PROBLEM 3.1
KNOWN: One-dimensional, plane wall separating hot and cold fluids at T, 1 and T, »,
respectively.
FIND: Temperature distribution, T(x), and heat flux, gy, intermsof Ty 1, T, 2, hy, hy, K
andL.
SCHEMATIC:

Co/a’ fluid
TOO,Z /72«

Hot fluid
7;, 1, h]

cond I qconv

“
%

ASSUMPTIONS: (1) One-dimensional conduction, (2) Steady-state conditions, (3) Constant
properties, (4) Negligible radiation, (5) No generatlon

ANALYSIS: For theforegm ng conditions, the general solution to the heat diffusion equation
isof the form, Equation 3

T(x)=Cyx +Co. )
The constants of mtegratlon C1 and Co, are determined by using surface energy balance

conditionsat x =0 and x = L, Equation 2.23, and asillustrated above,
dT O dTQ

—kd— :O:hlgl'oo,l—T(O)E _k_EL =hoHT (L) ~Teo H- (2,3

For the BC at x = 0, Equation (2), use Equation (1) to find

—k(Cp +0) = Heo 1 =(C1 D +Cp H (4)
and for theBC at x = L to find
—k(Cl +0 :h2 aC:LL +C2) —Teo ZE' (5)

Multiply Eq. (4) by hy and Eq. (5) by hq, and add the equations to obtain C1. Then substitute
C1 into Eq. (4) to obtain Cy. Theresultsare

C = — (Too,l Too,2) Co = — (Too,l_Too,Z) +T
o le +i+ED ’ h Di+i +Iﬂ ot
 hy kA Hhy " hy
~ (Too,l Too,Z) x 10 <
T==0 1 o g Ty e

From Fourier’ slaw, the heat flux is a constant and of the form

g =k = k¢, = (T°°’1_T°°’2).
o 110

%Tﬁa




PROBLEM 3.2

KNOWN: Temperatures and convection coefficients associated with air at the inner and outer surfaces
of arear window.

FIND: (&) Inner and outer window surface temperatures, Ts; and Ts,, and (b) Ts; and T, as afunction of
the outside air temperature T, , and for selected values of outer convection coefficient, h,.

SCHEMATIC:
Glass . ko0 Tso Ts i ko j

[ ] S,I .—/\/\/\;—.—\/\/\/ \/V & V'V \/VV ° n

7;00:_1000 lll TS,O -~

ho = 65 W/im2s K qa I T I

7;°i=4OOC

- 2
L =0.004m | Ni=30WmeeK
ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional conduction, (3) Negligible radiation

effects, (4) Constant properties.
PROPERTIES: Table A-3, Glass (300 K): k =1.4W/mK.
ANALYSIS: (a) The heat flux may be obtained from Egs. 3.11 and 3.12,

40°C - (—10° C)

' Too,i _Too,o _
1 L 1 1 0.004m 1
—+—+— + +
ho k hi esw/m2mk L14W/MK  30w/m? K
q = 0 C = 968W/m?.

(0.0154 +0.0029 +0.0333) m? [K /W

Hence, with " =h (Too’i —Too,o), the inner surface temperature is

' 2
q—=40°C— 968W/m

=77°C <
h 2
i 30W/m K

Tsi = Too)i —

Similarly for the outer surface temperature with q' = hg (TS,o ‘Too,o) find

' 2
o W
Ts,0 = Too,0 __r? =-10C _—968 /m

0 65W,/ m? K
(b) Using the same analysis, Ts; and T, have been computed and plotted as a function of the outside air
temperature, T, fOr outer convection coefficients of h, = 2, 65, and 100 W/M’K. As expected, Ts; and
Tso are linear with changes in the outside air temperature. The difference between T; and T, increases
with increasing convection coefficient, since the heat flux through the window likewise increases. This
differenceislarger at lower outside air temperatures for the same reason. Note that with hy = 2 W/MK,
Tsi - Tso, iIStoo small to show on the plot.

=49°C <

Continued .....



PROBLEM 3.2 (Cont.)
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—&— Tsi; ho =100 W/m"2.K
—&— Tso; ho =100 W/m"2.K
—8— Tsi; ho=65W/m"2.K
—&— Tso; ho=65W/m"2.K
Tsior Tso; ho =2 W/m”r.K

COMMENTS: (1) Thelargest resistance is that associated with convection at the inner surface. The
values of Tg; and T, could be increased by increasing the value of h;.

(2) The IHT Thermal Resistance Network Model was used to create a model of the window and generate
the above plot. The Workspace is shown below.

/l Thermal Resistance Network Model:
/I The Network:

q1 q4

\\ R21q2\ Ra‘zﬁ\ R42 \

1 =2 4

/I Heat rates into node j,qij, through thermal resistance Rij
g21=(T2-T1)/R21
032 =(T3-T2)/R32
43 = (T4 - T3) / R43

/I Nodal energy balances
gl+9g21=0
g2-921+9g32=0
03-032+0g43=0
g4-0943=0

/* Assigned variables list: deselect the qi, Rij and Ti which are unknowns; set gi = 0 for embedded nodal points
at which there is no external source of heat. */

T1 = Tinfo /I Outside air temperature, C

/lql = /I Heat rate, W

T2 = Tso /I Outer surface temperature, C

g2=0 /I Heat rate, W; node 2, no external heat source

T3 = Tsi /I Inner surface temperature, C

g3=0 /I Heat rate, W; node 2, no external heat source

T4 = Tinfi /' Inside air temperature, C

/g4 = /I Heat rate, W

/I Thermal Resistances:

R21= 1/(ho*As) /I Convection thermal resistance, K/W; outer surface
R32= L/(k*As) /I Conduction thermal resistance, K/W; glass

R43= 1/(hi*As) /I Convection thermal resistance, K/W; inner surface

/I Other Assigned Variables:

Tinfo =-10 /I Outside air temperature, C

ho = 65 /I Convection coefficient, W/m”2.K; outer surface
L =0.004 /I Thickness, m; glass

k=14 /I Thermal conductivity, W/m.K; glass

Tinfi =40 I Inside air temperature, C

hi =30 /I Convection coefficient, W/m”2.K; inner surface

As=1 /I Cross-sectional area, m"2; unit area



PROBLEM 3.3

KNOWN: Desired inner surface temperature of rear window with prescribed inside and outside air
conditions.

FIND: (a) Heater power per unit area required to maintain the desired temperature, and (b) Compute and
plot the electrical power requirement as a function of Too,0 for therange -30 < Too,0 < 0°C with h, of 2,
20, 65 and 100 W/m*K. Comment on heater operation needs for low h,. If h~V", whereV isthe

vehicle speed and n is a positive exponent, how does the vehicle speed affect the need for heater
operation?

SCHEMATIC:
T,; = 15°C le———}—1=0.004m

L —Window glass

|| Cmrentai’

Film-type heater, qf';

(e ar) |

T;=25°C Too =-10°C, h, = 65 W/m2-K
h;=65W/m2 - K
Tei T
S,/ 00,0
Toi & AMA—SANNN— AN —8 — g
1/h; A I LKA 1/h A
Ah

ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional heat transfer, (3) Uniform heater
flux, gh, (4) Constant properties, (5) Negligible radiation effects, (6) Negligible film resistance.
PROPERTIES: Table A-3, Glass (300 K): k =1.4W/mK.

ANALYSIS: (a) From an energy balance at the inner surface and the thermal circuit, it follows that for a
unit surface area,

Toi=Tsi ., Tsi~Teo
+qh =
Yh L/k+Vhg
0 - Toi ~Twoo Tewi-Tsi 1500‘(‘1000) 25°C-15'C
- _ _ _
L/k +j/h0 j/hi 0.004m N 1 1
L4W/mK  ssw/m2K 10w/ m? K
i, = (1370-100) W/ m? =1270W/m? <

(b) The heater electrical power requirement as a function of the exterior air temperature for different
exterior convection coefficients is shown in the plot. When h, = 2 W/m?K, the heater is unecessary,
since the glassis maintained at 15°C by theinterior air. If h ~ V", we conclude that, with higher vehicle
speeds, the exterior convection will increase, requiring increased heat power to maintain the 15°C
condition.
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Exterior air temperature, Tinfo (C)

—>— h=20W/m"2K
— h=65W/m"2K
—&— h =100 W/m"2.K

COMMENTS: With g}, =0, theinner surface temperature with T, , =-10°C would be given by



Toi = Tsji 1h, 010 _

= = =0846, or Ty :25°c:—o.846(35°c) - _46°C.
Toi~Two ¥hj+L/k+Vh, 0118 ’



PROBLEM 3.4

KNOWN: Curing of atransparent film by radiant heating with substrate and film surface subjected to
known thermal conditions.

FIND: (a) Thermal circuit for this situation, (b) Radiant heat flux, qg (W/mP), to maintain bond at
curing temperature, T,, (¢) Compute and plot g asafunction of the film thicknessfor 0 < L¢ < 1 mm,
and (d) If thefilmis not transparent, determine g, required to achieve bonding; plot results as afunction
of L.
SCHEMATIC:

— T.=20°C

—_—>

— h=50W/m2.K |%

L;=0.25 mm Al >_F_i|[n _______ _
- Bond, T, =60 °C

k= 0.025 W/m K

S T, =30°C

ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional heat flow, (3) All the radiant heat
flux qg isabsorbed at the bond, (4) Negligible contact resistance.

LS= 1.0 mm

ANALYSIS: (a) Thethermal circuit 9o

for this situation is shown at the right. R, R R%

Note that terms are written on a per unit 0y +— eAAA e AN AN —> Q)
areabasis. T Ts To Ty

(b) Using this circuit and performing an energy balance on the film-substrate interface,

= + = +
%o = *d2 % Ry, +Rf R

where the thermal resistances are
R, =1/h =1/50W/m? K =0.020m? K,/ W
R} =L¢ /k¢ =0.00025m/0.025W/m (K =0.010m? (K /W
RS = Lg/Kg =0.001m/0.05W/m K =0.020m? [K/W
- (60-20)"C .\ (60-30)°C
° [0020+0.010] m2 K/W 0.020m? (K/W

(c) For the transparent film, the radiant flux required to achieve bonding as a function of film thickness L+
is shown in the plot below.

= (133 +1500) W/ m? =2833W/m? <

(d) If the film is opaque (not transparent), the thermal circuit is shown below. Inorder tofind qg, itis
necessary to write two energy balances, one around the T node and the second about the T, hode.
qoll
RHCV R"f RIIS
q2H .4AA .AA“ 1‘ﬁ q1"

'The results of the analyses are plotted below.
Continued...



PROBLEM 3.4 (Cont.)
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COMMENTS: (1) When the filmistransparent, the radiant flux is absorbed on the bond. The flux
required decreases with increasing film thickness. Physically, how do you explain this? Why isthe
relationship not linear?

(2) When thefilm is opaque, the radiant flux is absorbed on the surface, and the flux required increases
with increasing thickness of the film. Physically, how do you explain this? Why is the relationship
linear?

(3) The IHT Thermal Resistance Network Model was used to create amodel of the film-substrate system
and generate the above plot. The Workspace is shown below.

/I Thermal Resistance Network

Model: \ RZ1 \\ R32 \\ R4 \

/I The Network: . ’v\./'\r . ’\f\,f\r ™ ‘V\,f\;

/I Heat rates into node j,qij, through thermal resistance Rij
q21 = (T2-T1)/R21
g32=(T3-T2)/R32
q43 = (T4 - T3) / R43

/I Nodal energy balances
gl+9g21=0
g2-921+9g32=0
03-032+0g43=0
g4-0943=0

/* Assigned variables list: deselect the gi, Rij and Ti which are unknowns; set gi = 0 for embedded nodal points
at which there is no external source of heat. */

T1 =Tinf /I Ambient air temperature, C

/lql = /I Heat rate, W; film side

T2=Ts /I Film surface temperature, C

g2=0 /I Radiant flux, W/m”2; zero for part (a)
T3=To /I Bond temperature, C

g3=qo /I Radiant flux, W/m”2; part (a)

T4 = Tsub /I Substrate temperature, C

/g4 = /I Heat rate, W; substrate side

/l Thermal Resistances:

R21=1/(h*As) /I Convection resistance, K/IW
R32 = Lf/ (kf * As) /I Conduction resistance, K/W; film
R43 = Ls/ (ks * As) /I Conduction resistance, K/W; substrate
/I Other Assigned Variables:

Tinf = 20 /I Ambient air temperature, C

h =50 /I Convection coefficient, W/m”2.K

Lf = 0.00025 /I Thickness, m; film

kf = 0.025 /I Thermal conductivity, W/m.K; film

To =60 /I Cure temperature, C

Ls = 0.001 /I Thickness, m; substrate

ks =0.05 /I Thermal conductivity, W/m.K; substrate
Tsub =30 /I Substrate temperature, C

As=1 /I Cross-sectional area, m”2; unit area



PROBLEM 3.5

KNOWN: Thicknesses and thermal conductivities of refrigerator wall materials. Inner and outer air
temperatures and convection coefficients.

FIND: Heat gain per surface area.

SCHEMATIC:
- Li=0.050 m —KC L, =0.003 m
Refrigerated ) -
Top,i = 4°C Tw,0 = 25°C
h; = 5 W/m2-K ho = 5 W/m2-K T, Tw,o
H ”
Insulation Panel (2) 9 h Lok Ltk Lplk, 1/hg
ki = 0.046 W/m-K kp = 60 W/m-K

ASSUMPTIONS: (1) One-dimensional heat transfer, (2) Steady-state conditions, (3) Negligible
contact resistance, (4) Negligible radiation, (5) Constant properties.

ANALYSIS: From the thermal circuit, the heat gain per unit surface areais
TOO,O _TOO’I
(/ hi)+(Lp/kp)+(Li /ki)+(Lp/kp) +(1/ho)
(25-4)°C
2(1/5W/m2 [H()+2(0.003m/60W/m[H()+(0.050m/0.046W/m K)

q = 21°C =141 W/m? <

(0.4+0.0001+1.087) m? (K / W

COMMENTS: Although the contribution of the panelsto the total thermal resistance is negligible,
that due to convection is not inconsequential and is comparable to the thermal resistance of the
insulation.



