

+3

In addition, the copper ball cools down nearly anifly (lumped) while the bismuth ball has
more significant spatial temperature gradient (homped)

= For the same initial temperature differencepper ball releases more enerqgy in the time it
takes to cool the surface of each ball to 300 K

+2




Name

Problem 3 [35 pointg]

A long metal rod (of diametdd and thermal conductivity) spans the distance between two heat
sinks kept at temperatufk.. The center portion of the rod is well insulatmad subject to
uniform volumetric heat generationj)( Outside of this region, the rods are exposed to
convection with a convection coefficiemiand free stream temperatdre (equal to the heat sink
temperature). The center of the rod (x = 0) mesich a temperature ofyTfor the heat
treatment process to complete. Assume 1-D heasfora approximation is valid and neglect
radiation and contact resistances. (Hint: The lerabs symmetric about x = 0).

Convection Convection
h, [ Insulated h, T,
Y Heat Sink
D k k
(Te)
L L, L

(a) [10 pts] On the axes below sketch the temperatioigas function ok from the center to
one heat sink. Be sure all the boundary and extertonditions are correctly shown.

T-T,

=+
w o -

+2 Parabéﬁc
dT/dx = 0 o
Interface

+3

Nearly
Exponential
Decay




Name
(b) [5 pts] You would like to assume each of thpased portion of the bar can be modeled as an
infinite fin. The infinite fin approximation is Vid if the fin heat transfer rate with appropriate
boundary conditions is within 1% of the heat transhte for an infinitely long fin. __Using this
criteria, what is the minimum length of the exposedions of the rodL§) in order for the
infinite fin approximation to be valid? Expresstaims of the parameters given in the problem
statement.

L . C L o adivatic M tanh(mL
Considering adiabatic tip in Table 3 Alinzvaic _ M AN (mL) =tanh(mL) = 0.9¢
qfin,long
+2
—mL>2.655 L2 22 [
m

(hP)? hxmD ah Y
m=|—| =———=m=| — +2
kA: kxEDZ kD
4

(c) [20 pts] Assume the length of the exposed rodifificeent for the infinite fin approximation
to be valid. _Derive an expression for the required beaeration rate in the center portion of
the rod to maintain the center temperature T(x = O),= TYour expression should be in terms
of the given material and geometrical parameters and maktginperatures (fand T).

(Hint: You should derive the general temperature profiléhie center region of the rod using
appropriate boundary conditions at the center (x = O)lamedge of the heat region (x #2).
Note that the correct boundary condition at x = 0 is not T@¥ = Ty.)

Considering heat diffusion equation in rectangular cooréiat

2 g
a[kx 6T) A7 M %BJI': T 7_0
0x 0x ay ot

Integrate: ar_ _Qx +q
dx k 6
Integrating again:T (x) = qu X2 +GX+ Cy
Boundary Conditions:
dar
For x =0, =0
dx +2
Ts
—_F
Gfin 4_—:_ _:'_> Qfin
- o] o] >
L Ly L¢

Considering CV around the central portion of the regv-g,, , + Egen =E&
o, T T

2Qfin =QV = 47 D?Ly = Qfin = 4 DLy,

For an infinitely long fin in Table 3.4y, =M = thAc( ~(Teo -Tc))



Name

Combining: \/nPkA, (Ts-T;) = quth

T2
q—-D"Ly +8
Forx = Ly/2, T,=To+-8

JPKA,

dT q
& —0=-I(x=0)+q=¢=0
o (x=0ra=0
T2
2 2 q—-D Lh o 2
T[x=t)=1,=¢ —q("h] Sep=T+dhor 8 T,d
2%\ 2 & JhPkA, &
T2 +2
D2,
Tz =Te s g O
P

Required heat generation rate in the central podidhe rod:

————=—; P=nD and AC=’ZTD2
2
— DL 2 +
h (2 2