PROBLEM 3.6
KNOWN: Design and operating conditions of a heat flux gage.

FIND: (a) Convection coefficient for water flow (Ts = 27°C) and error associated with neglecting
conduction in the insulation, (b) Convection coefficient for air flow (Ts = 125°C) and error associated
with neglecting conduction and radiation, (c) Effect of convection coefficient on error associated with
neglecting conduction for T = 27°C.

SCHEMATIC:
Air or
Water f — ~  q'ony  9vad Foil (Pl = 2000 W/m?2)
h,T,.= 25 °C . 1 ______ g Tg=27 OC (Water)
T5=125 OC (Air)
"""""" : Surroundings
L=10mm fpegsppugegey, 00 ; Insulation Tsur=25°C

(k = 0.040 W/m-K)

Tp=25°C
ASSUMPTIONS: (1) Steady-state, (2) One-dimensional conduction, (3) Constant k.

ANALYSIS: (@) The electric power dissipation is balanced by convection to the water and conduction
through the insulation. An energy balance applied to a control surface about the foil therefore yields

Paec = dconv *dcond = h(Ts _Too) +K (Ts _Tb)/L

Hence,
- Phec K (Ts=Tp)/L _ 2000W/m? -0.04W/m K (2K )/0.01m
- To—Too - 2K
_ 2
_ (2000 28|Zw/m - so6w1/m? K <

If conduction is neglected, a value of h = 1000 W/m?[K is obtained, with an attendant error of (1000 -
996)/996 = 0.40%

(b) Inair, energy may also be transferred from the foil surface by radiation, and the energy balance
yields
4 4
Piec = deonv *+drad +8cond =h(Ts ~Tw) +€0 (Ts _Tsur) +k (Ts _Tb)/l-
Hence,
P' _ 4 _ 4 _ _
h=

2000W/m? - 0.15x5.67 x10 8w/ m? K4 (3984 —2984)K4 ~0.04W/m [ (100K)/0.01m

100K

(2000- 146 - 400) W/ m?

=145W/m? K <
100K

Continued...



PROBLEM 3.6 (Cont.)

If conduction, radiation, or conduction and radiation are neglected, the corresponding values of h and the
percentage errors are 18.5 W/m’K (27.6%), 16 W/m?K (10.3%), and 20 W/m’K (37.9%).

(c) For afixed value of Ts= 27°C, the conduction loss remains at Qpong = 8 W/, which isalso the

fixed difference between Pyec and qgony - Although this differenceis not clearly shown in the plot for
10 < h < 1000 W/m’[K,, it is revealed in the subplot for 10 < 100 W/m’[K.
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Errors associated with neglecting conduction decrease with increasing h from values which are
significant for small h (h < 100 W/m’[K) to values which are negligible for large h.

COMMENTS: Inliquids (large h), it is an excellent approximation to neglect conduction and assume
that all of the dissipated power istransferred to the fluid.



PROBLEM 3.7

KNOWN: A layer of fatty tissue with fixed inside temperature can experience different
outside convection conditions.

FIND: (a) Ratio of heat loss for different convection conditions, (b) Outer surface
temperature for different convection conditions, and (c) Temperature of still air which
achieves same cooling as moving air (wind chill effect).

SCHEMATIC:

[L=0003m"|

To.=36C

h-25Wle- C
Fatty tissue TTT A=Z5W;;,_.oéor

ASSUMPTIONS: (1) One-dimensiona conduction through a plane wall, (2) Steady-state
conditions, (3) Homogeneous medium with constant properties, (4) No internal heat
generation (metabolic effects are negligible), (5) Negligible radiation effects.

PROPERTIES: Table A-3, Tissue, fat layer: k =0.2 W/mIK.
ANALYSIS: Thetherma circuit for this situation is

5,1 5e Joo

—>
LKA 1hA ?
Hence, the heat rate is

Riot ~ L/KA+1/hA°

Therefore,

O, 10
Jealm :E; ha/vindy.
Owindy G-, 10

k hbeam

Applying a surface energy balance to the outer surface, it aso follows that

dcond = deonv-

Continued .....



PROBLEM 3.7 (Cont.)
Hence,

To determine the wind chill effect, we must determine the heat |oss for the windy day and use
it to evaluate the hypothetical ambient air temperature, T.,, which would provide the same

heat |oss on a calm day, Hence,

' _ Tsl‘T _ Tsl ~Teo
- [L , 10 oL, O
ha/\/lndy Ek IA/Ecalm

From these relations, we can now find the results sought:

0.003 m + 1
deam _ 02W/mK g5 W/m2 K _ 0.015+0.0154

a, =
@ dwingy ~ 0003m 1 0.015+0.04
0.2W/mIK 25 W/m2 K
Gedm - 553 <
Awindy
_15°C+ 0.2 WimK 36°C
(25 W/m? [IK)(0.00S m) -
0 Ts2E,, = . S VimK =221°C
(25 Wim? ) (0.003 m)
scs 02WMK o
(65 wim? K ) (0.003m) g
T2 Eindy = 02 WimTK =108c
(65 W/m? ) (0.003m)
| g o . (0.003/0.2+1/25) .
() T =36"C-(36+15) C =-56.3°C <

(0.003/0.2+1/65)

COMMENTS: Thewind chill effect is equivalent to adecrease of Tg» by 11.3°C and
increase in the heat loss by a factor of (0.553)-1 =181



PROBLEM 3.8
KNOWN: Dimensions of athermopane window. Room and ambient air conditions.

FIND: (a) Heat loss through window, (b) Effect of variation in outside convection coefficient for
double and triple pane construction.

SCHEMATIC (Double Pane):

Glass | Lofe 1] Window, 0.8 m x 0.5 m
Hl Hl L =0.007m
T.;=20°C o0 =-10°C
h‘;° 10 W/im2* K ho = 80 W/im2-K
T Too,O
e
1 L L L A q
hiA  kgA  kgA  kgA  hoA

ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional heat transfer, (3) Constant
properties, (4) Negligible radiation effects, (5) Air between glass is stagnant.

PROPERTIES: Table A-3, Glass (300 K): ky=1.4W/mK; Table A-4, Air (T =278K): ka=
0.0245 W/mIK.
ANALYSIS: (a) From the thermal circuit, the heat lossis
TOOi ~To ,0
1 S S S S
Ah kg Ka kg hof

20°C— (—10° C)

q=
0, 1 0.007m 0.007m 0.007m 1 O
Ep4m %NW/m K 14W/mEIK 00245W/mEIK 14W/mEIK sow/m DK@
o= 30°C __30°C  oaw <

(0.25+0.0125+0.715 +0.0125 +0.03125) K/W  1.021K/W

(b) For the triple pane window, the additional pane and airspace increase the total resistance from
1.021 K/W to 1.749 K/W, thereby reducing the heat loss from 29.4 to 17.2 W. The effect of h, on the
heat lossis plotted as follows.

30

27

24

Heat loss, q(W)

21

18

| o1—6—1—°—

15

10 28 46 64 82 100

Outside convection coefficient, ho(W/m"2.K)

Double pane
—S— Triple pane

Continued...



PROBLEM 3.8 (Cont.)

Changes in h, influence the heat loss at small values of h,, for which the outside convection resistance
isnot negligible relative to the total resistance. However, the resistance becomes negligible with
increasing h,, particularly for the triple pane window, and changesin h, have little effect on the heat
loss.

COMMENTS: The largest contribution to the thermal resistance is due to conduction across the
enclosed air. Note that thisair could bein motion due to free convection currents. If the
corresponding convection coefficient exceeded 3.5 W/m?IK, the thermal resistance would be less than
that predicted by assuming conduction across stagnant air.



PROBLEM 3.9

KNOWN: Thicknesses of three materials which form a composite wall and thermal
conductivities of two of the materials. Inner and outer surface temperatures of the composite;
also, temperature and convection coefficient associated with adjoining gas.

FIND: Vaue of unknown thermal conductivity, kg.

SCHEMATIC:
o LA:O.3777
T, =600°C 50=R0°C 47/ _015m
kA=ZOW§777'K
ke =50 W/m-K
750=8O7°C ¢ ”
h=25W/|mz2-K
Too ki Ts.o
kot LT
a bs L PA A kA kA

ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensiona conduction, (3) Constant
properties, (4) Negligible contact resistance, (5) Negligible radiation effects.

ANALYSIS: Referring to the thermal circuit, the heat flux may be expressed as

o_ Tsi=Tso  _ (600-20)°C
T La, g, Lc  03m _015m_ 015m
kA kB kC 20 W/mK kB 50 Wim K
g=— 20 \wm2. (1)
0.018+0.15/kg
The heat flux may be obtained from
q'=h(Te - Tgj) =25 W/m? [K (800-600)° C )
q'=5000 W/mZ.
Substituting for the heat flux from Eq. (2) into Eq. (1), find
015_580 _018=280 _0018=0.008
ks q 5000
kg =1.53 W/mK. <

COMMENTS: Radiation effects are likely to have a significant influence on the net heat
flux at the inner surface of the oven.



PROBLEM 3.10

KNOWN: Properties and dimensions of a composite oven window providing an outer surface safe-
to-touch temperature Ts o = 43°C with outer convection coefficient hy = 30 W/m2[K and € = 0.9 when
the oven wall air temperatures are Ty, = T4 = 400°C. See Example 3.1.

FIND: Values of the outer convection coefficient hg required to maintain the saf e-to-touch condition
when the oven wall-air temperature is raised to 500°C or 600°C.

SCHEMATIC:
La=41.8 mm —k——>Kk—>+ Lg=20.9 mm Sg%
Tei €= 0.9 Teo=43°C, £= 0.9 i
/ Tw,;i = 500 or 600°C Two = 25°C \
Ta=Tw,i ﬁ ﬁ T = 25°C
hi = 25 W/m2-K hog =7
A, ka =0.15 W/m-K B, kg = 0.08 W/m-K

ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional conduction in window with no
contact resistance and constant properties, (3) Negligible absorption in window material, (4)
Radiation exchange processes are between small surface and large isothermal surroundings.

ANALYSIS: From the analysisin the Ex. 3.1 Comment 2, the surface energy balances at the inner
and outer surfaces are used to determine the required value of ho when Tso =43°Cand Ty j = Ta=
500 or 600°C.

4 4 _ Ts,i_TS,O
w(TW’i _TSvi)+hi (Ta=Tsi) “(La/ka)+(L/kp)
Tsi ~Tso ( 4 4 )
y s = T _T h T _T
(Lalka)+(Lp/kg) Lo wo)” o(Tso ~To)

Using these relationsin IHT, the following results were cal cul ated:

Twi, TS°C) Tsi(°C) ho(W/m’K)
400 392 30
500 493 40.4
600 594 50.7

COMMENTS: Note that the window inner surface temperature is closer to the oven air-wall
temperature as the outer convection coefficient increases. Why isthis so?



PROBLEM 3.11

KNOWN: Drying oven wall having material with known thermal conductivity sandwiched between thin
metal sheets. Radiation and convection conditions prescribed on inner surface; convection conditions on
outer surface.

FIND: (a) Thermal circuit representing wall and processes and (b) Insulation thickness required to
maintain outer wall surface at To = 40°C.

SCHEMATIC:
) Insulation, k = 0.05 W/m-K
Grag = 100 W/m M, = 40°C To:>i Ti To Tw,o
—> A AN —

M di RcvuT Red  Revo %o

Toi = 300°C T, 0 = 25°C

2_ 2 drad
h;j = 30 W/m#4-K ho = 10 W/m#4-K

ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional conduction in wall, (3) Thermal
resistance of metal sheets negligible.

ANALYSIS: (a) Thethermal circuit is shown above. Note |abels for the temperatures, thermal
resistances and the relevant heat fluxes.

(b) Perform energy balances on the i- and o- nodes finding

T —-T _T
oo,: | +TO TI +q;’6d =0 (1)
Rev,i Red
T Two-T
li2To, @0” 0 )
Red I:\>'c:v,o
where the thermal resistances are
tvi =1/h; =0.0333 m? K /W 3)
Riy=L/k=L/0.05m?K/W (4)
Rev.0 =1/hg =0.0100 m? (K /W (5)

Substituting numerical values, and solving Egs. (1) and (2) simultaneously, find
L =86 mm <

COMMENTS: (1) Thetemperature at the inner surface can be found from an energy balance on the
i-node using the value found for L.

TOO,i =T + TOO,O =T
Rovo  Red +Revj

+qag =0 T; =298.3°C

It followsthat Tjiscloseto To i Since the wall represents the dominant resistance of the system.

(2) Verify that gj =50 W /m? and Jo =150 W/m2. Isthe overall energy balance on the system
satisfied?



PROBLEM 3.12
KNOWN: Configurations of exterior wall. Inner and outer surface conditions.
FIND: Heating load for each of the three cases.

SCHEMATIC:
Ly Lf Ly Ly Lg Lag Lg
10 mm > |~ 50 mm—>| <10 mm | “}<3 mm 3 mm 5 mm->}F 3 mm

I I
I I
| |
| |
I I
I I
hO | hO | hO
Tooo | T | T
y | 2,0 | 00,0
T \%\ I I
I I
J L Wood (w) | |
I I

Plaster

board (p) %ﬁt‘?{;e Glass (9) Glass (g) Aira) — Class (@)
hj=5W/m2-K hg = 15 W/m2-K
Toj=20°C Two =-15°C

ASSUMPTIONS: (1) Steady-state, (2) One-dimensional conduction, (3) Constant properties, (4)
Negligible radiation effects.

PROPERTIES: (T =300K): Table A.3: plaster board, k, = 0.17 W/m[K; urethane, k; = 0.026 W/mIK;
wood, ky = 0.12 W/mIK; glass, ky = 1.4 W/mIK. TabIeA.4. air, ka=0.0263 W/mIK.

ANALYSIS: (a) The heat loss may be obtained by dividing the overall temperature difference by the
total thermal resistance. For the composite wall of unit surface area, A = 1 n,

Tw,i_TOO,O
]/h) ( p/k ) ('—f/kf)"'('-w/kw)*'(J/hOE/A

20°C - (—15° c)

q=

q =
H02+0.059+1.92 +0.083 +0.067) m? [K/W%/lmz

-_C 50w <
2.33K/W
(b) For the single pane of glass,

Tooi = Toor0
q =
H/hi)+ (Lo /kg )+ (Who )/ A
q= »C =% 1303w <
Ho2+0002+0067) m” K /W%/lm2 0.269K/W

(c) For the double pane window,

Tm,i _TOO,O
T H )+ 2(Lg fkg) *(La/ka) +(Who /A
35°C 35°C <
q= = =75.9W

g0.2+0.004+0.190 +0.067)m2 [H(/W%/lmz 0.461K /W

COMMENTS: The composite wall is clearly superior from the standpoint of reducing heat loss, and the
dominant contribution to itstotal thermal resistance (82%) is associated with the foam insulation. Even
with doubl e pane construction, heat 1oss through the window is significantly larger than that for the
composite wall.



PROBLEM 3.13

KNOWN: Composite wall of a house with prescribed convection processes at inner and
outer surfaces.

FIND: (a) Expression for thermal resistance of house wall, Rqt; (b) Total heat loss, q(W); (c)
Effect on heat loss due to increase in outside heat transfer convection coefficient, ho, and (d)
Controlling resistance for heat |oss from house.

SCHEMATIC:
~ <Plaster board, kp Fiberglsss blankc‘f'(ZBkg/’""’), kg
A=350m?
m Plywood siding, ke
h;=30W[mz-K % Wmz-K T, °C
7i=20°C 44 4 o= 60W/m e

LP-IOMM —H(-[_b IOQIIm"I(_’I_ L 20771777

ASSUMPTIONS: (1) One-dimensional conduction, (2) Steady-state conditions, (3)
Negligible contact resistance.

PROPERTIES: TableA-3, (T =(Tj +To)/2=(20-15)° C/2=2.5°C -~300K): Fiberglass

blanket, 28 kg/ms, kp = 0.038 W/mIK; Plywood siding, ks = 0.12 W/mIK; Plasterboard, kp =
0.17 W/mIK.
ANALYSIS: (a) The expression for the total thermal resistance of the house wall follows
from Eq. 3.18.

L

1 P . Lp + Lg N 1 <

(b) Thetotal heat loss through the house wall is

q=AT/Rot = (Ti ‘To)/ Riot-

Riot =

Substituting numerical values, find
1 . 0.01m . 0.10m
30W/m?2 K 2350m2 0.17W/mIK x 350m2  0.038W/m [K x350m?2
UZm
+

Rtot =

0.12W/mK x350m2  60W/m? [K x350m?
Riot =[9.52+16.8+752 +47.6 +4.76] x10° °C/W =831 0™ °C/W

The heat lossisthen,
o= 20-(-15)F C/831x10™ °C/W=4.21 kW. <

(c) If hg changes from 60 to 300 W/mZEK, Ro = 1/hgA changes from 4.76 x 10'5 °C/W t0 0.95

x 10 °C/W. This reduces Riot t0 826 x 10™ °C/W, which is a 0.5% decrease and hence a
0.5% increasein q.

(d) From the expression for Rygt in part (b), note that the insulation resistance, Lp/kpA, is
752/830 = 90% of the total resistance. Hence, this material layer controls the resistance of the
wall. From part (c) note that a 5-fold decrease in the outer convection resistance due to an
increase in the wind velocity has a negligible effect on the heat loss.



PROBLEM 3.14

KNOWN: Composite wall of a house with prescribed convection processes at inner and
outer surfaces.

FIND: Daily heat loss for prescribed diurnal variation in ambient air temperature.
SCHEMATIC:

fiberglass blanket (28kg[m3) k,

Plywood siding, kg
ho = 60WfmZ-k

,. s 10.0=273+5 sin (‘4‘ f) 0<14]2h
;=20 C To 275 11 1) 1241424k
i =20 10mm "I‘—"I‘LbJOOmm’l(—’I-LS- o.0=275+11sin(27 1) 7

ASSUMPTIONS: (1) One-dimensional, steady-state conduction (negligible change in wall
thermal energy storage over 24h period), (2) Negligible contact resistance.

PROPERTIES: Table A-3, T =300 K: Fiberglass blanket (28 kg/ms), kp = 0.038 W/mIK;
Plywood, ks = 0.12 W/mIK; Plasterboard, kp = 0.17 W/mK.

24h1  _

ANALYSIS: The heat loss may be approximated as Q = I 4dt where
Ritot

Riot =— —
ot~ A ks hop

1 0.01m 0.1m 0.02m 1 O]
Riot = + + + +

200m2 E'BO W/m2mK 017W/mIK 0.038W/mK 0.12W/mK | 60 W/m?2 I:IK%
Riot =0.01454 K/W.

Hence the heat rateis

2h 24h
s f %93 %73 +5 snﬂtmdt + I 7293 D273 1527 of
D24D ZMD 12 024
68.8— [ 20t+5 2T 20t cos
¥ % i N L
Q=68 8%40+— (-1-2) +H480 240 22 (1 ¥ HW &
m 0
Q=68.8 {480-38.2+84.03 W [h
Q=36.18 kW [h=1.302x10°%J, <

COMMENTS: From knowledge of the fuel cost, the total daily heating bill could be
determined. For example, at a cost of 0.10$/kWH, the heating bill would be $3.62/day.



PROBLEM 3.15

KNOWN: Dimensions and materials associated with a composite wall (2.5m x 6.5m, 10 studs each
2.5m high).

FIND: Wall thermal resistance.
SCHEMATIC:

Insulation
Glass f'ibe/;

paper faced (D)
(28kg/m3) e mm———— Gypsum (C)

ASSUMPTIONS: (1) Steady-state conditions, (2) Temperature of composite depends only on x
(surfaces normal to x are isothermal), (3) Constant properties, (4) Negligible contact resistance.

PROPERTIES: Table A-3 (T = 300K): Hardwood siding, ka = 0.094 W/mIK; Hardwood,
kg = 0.16 W/mIK; Gypsum, kc = 0.17 W/mIK; Insulation (glass fiber paper faced, 28 kg/mz),
kp = 0.038 W/mIK.

ANALYSIS: Usingtheisothermal surface assumption, the thermal circuit associated with asingle
unit (enclosed by dashed lines) of thewall is

LglksAg

LelkeAc
Callaln =0 RS
(La/KpAA)= 0.008m =0.0524 K/W
0.094 W/mIK (0.65mx 2.5m)
(Lg/kgAg)= 0.13m =8.125 K/W
0.16 W/m[K (0.04mx2.5m)
(Lo/kpAp) = 0.13m = 2.243 K/W
0.038 W/mK (0.61mx 2.5m)
(Le/kcAg) = 0.012m =0.0434 K/W.
0.17 W/m K (0.65mx 2.5m)

The equivalent resistance of the coreis
Req =(1/Rg +1/Rp ) T =(1/8.125 +1/ 2.243) * =1.758 K/W

and the total unit resistanceis
RtOt,l = RA + Req +RC =1.854 K/W

With 10 such unitsin paralé, the total wall resistanceis

Riot =(10x1/ Rtot,l)_l =0.1854 K/W. <

COMMENTS: If surfaces parallel to the heat flow direction are assumed adiabatic, the thermal
circuit and the value of Rig: will differ.



PROBLEM 3.16

KNOWN: Conditions associated with maintaining heated and cooled conditions within a refrigerator
compartment.

FIND: Coefficient of performance (COP).
SCHEMATIC:

—— Tw=20°C

— > h=50W/m2-K

T ;=90°¢°C T =50
dour™___Case@ __ /= o Case(b) ,l=i™5"C
1 1 1 1
' 7] : S
1 1 1 S 1
rI?Iec.:Etric : ! T T : Yout E : Co_;:ling
eater . delec =20 W : . 25 oc . P : coi
1 0.0 = 1 q
1 ) 1 out
: 1 : ~44n
1 H—_
QTI ) ——— qin
Unplugged Plugged

W, = 125,000 J
At=12h

ASSUMPTIONS: (1) Steady-state operating conditions, (2) Negligible radiation, (3) Compartment
completely sealed from ambient air.

ANALYSIS: The Case (a) experiment is performed to determine the overall thermal resistance to heat
transfer between the interior of the refrigerator and the ambient air. Applying an energy balanceto a
control surface about the refrigerator, it follows from Eq. 1.11athat, at any instant,

I.Eg ~Eout =0
Hence,
Jelec ~Yout =0
where gyt = (Too,i —Too,o)/Rt . It follows that

Twi ~Teo,0 _ (90-25)"C
Oelec 20W

For Case (b), heat transfer from the ambient air to the compartment (the heat |oad) is balanced by heat
transfer to the refrigerant (gin = o). Hence, the thermal energy transferred from the refrigerator over the
12 hour period is

=3.25"C/W

Rt:

QOUI = qOUtAt = qut :M N
Rt
25-5)°C
0t = g(lzh x3600s/h) = 266,000J
3.25°C/W
The coefficient of performance (COP) is therefore
cop=Sout 200,00 _, ;5 <
W 125,000
COMMENTS: Theideal (Carnot) COPis
T, 278K
COP) € _ = 8 =

ided ~ 1, T (298-278)K
and the system is operating well below its peak possible performance.



PROBLEM 3.17
KNOWN: Total floor space and vertical distance between floors for a square, flat roof building.

FIND: (a) Expression for width of building which minimizes heat loss, (b) Width and number of floors
which minimize heat loss for a prescribed floor space and distance between floors. Corresponding heat
loss, percent heat loss reduction from 2 floors.

SCHEMATIC:
As= 32,768 m2

ror

) A
Ambient
T
El_f=4m A )
AT =250C S
U=1W/m2K W
/I /_>'<:/_4Afo/W
(a) T W (b) - W

ASSUMPTIONS: Negligible hesat loss to ground.
ANALYSIS: (a) Tominimizethe heat loss g, the exterior surface area, As, must be minimized. From
Fig. (a)

Ag =W? +4WH =W? +4WN; Hy
where

N =As /W2
Hence,

As=W2 +4WAs Hf /W2 =W2 +4A¢ H

s= f Hy = f Hf /W

The optimum value of W corresponds to

dAg — oW — 4A¢ H¢

=0
dw W2

or

Wop = (2A¢He M3 <

The competing effects of W on the areas of the roof and sidewalls, and hence the basis for an optimum, is
shown schematically in Fig. (b).
(b) For A;=32,768 m* and H; = 4 m,

) 1/3
Wop:(2><32,768m ><4m) =64m <

Continued .....



PROBLEM 3.17 (Cont.)

Hence,
_ A _32,768m? _

8
w2 (6am)?

Ny

and

2 U
2 +4X32, 768m X4m!:|25°c :307, 200W

64m g

0
q= UAGAT =1W/m? K 564m)

For N¢ = 2,
W = (Ad/N;)"? = (32,768 m?/2)"? = 128 m
2 N 4x32, 768m2 x4md

[125°C =512,000W
128m g

0
q=1W/m? K %128 m)

% reduction in g = (512,000 - 307,200)/512,000 = 40%
COMMENTS: Even the minimum heat lossis excessive and could be reduced by reducing U.



PROBLEM 3.18

KNOWN: Concrete wall of 150 mm thickness experiences a flash-over fire with prescribed radiant
flux and hot-gas convection on the fire-side of thewall. Exterior surface condition is 300°C, typical
ignition temperature for most household and office materials.

FIND: (a) Thermal circuit representing wall and processes and (b) Temperature at the fire-side of the
wall; comment on whether wall is likely to experience structural collapse for these conditions.

SCHEMATIC:

Concrete, k = 1.4 W/m-K

Qrad = 25 kW/m?2 My,

T, = 400°C -
= 2' I
h = 200 W/m2-K L >x L=150mm

ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional conduction in wall, (3) Constant
properties.

PROPERTIES: Table A-3, Concrete (stone mix, 300 K): k =1.4 W/mK.

ANALYSIS: (a) Thetherma cirucit is shown above. Note labels for the temperatures, thermal
resistances and the relevant heat fluxes.

(b) To determine the fire-side wall surface temperatures, perform an energy balance on the o-node.

Rev Red

where the thermal resistances are
Ry, =1/h; =1/200 W/m? K =0.00500 m? K / W
od =L/k=0.150 m/1.4W/m[K =0.107 m2 K/W

Substituting numerical values,

400-T, )K 300-T,)K

( 20) +25,000 W/ m? ( 20) =0
0.005 m? [K / W 0.107 m2 K /W
Ty =515°C <

COMMENTS: (1) Thefire-side wall surface temperature is within the 350 to 600°C range for which
explosive spalling could occur. Itislikely thewall will experience structural collapse for these
conditions.

(2) This steady-state condition is an extreme condition, as the wall may fail before near steady-state
conditions can be met.



PROBLEM 3.19

KNOWN: Representative dimensions and thermal conductivities for the layers of fire-fighter’s
protective clothing, a turnout coat.

FIND: (a) Thermal circuit representing the turnout coat; tabulate thermal resistances of the layers
and processes; and (b) For a prescribed radiant heat flux on the fire-side surface and temperature of

Tj =.60°C at the inner surface, calculate the fire-side surface temperature, T,
SCHEMATIC:

Shell Moisture barrier Thermal liner

T; = 66°C

Firefighter

(th
Qrad = 0.25 W/cm?

Li(mm) 0.8 1.0 0.55 1.0 3.5
ki (W/m-K) 0.047 0.012 0.038

ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional conduction through the layers,
(3) Heat istransferred by conduction and radiation exchange across the stagnant air gaps, (3) Constant
properties.

PROPERTIES: Table A-4, Air (470K, 1 atm): Kgy = keg = 0.0387 W/mIK.

ANALYSIS: (a) Thethermal circuit is shown with labels for the temperatures and thermal
resistances.

R rad,ab R”rad,cd

The conduction thermal resistances have the form Rg =L /k while the radiation thermal
resistances across the air gaps have the form

11
Nred 40734

Rred =

The linearized radiation coefficient follows from Egs. 1.8 and 1.9 with € = 1 where Tgq represents
the average temperature of the surfaces comprising the gap

hrag =0 (T +T2)(T12 +T22) 40Ty
For the radiation thermal resistances tabulated below, we used Ta,g = 470 K.

Continued .....



PROBLEM 3.19 (Cont.)

Shell Air gap Barrier Airgap  Liner Total

©® (a-b) (mb) (c-d) (N (tot)
Ry (szIK/W) 001702  0.0259 0.04583 0.0259  0.00921 -
Rl (mZDK/W) - 0.04264 - 0.04264 - -
Rbap(mZDK/W) - 0.01611 - 001611 - -
Rioia - - - - - 0.1043

From the thermal circuit, the resistance across the gap for the conduction and radiation processesis
1 1 1
14 = +
Rgap Red  Rrad

and the total thermal resistance of the turn coat is
Rtot = Red,s +Rgap,a-b *Red,mb +Rgap,c-d +Red,tl

(b) If the heat flux through the coat is 0.25 W/cmz, the fire-side surface temperature T, can be
calculated from the rate equation written in terms of the overall thermal resistance.

9 =(To —Ti )/ Riot
2 (102 2 2
T, =66°C+0.25 W /cm ><(10 cm/m) x0.1043 m? K / W

T, =327°C

COMMENTS: (1) From the tabulated results, note that the thermal resistance of the moisture barrier
(mb) is nearly 3 times larger than that for the shell or air gap layers, and 4.5 times larger than the
thermal liner layer.

(2) The air gap conduction and radiation resistances were cal culated based upon the average
temperature of 470 K. This value was determined by setting Tayg = (To + Tj)/2 and solving the

equation set using IHT with Kair = Kair (Tavg)-



PROBLEM 3.20

KNOWN: Materials and dimensions of acomposite wall separating a combustion gas from a
liquid coolant.

FIND: (a) Hesat loss per unit area, and (b) Temperature distribution.
SCHEMATIC:

XR*C-OO!;THZ K/W ( )
Beryllium ox/de R Stainless steel (304
L s PR $4 4 CoalenD
gaseslr?lr 7;;,;,—100C
T2 22600 C bz =1000 Wim2-K

hy=50 W/ m*-K Tt AN e AN AN NN

LA']Omm—i“"*—ﬂ—LB-ZOMM i ILA' th éﬁ_ 711; 9

ASSUMPTIONS: (1) One-dimensional heat transfer, (2) Steady-state conditions, (3)
Constant properties, (4) Negligible radiation effects.

PROPERTIES: Table A-1, St. St. (304) ('T' = 1000K): k =25.4 W/mK; Table A-2,
Beryllium Oxide (T = 1500K): k = 21.5 W/mIK.
ANALYSIS: (a) The desired heat flux may be expressed as

a Too 1~ Teo 2 (2600-100)° C

o= _
1,La th+£+i 01,001, ., 002, 1 Om°K
o ka kg B0 215" 254 10008 W

q=34,600 W/m?. <

(b) The composite surface temperatures may be obtained by applying appropriate rate
equations. From the fact that q'=hy ( w1~ Tsl) it follows that

' 2
Ts1=Too 1 —ﬂ— = 2600° C ~ 26O WIM™ 1 g0e .

1 50 W/m? (K
With g=(ka /L )(Ts1-Te1). it dsofollows that

LAG _ once~ 0.0IMx 34,600 W/m?

Toq=Taq- ~1892°C.
cl™'s1 7y 21.5 W/imIK

Similarly, with ¢'=(Tg,1 - Te2)/ Rec

2
MK 34,600 =162°C
2

T2 =Te1 — Ry c0'=1892°C -0.05

Continued .....



PROBLEM 3.20 (Cont.)
and with o'= (kg /Lg )(Te2 - Ts2),

0.02mx 34,600 W/m?
25.4 W/mK

=134.6°C.

Ts2=Te2 ——qu =162°C -
B

The temperature distribution is therefore of the following form:

Teo,1=2600 . T, , =162 °C

1;,1=1908°C‘/ / / /_7;1:134.6‘(
R I e T

COMMENTS: (1) The caculations may be checked by recomputing g* from

o' =h2(Ts 2 ~ Teo 2) =1000W/m? [K (134.6-100)° C=34,600W/m?

(2) Theinitia estimates of the mean material temperatures are in error, particularly for the
stainless steel. For improved accuracy the cal culations should be repeated using k values

corresponding to T = 1900°C for the oxide and T = 115°C for the stedl.

(3) The mgjor contributions to the total resistance are made by the combustion gas boundary

layer and the contact, where the temperature drops are largest.



PROBLEM 3.21

KNOWN: Thickness, overall temperature difference, and pressure for two stainless steel

plates.
FIND: (@) Heat flux and (b) Contact plane temperature drop.
SCHEMATIC:
0.0Ilm—t=———+-0.0Im
T 4 Contact
s1 pressure 1 bar
T
L1 ecvvv— v — T..-T..=100°C
[ R”fc L_ 9 T s1 Isa
k ’ k 52

Stainless steel

ASSUMPTIONS: (1) One-dimensional heat transfer, (2) Steady-state conditions, (3)

Constant properties.

PROPERTIES: Table A-1, Stainless Steel (T =400K): k =16.6 W/mK.

ANALYSIS: (a) With R} ¢ =15x10% m? (K/W from Table 3.1 and

L_  00im
k 16.6 W/mIK

it follows that

=6.02x10

~“4m2 KW,

Riot =2(L/k)+Ryc =27 x10~4m?2 K/W:

hence

AT 100°C

q = 7 =
Riot 27x10™*m2 /W

(b) From the thermal circuit,

AT, _ Ric _15x107*m? K/W

=3.70x10%W/m?2. <

Ts1-Ts2  Riot  27x10%m2 K/W

Hence,

=0.556.

AT =0.556(Tg 1 ~Tg2) =0.556 (1oo° c) =55.6°C. <

COMMENTS: The contact resistance is significant relative to the conduction resistances.
Thevalue of Rt would diminish, however, with increasing pressure.



PROBLEM 3.22

KNOWN: Temperatures and convection coefficients associated with fluids at inner and outer
surfaces of acomposite wall. Contact resistance, dimensions, and thermal conductivities
associated with wall materials.

FIND: (a) Rate of heat transfer through the wall, (b) Temperature distribution.
SCHEMATIC:

FLA—Ls— —ks=004W/m-K

7;’1 =200°C T T T

o | L Wi
kA: 01 W/mK_Jj — I 40°C /1,A kAA tc EA h,A

H:2m, W=2.5m, A= 5m? o2 ® . Ric= 0.30m2-K/W

LA:’()).OIM, Z;o.ozm -5 hy=20 Wimz-K

ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional heat transfer, (3)
Negligible radiation, (4) Constant properties.

ANALYSIS: (a) Caculatethetotal resistance to find the heat rate,
1 La N N Lg N 1

Riot =—— + R .

O hA kaA € TkgA  hoA

01 .00l 03, 002 . 1 OK
= + +— + +

"HOx5 01x5 5 0.04x5 20x5HW

Rtot =[0.02+0.02 +0.06 +0.10 +0.01] % :0.21%

Rtot

T 1-To2 _ (200-40)°C
Riot 0.21 K/W

=762 W. <

(b) It follows that

o T62W i
Ts1=Teo 1‘i=200 C- =184.8 C T
: T A 50 W/K o1 3
aa . . 762Wx0.01m . Tss
Tp=Tgp—— =1848°C-————— =169.6 C |7
kKaA 01— x5m?2 A
m K TB
o K .
Tg =Ta —QR¢ ¢ =169.6°C -762W x0.06— =123.8°C
1 W T
s,2
qLg o 762W x0.02m o T
Tsp=Tg——— =1238C-———— =476 C 0,2
KpA 0.04 x 5m?
m K

. T82W
Too = Ts2 —hi =476°C - =40°C
A 100W/K




PROBLEM 3.23

KNOWN: Outer and inner surface convection conditions associated with zirconia-coated, Inconel
turbine blade. Thicknesses, thermal conductivities, and interfacial resistance of the blade materials.
Maximum allowable temperature of Inconel.

FIND: Whether blade operates below maximum temperature. Temperature distribution in blade, with
and without the TBC.

SCHEMATIC:
L7,=0.5mm Lip=5mm
zr AHt’X—’F In
E%%% T°°’ 0 0/\/\/\/0/\/\/\r0’\/\/\i3\/\/\fof\l/\/\,o T°°, /
(hoyt (WLhze Ry (WK (ny
ho = 1000 Wm2-K i hj = 500 W/m2-K
Loz 100K | T,j= 400K
i i Inconel
" _ _4 2 k = 25 W/m'K
Zirconia ~ R't,e =107 maK/W Trmax = 1250 K
k= 1.3 Wim-K

ASSUMPTIONS: (1) One-dimensional, steady-state conduction in a composite plane wall, (2) Constant
properties, (3) Negligible radiation.

ANALYSIS: For aunit area, the total thermal resistance with the TBCis
' _ .1 -1
RtOt,W - hO +(L/k)Zr +R’t,C +(L/k)|n +hi

Riot,w = (10‘3 +385x107% +107% +2x107* +2 >¢o‘3)m2 K/W =3.69 40 °m? K/W

With a heat flux of
Too,0 = Two)i 1300K
Oy =20t = = =352 x10° W/ m?
Rtotw  3.69x107° m“ (K/W

the inner and outer surface temperatures of the Inconel are
Tsiw) = T +(Ciy /hi ) =400K +(3.52 x10° W/ m?2 /500w m? ua() =1104K

Tsow) = Teoi + H1/N; ) +(L/K), By =400K +(2 X103 +2 ><10'4)m2 K/W (3.52 x10° W/mz) =1174K

Without the TBC, Rig o = hg +(L/K),, +hi* =320 x10°m” ®/W, and dlyo =(Teo o =T )/Rict.wo =

(1300 K)/3.20x10°® m*K/W = 4.06x10° W/m”. The inner and outer surface temperatures of the Inconel
arethen

Tsitwo) = Tewj *+(Giwo/hi ) =400K +(4.06 x10° W/ m? /500w m? ua() =1212K

Toowo) = Tooi +[(@/0) +(L/K),,,] diuo =400K +(2 X107 +2 ><10_4)m2 K/W (4.06 x0° W/mz) =1293K

Continued...



PROBLEM 3.23 (Cont.)

1300
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g 1220 —
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g \
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g 1180
& —
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—
1100 —
0 0.001 0.002 0.003 0.004 0.005

Inconel location, x(m)

—6— With TBC
—=&— Without TBC

Use of the TBC facilitates operation of the Inconel below T = 1250 K.

COMMENTS: Sincethe durability of the TBC decreases with increasing temperature, which increases
with increasing thickness, limits to the thickness are associated with reliability considerations.



PROBLEM 3.24

KNOWN: Size and surface temperatures of a cubical freezer. Materials, thicknesses and interface
resistances of freezer wall.

FIND: Cooling load.
SCHEMATIC:

Freezer Ly =6.35 mm ad-ousdm Lst =6.35 mm

q” I-aI/kaI I-ins/kins I-st/kst

ASSUMPTIONS: (1) Steady-state, (2) One-dimensional conduction, (3) Constant properties.

PROPERTIES: Table A-1, Aluminum 2024 (~267K): kg = 173 W/mK. Table A-1, Carbon steel
AISI 1010 (~295K): kg = 64 W/mK. Table A-3 (~300K): king = 0.039 W/mK.

ANALYSIS: For aunit wall surface area, the total thermal resistance of the composite wall is

L L. L
Riot = A +Rp ¢+ 115 4R o+

Kal Kins Kgt
2 2
R = 200635M 5 5qoam- K, 0100m 55 p-4 M K, 000635m
173 W/ mIK W 0.039 W/mIK W BaW/mK

Riot = (3.7><10‘5 +25x107% +2.56 +2.5 x10~* +9.9 >¢o‘5)m2 K/W

Hence, the heat flux is
Tep—Tai 2—-(-6)H°C
o _Tso Tsi _ P (-6)8 109 V.

q

Riot 256 m2K/W m?
and the cooling load is
q=Asq =6W2q =54m? x10.9 W/m? =590W <

COMMENTS: Thermal resistances associated with the cladding and the adhesive joints are
negligible compared to that of the insulation.



PROBLEM 3.25

KNOWN: Thicknesses and thermal conductivity of window glass and insulation. Contact resistance.
Environmental temperatures and convection coefficients. Furnace efficiency and fuel cost.

FIND: (a) Reduction in hesat |oss associated with the insulation, (b) Heat losses for prescribed
conditions, (c) Savingsin fuel costs for 12 hour period.

SCHEMATIC:
LW =0.006 M e3¢ s Lins =0.025 m T
=12 m2 @®,0 Rend,w R'nd,ins Too,i
% TT TT .= 200C q Renv,o Ric Reny,i
- 2_
Wlndow Insulation, kjns = 0.027 W/m-K

ASSUMPTIONS: (1) Steady-state, (2) One-dimensional heat transfer, (3) Constant properties.
ANALYSIS: (@) The percentage reduction in heat lossis

] _ ) |:| . D |:| R, D
Rq - Qwo i q'WIth x100% = [l_dw_ltthlOO% =1 —M X100%

dwo 0 GYwo O 5 Rtotwithy
where the total thermal resistances without and with the insulation, respectively, are
1,tw, 1

Rtot,wo = Renv,0 * Rend,w +Renv,i :h_ K ™
o Kw N

Riot.wo = (0.050+0.004 +0.200)m? (K /W =0.254 m? K / W

t 1 L L; 1
Rtot,with = Renv,0 +Rendw +Rt,c +Rend,ins *Renv, “ho +k_W Ric +k.'ns i
o "w ins M

Riot,with = (0.050+0.004 +0.002 +0.926 +0.500)m? K /W =1.482 m? K /W

Rq = (1-0.254/1.482) x100% =82.9% <

(b) With Ag=12 m2, the heat losses without and with the insulation are
Awo =As(Teoi ~Teo,0)/ Riotwo =12m* x32°C/0.254m? K /W =1512W <

Awith = As(Teoi ~Teo,0 )/ Riot,with =12m? x32°C/1.482m? K /W =259 W = <

(c) With the windows covered for 12 hours per day, the daily savings are

(1512 - 259) W

S= Mm Cq x10~ 6MIsg= 12h x3600s/ h x$0.01/ MJ x10 °MJ/J =$0.677

Ns

COMMENTS: (1) The savings may beinsufficient to justify the cost of the insulation, as well asthe
daily tedium of applying and removing the insulation. However, the losses are significant and
unacceptable. The owner of the building should install double pane windows. (2) The dominant
contributions to the total thermal resistance are made by the insulation and convection at the inner
surface.



PROBLEM 3.26

KNOWN: Surface area and maximum temperature of a chip. Thickness of aluminum cover
and chip/cover contact resistance. Fluid convection conditions.

FIND: Maximum chip power.
SCHEMATIC:

CConlant> — w25
—— 4= 1000W[m2-K

L=27ﬂ_£7- qC
Y
T

A=1000mm2=10 "m2

<—R.,l.:c=0.5x10—4m2-/</w
F% ’ 7;, max- 85°C

ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional heat transfer, (3)
Negligible heat loss from sides and bottom, (4) Chip isisothermal.

PROPERTIES: Table A1, Aluminum (T = 325 K): k=238 W/mIK.
ANALYSIS: For acontrol surface about the chip, conservation of energy yields
or
.- (Te-Tow )A _
HL/K)+Ric+(1/h)g
(85-25)° C(10'4m2)

P =
. 40.002/238) + 0.5x10™* +(1/1000fdm? EK/W

g
60x10™4 °C[n?
8.4x10° +05x1074 +1o‘3) m2 K/W

F’c,max = (

Fe,max =97 W. <

COMMENTS: The dominant resistance is that due to convection (Rconv >Ry >> Rcond).



PROBLEM 3.27

KNOWN: Operating conditions for a board mounted chip.

FIND: (a) Equivalent thermal circuit, (b) Chip temperature, () Maximum allowable heat dissipation for
dielectric liquid (h, = 1000 W/m’[K) and air (h, = 100 W/m’K). Effect of changesin circuit board
temperature and contact resistance.

SCHEMATIC:

L hy
q”o\ T Tw=20°C

_ x = .
Lb-o.oo5_n£f \9 . \}\ .

Ky~ —> hj= 40 Wim2K
> T_;=20°C

ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional conduction, (3) Negligible chip
thermal resistance, (4) Negligible radiation, (5) Constant properties.

PROPERTIES: Table A-3, Aluminum oxide (polycrystalline, 358 K): k, = 32.4 W/mIK.
ANALYSIS: (a)

oo, | c 00,0

q" 1/h; (LIK), R"tC T "1”70 q",
qc
(b) Applying conservation of energy to a control surface about the chip (Ein - Eout = O) :
dc —di —do =0
v _ Tc ‘Too,i Te ‘Too,o
Oc = P
]/hi "'(L/k)b +Ric  Vho

With g7 = 3x10* W/m? , h, = 1000 W/m?K, ky = L W/mIK and R} ; =10~*m? (K/W

T.—-20°C . Te-20°C

3x104W/m? = s
(J/ 4o+o.005/1+1o‘4)m2 K/W  (1/1000)m? (K /W

3x10% W/ m? = (33.2T, ~664 +1000T, ~20,000)W/m? K
1003T, = 50,664

T.=49°C. <
(c) For T.=85°C and h, = 1000 W/m’[K, the foregoing energy balance yields

q. = 67,160 W/ m? <
with gg = 65,000 W/n? and ¢f = 2160 W/m’. Replacing the dielectric with air (h, = 100 W/n’[K), the
following results are obtained for different combinations of k, and Rt ¢.

Continued...



PROBLEM 3.27 (Cont.)

Ky (W/mIK) Ric g (W) do (W/m?) g (W/m?)
(MK /W)
<
1 10* 2159 6500 8659
324 10* 2574 6500 9074
1 10° 2166 6500 8666
324 10° 2583 6500 9083

COMMENTS: 1. For the conditions of part (b), the total internal resistance is 0.0301 m?K/W, while
the outer resistance is 0.001 m*K/W. Hence

g _ (Te~Tw,0)/Ro _0.0301 4

o (Te-Tewj)/R; 0001

and only approximately 3% of the heat is dissipated through the board.

2. With h, = 100 W/m?[K, the outer resistance increases to 0.01 m’IK/W, in which case dy /i = R; /R,

=0.0302/0.01 = 3.1 and now amost 25% of the heat is dissipated through the board. Hence, although
measures to reduce R; would have a negligible effect on g, for the liquid coolant, some improvement

may be gained for air-cooled conditions. As shown in the table of part (b), use of an aluminum oxide
board increase ¢f by 19% (from 2159 to 2574 W/m?) by reducing R; from 0.0301 to 0.0253 m*K/W.

Because the initial contact resistance (R; ¢ =10"*m? (K/W ) isaready much lessthan R; , any reduction

in its value would have a negligible effect on q; . The largest gain would be realized by increasing h;,
since the inside convection resistance makes the dominant contribution to the total internal resistance.



PROBLEM 3.28

KNOWN: Dimensions, thermal conductivity and emissivity of base plate. Temperature and
convection coefficient of adjoining air. Temperature of surroundings. Maximum allowable
temperature of transistor case. Case-plate interface conditions.

FIND: (a) Maximum allowable power dissipation for an air-filled interface, (b) Effect of convection
coefficient on maximum allowable power dissipation.

SCHEMATIC:
k =240 W/m-K

TscS 85°C
|:>elec

Ac=2x10% m2, Ry

L =0.006 m

G
K>t

m :.
N1 <208k fir

—— T, €=0.90

To =298 K
h =4 W/m2-K

W=0.02m

1
i

ASSUMPTIONS: (1) Steady-state, (2) Negligible heat transfer from the enclosure, to the
surroundings. (3) One-dimensional conduction in the base plate, (4) Radiation exchange at surface of
base plate is with large surroundings, (5) Constant thermal conductivity.

PROPERTIES: Aluminum-aluminum interface,
pressure (Table 3.1): R} ¢ =2.75x10* m? K

air-filled, 10 pum roughness, 10° N/m? contact
/W.

ANALYSIS: (a) With all of the heat dissipation transferred through the base plate,

Tee—Too
Pelec :q =_2
Riot

where Rygt =Rt ¢ +Rend +HL/ Reny ) (1 Ryag )H

R _Rt,c L N 1% 1 S
tot —
Ac kw2 w2mh+heq

To obtain T, the following energy balance must be performed on the plate surface,

q= Tsc—Tsp
Rt,c+Rend

=0cnv t0rad =hw?

@
-1
2
®3)
(Ts,p _Too) +hy W2 (Ts,p ‘Tsur) (4)

With Re ¢ = 2.75 x 10° mPIK/MW/2x10™ m” = 1.375 K/W, Reng = 0.006 m/(240 W/mIK x 4 x 10 m?)

=0.0625 K/W, and the prescribed values of h, W,

Tw = Tgrand g, EQ. (4) yields a surface

temperature of Tsp = 357.6 K = 84.6°C and a power dissipation of

Continued .....



PROBLEM 3.28 (Cont.)
Pyec =0 =0.268 W <

The convection and radiation resistances are R¢ny = 625 mIK/W and Ry = 345 mK/W, where h, =
7.25 Wim’KK.

(b) With the major contribution to the total resistance made by convection, significant benefit may be
derived by increasing the value of h.

4.5

3.5

2.5

1.5 -

Power dissipation, Pelec (W)

d

0.5

0 20 40 60 80 100 120 140 160 180 200
Convection coefficient, h (W/m~2.K)

For h =200 W/mz[[(, Reny = 12.5 mK/W and Tsp = 351.6 K, yielding Rryg = 355 mIK/W. The effect
of radiation is then negligible.
COMMENTS: (1) The plate conduction resistance is negligible, and even for h = 200 W/mZEB(, the

contact resistance is small relative to the convection resistance. However, R; ¢ could be rendered
negligible by using indium foil, instead of an air gap, at the interface. From Table 3.1,

R} ¢ =0.07x10*m? (K /W, inwhich case Ry = 0.035 MKW,

(2) Because A¢ < Wz, heat transfer by conduction in the plate is actually two-dimensional, rendering
the conduction resistance even smaller.



PROBLEM 3.29

KNOWN: Conduction in aconical section with prescribed diameter, D, as afunction of x in
theform D = ax1/2.

FIND: (a) Temperature distribution, T(x), (b) Heat transfer rate, gy.

SCHEMATIC:
B T,=400K
T.-600K Fure aluminum shape
! k D=ax# where a=05m% T \
X > Xy=25mm 7;.|
e xe=125mm X

ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional conduction in x-
direction, (3) No internal heat generation, (4) Constant properties.

PROPERTIES: Table A-2, Pure Aluminum (500K): k=236 W/mIK.
ANALYSIS: (a) Based upon the assumptions, and following the same methodol ogy of
Example 3.3, gy is a constant independent of x. Accordingly,

dT 0 2 OdT
qx=—kAd—--kgT( )/45 (1)

usingA = nD2/4 where D = ax : Separating variables and identifying limits,

X dx
A 2
T a2k IXl X ITl 2
Integrating and solving for T(x) and then for To,
T(x)=T - 4q>2< A 4q>2< Inx2 (3.4)
ma‘k X1 ma‘k X1
Solving Eq. (4) for gy and then substituting into EQ. (3) gives the results,
m
Ox = —Z 2k(T1 —T2)/ln (X1/X2) )
In (x/
T(x) =Ty (7 1) M 02) <

In (x1/x2)

From Eq. (1) note that (dT/dx)[X = Constant. It followsthat T(x) has the distribution shown
above.
(b) The heat rate follows from Eg. (5),

Oy = T 052mx236- (600 ~400)K/In 2 _5 76kW. <
4 m K 125



PROBLEM 3.30
KNOWN: Geometry and surface conditions of a truncated solid cone.

FIND: (a) Temperature distribution, (b) Rate of heat transfer across the cone.
SCHEMATIC:

A Px=007%m | ©
T=100C—F
Aluminum P X, = 0.225m
D=axi a=Im=
=20°C v

ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional conductionin X, (3)
Constant properties.

PROPERTIES: Table A-1, Aluminum (333K): k =238 W/mIK.

ANALYSIS: (a) From Fourier’slaw, Eg. (2.1), with A=nD2/4=(na2/4)x3, it follows that

ADHK — .,
Tasx
Hence, since gy isi ndependent of X,
4qX J,x dx __kJ, dqT
X1 X Tl
or
4g, O 1 0%
OO0 =*(T-N
ma? 0 2x20 X1 ( )
Hence

(b) From the foregoing expression, it also follows that

_ a2k To-Tq1
Ox = 5
EJXZ -1/ x1 §
n(lm'l) 238 W/m[K (20-100)° C
dx = x
" 2 {0.225) - (0.075) “Em
Ox =189 W. <

COMMENTS: The foregoing results are approximate due to use of a one-dimensional model
in treating what is inherently atwo-dimensional problem.



PROBLEM 3.31
KNOWN: Temperature dependence of the thermal conductivity, k.
FIND: Heat flux and form of temperature distribution for a plane wall.
SCHEMATIC:

. k= /<o + aT T >0
o T>T; A a=0
(srbitrary a< O
— selection)
7x 41, T
Cx L 0 L

ASSUMPTIONS: (1) One-dimensiona conduction through a plane wall, (2) Steady-state
conditions, (3) No internal heat generation.

ANALYSIS: For the assumed conditions, gy and A(x) are constant and Eq. 3.21 gives
L T
Y[, dx=- ko +al )dT
o . ITO( o +aryd
ro_ al.2 2\d
ax = m %o (To-T1) +§(To -T7 )E
From Fourier’s law,
ax = —(ko +aT) dT/dx.

Hence, since the product of (ko+al) and dT/dx) is constant, decreasing T with increasing x
implies,

a>0: decreasing (kgtaTl) and increasing |dT/dx| with increasing x
a=0: k=kg=>constant (dT/dx)

a<0: increasing (kgt+aTl) and decreasing |[dT/dx| with increasing x.

The temperature distributions appear as shown in the above sketch.



PROBLEM 3.32
KNOWN: Temperature dependence of tube wall thermal conductivity.

FIND: Expressionsfor heat transfer per unit length and tube wall thermal (conduction)
resistance.

SCHEMATIC:

ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional radial conduction, (3)
No internal heat generation.

ANALYSIS: From Eq. 3.24, the appropriate form of Fourier'slaw is

daT daT
=-kA, — = k(2 rL)—
Gr " dr ( ) dr

dT
= =21 kr—
qr = dr

Or = -2 rko (1+al)— dr
ar’
Separating variables,

SO Oy (@eaT)dT

21T
and integrating across the wall, find

~dr rodr kOJ’ (1+aT)dT

2115 )
' U HREy
S|P PN
2 v H 2. g|T
- Inro—k aT -T)+2(18 -T2
o ofTo~Ti) 2 Ny &
D(To TI) <

o :—2nko§ 2(To +T; )E—In(ro )

It follows that the overall thermal resistance per unit length is

R! _ AT In(rolri)
= .
I 2m %"’2(1—0 +Ti )D

H

COMMENTS: Note the necessity of the stated assumptionsto treating ¢, asindependent of r.



PROBLEM 3.33

KNOWN: Steady-state temperature distribution of convex shape for material with k = k(1 +
oT) where a is a constant and the mid-point temperature is AT higher than expected for a
linear temperature distribution.

FIND: Relationship to evaluate a interms of ATy and T1, T2 (the temperatures at the
boundaries).

SCHEMATIC:
Tix/}
A
1 R 2N
T—I
al, i I
Lyx L

ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensiona conduction, (3) No
internal heat generation, (4) a is positive and constant.

ANALYSIS: At any location in thewall, Fourier’slaw has the form

. dT
Since gy isaconstant, we can separate Eq. (1), identify appropriate integration limits, and

integrate to obtain
L, _ To
Jo Okax=~[;"ko (1 +a T)dT 2

_o By, + @ 2507, .20 €

L 2 2 OO0
e HE ™ 207
We could perform the same integration, but with the upper limitsat x = L/2, to obtain

dx =

. __2Ko L/i20] 1M
ay = - L/2 + -0n + (4)
M 0
L 3 2 3B 22 H
where
T2 =T(L/2) :—TlJ;TZ + AT, (5)

Setting Eq. (3) equal to Eq. (4), substituting from Eq. (5) for T\ 2, and solving for a, it
follows that
2AT,

a= .
(T22 +T12)/2— {1 +T2)/ 2+ Ao




PROBLEM 3.34

KNOWN: Hollow cylinder of thermal conductivity k, inner and outer radii, r; and rg,
respectively, and length L.

FIND: Thermal resistance using the alternative conduction analysis method.
SCHEMATIC:

ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional radial conduction, (3)
No internal volumetric generation, (4) Constant properties.

ANALYSIS: For the differential control volume, energy conservation requiresthat gy = Qr+qr
for steady-state, one-dimensional conditions with no heat generation. With Fourier’s law,
dT dT
=—-kA— =k (2 rL)— 1
ar ar ( ) ar 1)

where A = 21rL isthe areanormal to the direction of heat transfer. Since gy is constant, EQ.

(1) may be separated and expressed in integral form,
Gr (o dr_ _rToy (rygr
2mLJg r ITi (T)dr.

Assuming k is constant, the heat rate is

2 Lk (T; = To)
ar = .
In(ro/1;)

Remembering that the thermal resistance is defined as

Rt = AT/q
it follows that for the hollow cylinder,

R :In(rolri). <

2 LK

COMMENTS: Compare the alternative method used in this analysis with the standard
method employed in Section 3.3.1 to obtain the same resullt.



PROBLEM 3.35

KNOWN: Thickness and inner surface temperature of calcium silicate insulation on a steam pipe.
Convection and radiation conditions at outer surface.

FIND: (a) Heat loss per unit pipe length for prescribed insulation thickness and outer surface
temperature. (b) Heat loss and radial temperature distribution as a function of insulation thickness.

SCHEMATIC:

T. =250C — 55 O
h = 25 Wim2-K Tsur=25°¢
p——— i
r4=006m 3y  \ec============
Tg 4 = 800 K

Insulation ———
....... /“ -——c ’\
9'conv 9rad
1
h2ﬂ:f'2
TOO
. Ts Ts,2
q —>
In (r2/r1)
2nk TSUf'
1
hr27tf2

ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional conduction, (3) Constant properties.
PROPERTIES: Table A-3, Calcium Silicate (T = 645 K): k =0.089 W/mK.
ANALYSIS: (a) From Eq. 3.27 with Ts, = 490 K, the heat rate per unit length is

2k (Ts1-Ts2)

' = L=
R ATy
, _ 2m(0.089W/m K ) (800 - 490)K
In(0.08m/0.06m)
q =603W/m. <

(b) Performing an energy for a control surface around the outer surface of the insulation, it follows that

deond = Yeonv * drad

Ts,l_Ts,Z — Ts,2 ~Too + Ts,2 ~Tsur
In(ry/n)/2mk  Y(2mh)  1(2mhy)

where h, =eo (TS1 2 +Taur ) (Tsz,z +T32u|r ) . Solving this equation for Ts, the heat rate may be
determined from

q =2 Fh(Ts.2 ~Too ) +hy (Ts 2 ~Tour B
Continued...



PROBLEM 3.35 (Cont.)

and from Eq. 3.26 the temperature distribution is

Teq1-T. Or O
T =232 105 47,
In(r/r2) 0
As shown below, the outer surface temperature of the insulation T, and the heat loss ' decay
precipitously with increasing insulation thickness from values of Ts, = Ts; =800 K and ' = 11,600
W/m, respectively, at r, = r; (no insulation).

800

10000

700
g E
N
¥ e00 %
o £
£ \ 5 1000
g 500 > 1
[} 1]
aQ \ 2
£ o
= \ S

400 T

\\
300 100 T T T
0 0.04 0.08 0.12 0 0.04 0.08 0.12
Insulation thickness, (r2-r1) (m) Insulation thickness, (r2-r1) (m)

— Outer surface temperature

Heat loss, gprime

When plotted as afunction of adimensionlessradius, (r - r1)/(r» - ry), the temperature decay becomes
more pronounced with increasing r».

800

700

600

500

Temperature, T(r) (K)

400

NS

300

\é\
0 0.2 0.4 0.6 0.8 1

Dimensionless radius, (r-r1)/(r2-rl)

—©— r2=0.20m
r2=0.14m
—#— r2=0.10m

Note that T(r,) = T2 increases with decreasing r, and alinear temperature distribution is approached asr»
approaches ;.

COMMENTS: Aninsulation layer thickness of 20 mm is sufficient to maintain the outer surface
temperature and heat rate below 350 K and 1000 W/m, respectively.



PROBLEM 3.36

KNOWN: Temperature and volume of hot water heater. Nature of heater insulating material. Ambient
air temperature and convection coefficient. Unit cost of electric power.

FIND: Heater dimensions and insulation thickness for which annual cost of heat lossis less than $50.
SCHEMATIC:

D

o S Ts 1 Urethane

Toh | P et B
air v/ St

’

n

1

1

1

1 1
Mo

1 e

1 e

1 -:_‘;

1 AP

1

1

| )
rp
TOO
ANNL—" NN T —
Reond Reonv

ASSUMPTIONS: (1) One-dimensional, steady-state conduction through side and end walls, (2)
Conduction resistance dominated by insulation, (3) Inner surface temperature is approximately that of the
water (Ts; = 55°C), (4) Constant properties, (5) Negligible radiation.

PROPERTIES: Table A.3, Urethane Foam (T = 300 K): k =0.026 W/mIK.
ANALYSIS: To minimize heat loss, tank dimensions which minimize the total surface area, As;, should
be selected. With L = 40/mD? Ag ¢ = DL +2( rD2/4) =40/D+ 1D2/2, and the tank diameter for
which Ag; is an extremum is determined from the requirement

dAg/dD = ~40/ D% D= 0
It follows that

D = (ay/m)*3 and L= (@ /n)H3

With d2Asyt /dD2 = 8D/D3+ > 0, the foregoing conditions yield the desired minimum in As;.
Hence, for 0 = 100 gal x 0.00379 m*gal = 0.379 m’,

Dop = Lop =0.784m <
Thetotal heat loss through the side and end wallsis
4= In(rz/;zssl_Tw 1 52(TS,1_T00)1
+

+
2nkLop 2ol gp k(ITDgp/4) h(anp/4)

We begin by estimating the heat |oss associated with a 25 mm thick layer of insulation. Withr; = Dgy/2 =
0.392mandr,=r; + 0=0.417 m, it follows that
Continued...



PROBLEM 3.36 (Cont.)

(55-20)°C
In(0.417/0.392) . 1
27(0.026W/m(K)0.784m (2 w/m? K ) 2r1(0.417m)0.784m

q:

2(55-20)°C
0.025m 1

(0.026W/mK ) 71/4(0.784m)> ' (2W/ m? EK)n/4(O.784 m)?

+

+

= =(482+231)W =71.3W
q (0.483+0.243)K/W  (1.992+1.036)K/W ( )

The annual energy lossistherefore
Qannual = 71.3W (365days) (24 h/day) (10‘3 kW/W) =625kWh

With a unit electric power cost of $0.08/kWh, the annual cost of the heat lossis
C = ($0.08/kWh)625 kWh = $50.00

Hence, an insulation thickness of
0=25mm <
will satisfy the prescribed cost requirement.

COMMENTS: Cylindrical containers of aspect ratio L/D = 1 are seldom used because of floor space
constraints. Choosing L/D =2, 0 = mD%2 and D = (20/m)** = 0.623 m. Hence, L =1.245m, 1, =
0.312mandr, = 0.337 m. It followsthat q=76.1 W and C = $53.37. The 6.7% increase in the annual
cost of the heat lossis small, providing little justification for using the optimal heater dimensions.



PROBLEM 3.37
KNOWN: Inner and outer radii of atube wall which is heated electrically at its outer surface

and is exposed to afluid of prescribed h and To,. Thermal contact resistance between heater
and tube wall and wall inner surface temperature.

FIND: Heater power per unit length required to maintain a heater temperature of 25°C.
SCHEMATIC:

ro To=25°C Elecfrical heater (2°)
to=75mm i /1 100W).
2.
PR e O\ T e

k=10W/[m-K= *—Rzc=0.01m- K/W

ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensiona conduction, (3) Constant
properties, (4) Negligible temperature drop across heater.

ANALYSIS: Thetherma circuit has the form

T Teo
+—F o—/\/W\,——-o——/V\/\A,—.—MM—O —_—
2 Lr(rolri). (/nDy) %
21k T?

Applying an energy balance to a control surface about the heater,

0 =0da +dp

q=

io/n) , o WD)

2k !

- (255) C . P5-(-10H C

In (75mm/25mm) +00L™M K %_/ (100 W/m?2 K x nxO.lSm)D

2rrx10 W/m K W -
q =(728+1649) W/m
q'=2377 W/m. <

COMMENTS: The conduction, contact and convection resistances are 0.0175, 0.01 and
0.021 m [K/W, respectively,



PROBLEM 3.38

KNOWN: Inner and outer radii of atube wall which is heated electrically at its outer surface. Inner and
outer wall temperatures. Temperature of fluid adjoining outer wall.

FIND: Effect of wall thermal conductivity, thermal contact resistance, and convection coefficient on
total heater power and heat rates to outer fluid and inner surface.

SCHEMATIC:

T5=25°C7 _ Electrical heater, q
)
fo=75mm - T T 10_éhé1000W/m K
r:=25mm i~ Too—-1OC

1< k<200 W/meK 0£R't £0.1 m-K/W

9% Un(rolr) R'te A(12nrgh) 9o
27Tk q’

ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional conduction, (3) Constant properties,
(4) Negligible temperature drop across heater, (5) Negligible radiation.

ANALYSIS: Applying an energy balance to a control surface about the heater,
q =dj +do
= +
in(io/%), . (2mgh)
t,c
21k '

Selecting nominal values of k = 10 W/miK, R't,c =0.01 mEK/W and h = 100 W/m’K,, the following
parametric variations are obtained

3500
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I ]
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500 500 \FL —
B |
/ [ a1 4
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Thermal conductivity, k(W/m.K) Contact resistance, Rtc(m.K/W)
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Continued...



PROBLEM 3.38 (Cont.)
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For aprescribed value of h, g isfixed, while g, and hence ', increase and decrease, respectively,
withincreasingk and Rt ¢. These trends are attributable to the effects of k and Rt ¢ on the total
(conduction plus contact) resistance separating the heater from the inner surface. For fixed k and R't,c’
q; isfixed, while g, and hence q', increase with increasing h due to a reduction in the convection
resistance.

COMMENTS: For the prescribed nominal values of k, Rt ¢ and h, the electric power requirement is

g =2377 W/m. To maintain the prescribed heater temperature, ' would increase with any changes
which reduce the conduction, contact and/or convection resistances.



PROBLEM 3.39

KNOWN: Wall thickness and diameter of stainless steel tube. Inner and outer fluid temperatures
and convection coefficients.

FIND: (a) Heat gain per unit length of tube, (b) Effect of adding a 10 mm thick layer of insulation to
outer surface of tube.

SCHEMATIC:
r3 =30 mm
2 =20 mm V\V\ Too,i R’cond,ss R,cond,ins Too
r1=18mm T030=2300 ¢ AA A AAAA AAAA AAAo
ho = 6 W/m2-K ’ ; ’
Pharmaceutical © q Rc:onv,i Rconv,o
Teo,i = 6°C Insulation
h; = 400 W/m2-K Kins = 0.05 W/m-K

ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional radial conduction, (3) Constant
properties, (4) Negligible contact resistance between tube and insulation, (5) Negligible effect of
radiation.

PROPERTIES: Table A-1, St. St. 304 (~280K): kg = 14.4 W/mIK.

ANALYSIS: (a) Without the insulation, the total thermal resistance per unit length is
In(ro/r;
1 In(ra/n), 1
2rmihy 2TKg 2 mohg

Rtot = Reconv,i +Reond,st +Rconv,0 =

1 . In(20118) 1
277(0.018m)400 W/m? K 271(144 W/mIK)  27(0.020m)6 W /m? (K

Rtot =

Riot = (0.0221+1.16 x1073 +1.33)m /W =1.35m K/W

The heat gain per unit length is then
To o~ Tooj 23-6)°C
q=Tmo Toi . (BUO)C 6y <
RtOt 1.35mIK /W

(b) With the insulation, the total resistance per unit length isnow Ry = Regny i + Reond st +Reond,ins
+Reonv,0r Where Regny i and Rgng ¢ remain the same. The thermal resistance of the insulation is

, In(r3/r2) In(30/20)
’ 2nkins  2m(0.05 W/m(K)
and the outer convection resistance is now
' 1 1
conv,o = = :088 m [K /W

2mm3hg  2m7(0.03m)6 W/m? [K
The total resistance is now
Riot = (0.0221+1.16 ><1O_3 +1.29 +0.88)m K/W =220m K /W

Continued .....



PROBLEM 3.39 (Cont.)

and the heat gain per unit length is

Too,o _Too,i _ 17°C
Rigt 220 mK/W

=7.7W/m

COMMENTS: (1) Thevalidity of assuming negligible radiation may be assessed for the worst case
condition corresponding to the bare tube. Assuming a tube outer surface temperature of Ts= T j =
279K, large surroundings at Tgyr = Teo 0 = 296K, and an emissivity of € = 0.7, the heat gain due to net

radiation exchange with the surroundingsis dy = €0 (27mr,) (TSIA'Jr -7d ) =7.7 W/m. Hence, the net

rate of heat transfer by radiation to the tube surface is comparable to that by convection, and the
assumption of negligible radiation is inappropriate.

(2) If heat transfer from the air is by natural convection, the value of hy with the insulation would
actually be less than the value for the bare tube, thereby further reducing the heat gain. Use of the
insulation would also increase the outer surface temperature, thereby reducing net radiation transfer
from the surroundings.

(3) Thecritical radiusisrq = kingh =8 mm < ry. Hence, asindicated by the calculations, heat
transfer is reduced by the insulation.



PROBLEM 3.40

KNOWN: Diameter, wall thickness and thermal conductivity of steel tubes. Temperature of steam
flowing through the tubes. Thermal conductivity of insulation and emissivity of aluminum sheath.
Temperature of ambient air and surroundings. Convection coefficient at outer surface and maximum
allowable surface temperature.

FIND: (a) Minimum required insulation thickness (r3 —r2) and corresponding heat 10ss per unit
length, (b) Effect of insulation thickness on outer surface temperature and heat 10ss.

SCHEMATIC:
/ A|uminum W%%&g% % ,
r3 Ts,0 < 50°C o :

ro =180 mm =020 Teur=27°C

rq =150 mm
Steam ; Tpo = 27°C

Ambient ®,0

Tw,j = 575°C v\v\ ho = 6 W/m2-K
Steel Insulation
kstt = 35 W/m-K Kin = 0.10 W/m-K

ASSUMPTIONS: (1) Steady-state, (2) One-dimensional radial conduction, (3) Negligible contact

resistances at the material interfaces, (4) Negligible steam side convection resistance (T j = Ts;), (5)

Negligible conduction resistance for aluminum sheath, (6) Constant properties, (7) Large
surroundings.

ANALYSIS: (a) To determine the insulation thickness, an energy balance must be performed at the
outer surface, where q' = qegny o +drag- With dgony o = 27130, (TS,o —Too,o), Orgg = 2713 €0

4 4 I r 1 U 1
(Ts,o _Tsur)v q = (Ts,i _Ts,o)/(Rcond,st +Rcond,ins)v Reond,st =N (rZ/rl)/ZNksh and Rcond,ins

= in(r3/ry)/ 21k, it follows that

2n(Tsi -Tso) 4 4
in(rp/n) L (r3/12) 2rr3 8‘0 (Ts,o Too10) + ga(TSO T )E
Kst Kins

2 (848 - 323) K
n(018/015) ¢n(ry/018)
+

-8 2 4 4 4 4
= 2, EW/mZEK(SZS—SOO)K +0.20 x5.67 x10 = W /m" K (323 -300 )K B

BW/mK 0.10W/ m[K
A trial-and-error solution yields r3 = 0.394 m = 394 mm, in which case the insulation thicknessis
tins =13 —rp =214mm <
The heat rateis then
3 271(848— 323) K
- (n(0.18/0.15)  ¢n(0.394/0.18)
3BW/mIK 0.10W/m[K

!

q =420W/m <

(b) Theeffectsof r3on Tso and g have been computed and are shown below.

Conditioned .....
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Beyond r3 = 0.40m, there are rapidly diminishing benefits associated with increasing the insulation

thickness.

COMMENTS: Note that the thermal resistance of the insulation is much larger than that for the tube
wall. For the conditions of Part (a), the radiation coefficient is h, = 1.37 W/m, and the heat loss by
rediation is less than 25% of that due to natural convection (day = 78W/m, Ggony,o =342 W/ m).

Too,i = Ts;j
—
q

cond,st

Qrad

R

’
cond,in ,
Yconv,0



PROBLEM 3.41

KNOWN: Thin electrical heater fitted between two concentric cylinders, the outer surface of which
experiences convection.

FIND: (a) Electrical power required to maintain outer surface at a specified temperature, (b)
Temperature at the center

SCHEMATIC:

A, kA:O'IS;,Y\?, ry=20mm
Thin electrical heater ry=40mm

r=ry) Tw=-15°C
I B'k8=1'5ﬂ7wk /J/)/] h =50 Wfm2-K

ASSUMPTIONS: (1) One-dimensional, radial conduction, (2) Steady-state conditions, (3) Heater
element has negligible thickness, (4) Negligible contact resistance between cylinders and heater, (5)
Constant properties, (6) No generation.

ANALYSIS: (a) Perform an energy balance on the
composite system to determine the power required
to maintain T(rp) = Tg=5°C.

=in — Eout +I'Egen =Eg
+Jdlec ~Yconv =0.

Using Newton's law of cooling,
delec = Yeonv =h 27T 1o (Ts _TOO)

, w 0~
Jelec =50 o x277(0.040m) B —(-15) C=251 W/m. <

(b) From acontrol volume about Cylinder A, we recognize that the cylinder must be isothermal, that
is,

T(0) =T(rq).
Represent Cylinder B by athermal circuit:
T(f‘.z) 7—5
O—WAMMAMN—O —9,—> —<> qu
Rg RB
For the cylinder, from Eq. 3.28,
Re =Inrp/n/2mkyg
giving
o w In 40/20 °
T(n)=Ts+qRg =5 C+253.1— =235C
(1) =Ts +dRs m 271x1.5 W/m K
Hence, T(0) = T(rq) = 23.5°C. <

Note that ka has no influence on the temperature T(0).



PROBLEM 3.42

KNOWN: Electric current and resistance of wire. Wire diameter and emissivity. Thickness,
emissivity and thermal conductivity of coating. Temperature of ambient air and surroundings.
Expression for heat transfer coefficient at surface of the wire or coating.

FIND: (a) Heat generation per unit length and volume of wire, (b) Temperature of uninsulated wire,
(c) Inner and outer surface temperatures of insulation.

SCHEMATIC:

Insulation
ki = 0.25 W/m-K

& = 0.90 Ty, = 20°C

Ts2 f2=3mm Toyr = 20°C /

Tsq,r1=1mm
h=1.25[(T - Ty )/D]1/4

I1=20A ,
Wire T, Rglec =0.01 2/m, g, =0.3

ASSUMPTIONS: (1) Steady-state, (2) One-dimensional radial conduction through insulation, (3)
Constant properties, (4) Negligible contact resistance between insulation and wire, (5) Negligible
radial temperature gradientsin wire, (6) Large surroundings.

ANALYSIS: (@) Therates of energy generation per unit length and volume are, respectively,
Ey =1% Rgec =(20A)(0.01Q/m) =4 W/m <

4=Ey/Ac =4Ey/nD? =16W/m/ n{0.002m)? =1.27 x105 W /m® <
(b) Without the insulation, an energy balance at the surface of the wire yields

E'g =0 =deony +drag =D (T T ) +71D & 0(T4 _TSlA'Jr)
where h =1.25[(T -T,, )/D]* 4. Substituting,
aw /m =1.25r(0.002m)* * (T -293)*'* + 7(0.002m) 0.3 x5.67 x10 B w/m? K* (T4 - 2934) K*

and atrial-and-error solution yields

T =331K =58°C <
(c) Performing an energy balance at the outer surface,

E'g = =dconv *drad :"Dh(Ts,Z _Too) +rD § 0(ng _TSL}JI’)

)5/4

4w /m =1.25m(0.006m)% 4 (T, , -293)>* + 1(0.006m) 0.9 x5.67 x10" 2w /m? ®* (T;'Z —2934) K*

and an iterative solution yields the following value of the surface temperature
Ts,2 =307.8K =34.8°C <

The inner surface temperature may then be obtained from the following expression for heat transfer
by conduction in the insulation.

Continued .....



PROBLEM 3.42 (Cont.)

_Tsi—T2_ Tsi—Ts2

!

21(0.25W / m(K )(Tsj -307.8K)
/n3

4W =

T =310.6K =37.6°C <

As shown below, the effect of increasing the insulation thicknessis to reduce, not increase, the
surface temperatures.

50
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.
N

35

Surface temperatures, C

‘S\\
EN

\

30 —
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Insulation thickness, mm

—&— Inner surface temperature, C
—&— QOuter surface temperature, C

This behavior is due to areduction in the total resistance to heat transfer with increasing ro. Although

the convection, h, and radiation, h, = eo (Ts,2 +Tgyr ) (T52,2 +T52ur ) , coefficients decrease with

increasing ro, the corresponding increase in the surface area is more than sufficient to provide for a
reduction in the total resistance. Even for an insulation thicknessof t=4mm, h=h+h, = (7.1 +5.4)

WIMPK = 12,5 W/m?K, and r = k/h = 0.25 W/mIK/12.5 W/m-2IK = 0.020m = 20 mm > ro = 5 mm.
The outer radius of the insulation is therefore well below the critical radius.



PROBLEM 3.43

KNOWN: Diameter of electrical wire. Thickness and thermal conductivity of rubberized sheath.
Contact resistance between sheath and wire. Convection coefficient and ambient air temperature.
Maximum allowable sheath temperature.

FIND: Maximum allowable power dissipation per unit length of wire. Critical radius of insulation.
SCHEMATIC:

. Wire
Egen, D=2mm q’ Tw,o Tin,i Tin,o T(D
Ric = 3x10* m2-K/W f «— AN AN AANA
) R! Rl
Insulation, t =2 mm T = 200C Ric cond conv
k=0.13 W/m-K " 5
T =50°C =10 W/m=-K

ASSUMPTIONS: (1) Steady-state, (2) One-dimensional radial conduction through insulation, (3)
Constant properties, (4) Negligible radiation exchange with surroundings.

ANALYSIS: The maximum insulation temperature corresponds to itsinner surface and is
independent of the contact resistance. From the thermal circuit, we may write

Tlni_TOO T|n| —To
cond * Rconv @n(rmolrm,)/2nkH+(1/2nrmoh)

=g =

where r,; =D/2=0.001m, G o =fipj +t =0.003m, and Tj, ; = Typa =50°C yields the maximum
allowable power dissipation. Hence,

. 50-20)°C 30°C
£y = ( ) - =451W/m <

/n3 .\ 1 (135+531)mK /W

2x013W/mIK  277(0,003m)10W / m? (K

The critical insulation radius is also unaffected by the contact resistance and is given by

o = X = QABWIMIK _ ) 13m =13mm <

h  10W/m? K

Hence, rin o < rer and E'g,max could be increased by increasing rin o up to avalue of 13 mm (t = 12
mm).

COMMENTS: The contact resistance affects the temperature of the wire, and for g’ = E'g,max
= 451W /m, the outer surface temperature of thewireis Ty,o = Tinj +q Ry ¢ =50°C +(4.51W/m)

(3x 10 *m? K / W)/ (0.002m) =50.2°C. Hence, the temperature change across the contact

resistanceis negligible.



PROBLEM 3.44

KNOWN: Long rod experiencing uniform volumetric generation of thermal energy, ¢, concentric
with a hollow ceramic cylinder creating an enclosure filled with air. Thermal resistance per unit
length due to radiation exchange between enclosure surfacesis Rygg. The free convection

coefficient for the enclosure surfacesish = 20 W/mZEK.

FIND: (a) Thermal circuit of the system that can be used to calculate the surface temperature of the

rod, T,; label all temperatures, heat rates and thermal resistances; evaluate the thermal resistances; and
(b) Calculate the surface temperature of the rod.

SCHEMATIC:
=20 mm
D 40 mm
Rod Do =120 mm
g = 2x108 W/m3 _‘j
T, =25°C
Air space
h =20 W/m2-K

Rlaq = 0.30 m-K/W Ceramic, k = 1.75 W/m-K

ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional, radial conduction through the
hollow cylinder, (3) The enclosure surfaces experience free convection and radiation exchange.

ANALYSIS: (a) Thethermal circuit is shown below. Note labels for the temperatures, thermal
resistances and the relevant heat fluxes.

Enclosure, radiation exchange (given):
Riag =0.30 mK /W
Enclosure, free convection:
= 1 1
cv,rod ~ =
hmDy 20 W/m? K x 7x0.020m
, 1 1
cv,cer ~ =
hmDj 20 W/m? K x 71x0.040m
Ceramic cylinder, conduction:
_tn(Dg/Dj) _ ¢n(0.120/0.040)
- 2nk 2mxL75W/mIK

The thermal resistance between the enclosure surfaces (r-i) due to convection and radiation exchange
is

=080 mK/W

=040 mK/W

I

=010 MK /W

1 _ 1, 1
Renc Rrad Rev,rod * Rev,cer
S 1 gt

mK/W =024 mK/W

~ .30 0.80+0.40H
Thetotal resistance between the rod surface (r) and the outer surface of the cylinder (o) is
Riot = Renc *Reg =(0.24 +0.1)m K /W =034 m K /W

Continued .....
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. T, Ruad 1, Red T1,=25°C CV — ”"\\\
) | a ) —>
Rcv,rod Rcv,cer \\\ // q
Two (a) Thermal circuit (b) Overall energy balance on rod

(b) From an energy balance on the rod (see schematic) find T;.
in ~Eout +Egen =0
—q+q= 0
=(Tr —Ti )/ Riot +Q(7TDr2/4) =0
~(T, -25)K/0.34 m K /W +2 x10°W /m3 (rr XO.020m2/4) =0
T, =239°C <

COMMENTS: In evaluating the convection resistance of the air space, it was necessary to define an

average air temperature (T) and consider the convection coefficients for each of the space surfaces.
Asyou'll learn later in Chapter 9, correlations are available for directly estimating the convection

coefficient (henc) for the enclosure so that dey = henc (Tr —T1).



PROBLEM 3.45

KNOWN: Tube diameter and refrigerant temperature for evaporator of arefrigerant system.
Convection coefficient and temperature of outside air.

FIND: (a) Rate of heat extraction without frost formation, (b) Effect of frost formation on heat rate, (c)
Time required for a2 mm thick frost layer to melt in ambient air for which h =2 W/m’K and T_ = 20°C.

SCHEMATIC:
Frost
k= 0.4 W/mK
p = 700 kg/m3
hgf=3.34 x 102 J/kg

T°°0=-3°C — rq =5mm
h =100 W/m2:K — Ts1
Refrigerant —
7;0 i= -18 °C
rp=rq+ )
(028424 mm)

ASSUMPTIONS: (1) One-dimensional, steady-state conditions, (2) Negligible convection resistance
for refrigerant flow (Too,i = TS11), (3) Negligible tube wall conduction resistance, (4) Negligible
radiation exchange at outer surface.

ANALYSIS: (a) The cooling capacity in the defrosted condition (& = 0) corresponds to the rate of heat
extraction from the airflow. Hence,

o = 27 (Teo o ~Ts1) =100W/m? (K (277x0.005m) (-3 +18)° C

q =47.1W/m <
(b) With thefrost layer, thereis an additional (conduction) resistance to heat transfer, and the extraction
rateis

" Too,o ‘Ts,l _ Too,o ‘Ts,l
Roonv +Reond  ¥/(h2rmp) +In(ra/r )/ 27k
For 5<r, <9 mmand k = 0.4 W/mIK, this expression yields

q

50

0.4

g
= >4
= £
= = 03
g 45 «© A
= ]
;’F % 0.2 | lo—]
c g ' /8/ e —
S <) T
8 40 g 0.1 Eatl
g £ : Lo
(5]} [
3 ™S =
T 0

35 0 0.001 0.002 0.003 0.004
0 0.001 0.002 0.003 0.004 )
. Frost layer thickness, delta(m)
Frost layer thickness, delta(m)
—&— Conduction resistance, Rtcond(m.K/W)
— Heat extraction, gprime(W/m) —&— Convection resistance, Rtconv(m.K/W)

Continued...
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The heat extraction, and hence the performance of the evaporator coil, decreases with increasing frost
layer thickness due to an increase in the total resistance to heat transfer. Although the convection

resistance decreases with increasing 9, the reduction is exceeded by the increase in the conduction
resistance.

(c) Thetimet, required to melt a2 mm thick frost layer may be determined by applying an energy
balance, Eq. 1.11b, over the differential timeinterval dt and to adifferential control volume extending
inward from the surface of the layer.

Emdt = dESt - dU|a:

h(2mL)(Teo o ~ T¢ )dit = ~hg pdC= — hg p(27rL ) dr

(Teoo =T ) [, ot = —phg Irr; dr

3 5
_phy (2-1) _700kg/ m (3.34x10 J/kg)(0.002m)
o= -
0 (Teo0 =T ) 2W/m? K (20-0)° C
ty =11,690s =3.25h <

COMMENTS: Thetube radius r; exceeds the critical radius r, = k/h = 0.4 W/mIK/100 W/m?K = 0.004
m, in which case any frost formation will reduce the performance of the coil.



PROBLEM 3.46
KNOWN: Conditions associated with a composite wall and a thin electric heater.

FIND: (a) Equivalent thermal circuit, (b) Expression for heater temperature, (c) Ratio of outer and inner
heat flows and conditions for which ratio is minimized.

SCHEMATIC:

0 <« g - do

/ In(rolrq)  In(r \/r ) N 1
(h;2mrq)" 21 3720 (ho2mrg)

27'ckB 2nkA

ASSUMPTIONS: (1) One-dimensional, steady-state conduction, (2) Constant properties, (3) Isothermal
heater, (4) Negligible contact resistance(s).

ANALYSIS: (a) On the basis of aunit axial length, the circuit, thermal resistances, and heat rates are as
shown in the schematic.

(b) Performing an energy balance for the heater, Ej,, = Eqyt , it follows that

Th~Teo | Th ~Teo
qh(ZTsz):qi+qo: h_l |r’]|(r2/r1)+ h_l |’r(])(r3/l’2) <
(hj 2rm ) T oke (ho27m3) +W
(c) From the circuit,
-1 In(r2/r1)
h; 27r- +
do_(Th=Teo) (W2 "+ o <
d  (Th-Tew) (ho2rm )-1+In(r3/r2)

To reduce q’o / g , one could increase kg, hi, and r4/r,, while reducing ka, ho and ra/r;.

COMMENTS: Contact resistances between the heater and materials A and B could be important.



PROBLEM 3.47

KNOWN: Electric current flow, resistance, diameter and environmental conditions
associated with acable.

FIND: (a) Surface temperature of bare cable, (b) Cable surface and insulation temperatures
for athin coating of insulation, (c) Insulation thickness which provides the lowest value of the
maximum insulation temperature. Corresponding value of this temperature.

SCHEMATIC:
A T Too

D;=0005m "R (B fhupl T
Steel cable , u —_mLk
T=700A R, .= Rec -0.02m2-KIW
214 R.-6x10"afm  TDL T O

= X " \ —>
e ’

Insulation °

k=05 W/mK

ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional conductioninr, (3)
Constant properties.

ANALYSIS: (a) Therate at which heat istransferred to the surroundings is fixed by the rate
of heat generation in the cable. Performing an energy balance for a control surface about the

cable, it followsthat Eq =q or, for the bare cable, 12ReL=h (1 DjL)(Ts~Teo ). With
q=12R, = (700A)? (6x10‘4Q/ m) =294 W/m, it follows that

To=Tw +—F =30°C+ 2294 Wim
hr D; (25 wim? ) (0.005m)
To=778.7°C. <

(b) With athin coating of insulation, there exist contact and convection resistances to heat
transfer from the cable. The heat transfer rate is determined by heating within the cable,
however, and therefore remains the same.

Ric+ : Rte , 1
"~ hnDiL  mDjL hnDjL
T Dj (Ts~Teo)
Ric+1/h
and solving for the surface temperature, find
' 0 2 2O
Te=—1 EQ{C+ED+TOO = AWM 70p™ XK L00a™ Kpiaorc
nDi B "¢ hH n(0.005m)g " W =
Ts =1153C. <

Continued .....



PROBLEM 3.47 (Cont.)
The insulation temperature is then obtained from

Ts~T

g=-S_ i

Ric
or
w m? K
R 204 x0.02

T; =Ts ~QRy ¢ =1153°C -q— S =1153°C -

1= s e oL 71{0.005m)

T; =778.7°C. <

(c) The maximum insulation temperature could be reduced by reducing the resistance to heat transfer
from the outer surface of the insulation. Such areduction is possibleif D; < Dg. From Example 3.4,
_k _05W/mK _

Hence, D¢y = 0.04m > D; = 0.005m. To minimize the maximum temperature, which exists at
the inner surface of the insulation, add insulation in the amount

_Dy-Dj _ D¢ —Dj _(0.04-0.005)m

2 2 2

t

t=0.0175m. <

The cable surface temperature may then be obtained from

, Ts — Too Ts—30°C
q = R' | = 5
tc IN(Der/Di), 1 oo2m?KMW  In(0.040.005) 1
1 D 21k hme  m(0.005m) 2m(05W/MK) . W (0.04m)
m? [K
Hence,
ooaW _ Ts—30°C _ Tg-30°C
m  (127+0.66+0.32)mK/W  2.25 mK/W
Ts=692.5°C
Recognizing that q = (Ts- Tj)/Ry ¢, find
2
Rt 294Vn\1’><o.02m K
T =Te—0Ric =Tg -—> =692.5°C —
= s T e Tl AL 71{0.005m)
T, =318.2°C. <

COMMENTS: Use of the critical insulation thicknessin lieu of athin coating has the effect of
reducing the maximum insulation temperature from 778.7°C to 318.2°C. Use of the critical insulation
thickness also reduces the cable surface temperature to 692.5°C from 778.7°C with no insulation or
from 1153°C with athin coating.



PROBLEM 3.48
KNOWN: Saturated steam conditions in a pipe with prescribed surroundings.

FIND: (a) Heat loss per unit length from bare pipe and from insulated pipe, (b) Pay back
period for insulation.

SCHEMATIC:
Steam pipe (0.2m)

Steam Costs: with or _w:( 1'5h8u1'

4 for 109 ] magnesia mm)
Insulation Cost:

$100. per meter @ h=20W[m2-K, T, =25°C
Operation time:

7500 hlyr

ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional heat transfer, (3)
Constant properties, (4) Negligible pipe wall resistance, (5) Negligible steam side convection
resistance (pipe inner surface temperature is equal to steam temperature), (6) Negligible

contact resistance, (7) Tgyr = Teo-

PROPERTIES: Table A-6, Saturated water (p = 20 bar): Ty = Tg= 486K; Table A-3,
Magnesia, 85% (T = 392K): k = 0.058 W/mIK.

ANALYSIS: (a) Without the insulation, the heat |0ss may be expressed in terms of radiation
and convection rates,

q=em D a(TS4 —TS“Jr) +h( D) (Ts - Too)
W
m? K*
(rrx0.2m) (486-298)K

q'=0.877(0.2m)5.67x10° (4864 - 2984) K4

+20

m? (K
q'=(1365+2362) W/m=3727 W/m. <

With the insulation, the thermal circuit is of the form

4
T gconv

4?,.— »Egvvvv\NV\Is'a' ¢
Teur eii8dn ) In(0,/D;)2k 2

Continued .....



PROBLEM 3.48 (Cont.)
From an energy balance at the outer surface of the insulation,

dcond = dconv * drad

si ~Ts0 3 A A
In(Do /D; )/27'[ o hrr Dg (Ts,o _Too) +¢e0mDy (Tso _Tsur)
(486_TS,0) K B \YY;
In(0.3m/0.2m) 20 m2 K m (0-3m)(Ts,o 298K)
277(0.058 W/mK)
08056710 r(0.3m)(1, 208
m2 K4 ,

By trial and error, we obtain

Tso = 305K
in which case
(486-305) K
In(0.3m/0.2m)
277(0.055 W/mK)

=163 W/m. <

(b) The yearly energy savings per unit length of pipe due to use of theinsulation is

Savings _ Energy Savings 9 Cost

Yr[n Yr. Energy
SAVINGS _ (3777 -163) ) x3600> x7500- x>
Yrii sCin h Yr 109
SVNGS _ ¢305/ v'r fin.
Yrlm

The pay back period isthen

Insulation Costs _ $100/m

Pay Back Period = - =
Savingg/Yr.in  $385/Yr[in

Pay Back Period = 0.26 Yr = 3.1 mo. <

COMMENTS: Such alow pay back period is more than sufficient to justify investing in the
insulation.



PROBLEM 3.49

KNOWN: Temperature and convection coefficient associated with steam flow through a pipe
of prescribed inner and outer diameters. Outer surface emissivity and convection coefficient.
Temperature of ambient air and surroundings.

FIND: Heat |loss per unit length.
SCHEMATIC:

Tsur 20 3

ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional heat transfer, (3)
Constant properties, (4) Surroundings form alarge enclosure about pipe.

PROPERTIES: Table A-1, Steel, AISI 1010 (T =450 K): k =56.5 W/mK.

ANALYSIS: Referring to the thermal circuit, it follows from an energy balance on the outer
surface that

Too,i ‘Ts,o _ Ts,o ‘Too,o + Ts,o —Tsur
Rconv,i *Reond Reonv,0 Rrad
or fromEgs. 3.9, 3.28 and 1.7,
T = Tso _ Ts0 ~Teo,0 +e7D a(T4 _14 )
(U Djhj)+In(Dg /Dj )/ 27k (1 Dghg) 0T\ 'S0 s
2 \1 In (75/60) o\~
71x0.6m %500 W/m*“ K + 1x0.075m x25 W/m“ [K
21mx56.5 W/m K

+0.87% (0.075m) x5.67 x10™° Wim® K * Hglo - 203*HK
523_ TS,O _ TS,O - 293
0.0106+0.0006  0.170

+1.07x107° 5 ~203F

From atrial-and-error solution, Tg o= 502K. Hencethe heat lossis

- 2 -8 W 4 _opfy 4
q'=rr(0.075m) 25 W/m~ [K (502-293) +0.8 71(0.075m)5.67 x10 mz—wgtoz 243K

g'=1231 W/m+600 W/m=1831 W/m. <

COMMENTS: Thethermal resistance between the outer surface and the surroundingsis
much larger than that between the outer surface and the steam.



PROBLEM 3.50

KNOWN: Temperature and convection coefficient associated with steam flow through a pipe of
prescribed inner and outer radii. Emissivity of outer surface magnesiainsulation, and convection
coefficient. Temperature of ambient air and surroundings.

FIND: Heat loss per unit length ' and outer surface temperature T, as a function of insulation

thickness. Recommended insulation thickness. Corresponding annual savings and temperature
distribution.

SCHEMATIC:

Steam
($4/10°9 J, 7000 h/yr)
Tooj = 250 °C

h; =500 W/m?2-K

AISI 1010
Magnesia, (e = 0.8)

R 'rad

conv,i

T2\ R'cond,m

/

T3=Ts0

R 'conv,o
ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional heat transfer, (3) Constant

properties, (4) Surroundings form alarge enclosure about pipe.

PROPERTIES: TableA-1, Steel, AlSI 1010 (T = 450 K): ks = 56.5 W/mK. Table A-3, Magnesia,
85% (T = 365 K): kp = 0.055 W/mIK.

ANALYSIS: Referring to the thermal circuit, it follows from an energy balance on the outer surface that

Too,i _Ts,o _ Ts,o _Too,o + Ts,o —Taur
Reonv,i * Reond,s + Reond,m Reonv,0 Rrad

or from Egs. 3.9, 3.28 and 1.7,

Too,i _Ts,o Ts,o _Too,o Ts,o —Taur

(V2 )+ n(1p/5 ) 27k +1n(r3/ 0}/ 2 ey (U2 181G ) T——— +Twr)(T§o oT2, )%-1

This expression may be solved for Ts, as afunction of rz, and the heat 1oss may then be determined by
evaluating either the left-or right-hand side of the energy balance equation. The results are plotted as
follows.

Continued...



PROBLEM 3.50 (Cont.)

2000 2
1600 \ i s
- \ s 7 L~
g \ g
S 1200 £
T \ 5 1
£ @
g \ g A
S 800 = ]
s 2 o5 - —
8 2 S
g 400 = d
5
t N~ £ T "
— 2 0
0 F 0.035 0.045 0.055 0.065 0.075
0.035 0.045 0.055 0.065 0.075

Outer radius of insulation, r3(m)

Outer radius of insulation, r3(m) —6— Insulation conduction resistance, Rcond,m

—a— Quter convection resistance, Rconv,o
—ql —B— Radiation resistance, Rrad

Therapid decay in ' withincreasing rs is attributable to the dominant contribution which the insulation
begins to make to the total thermal resistance. The inside convection and tube wall conduction
resistances are fixed at 0.0106 mK/W and 6.29x10™* mK/W, respectively, while the resistance of the
insulation increases to approximately 2 mK/W at r3 = 0.075 m.

The heat loss may be reduced by almost 91% from avalue of approximately 1830 W/mat rz =r,
=0.0375 m (noinsulation) to 172 W/m at r; = 0.0575 m and by only an additional 3% if the insulation
thicknessisincreased to r; = 0.0775 m. Hence, an insulation thickness of (r3-r;) =0.020 mis
recommended, for which ' = 172 W/m. The corresponding annual savings (AS) in energy costsis
therefore

AS=[(1830-172) W/m|

$§ %7000 x3600° =$167/m <
1077 y h

The corresponding temperature distribution is

500

460

420

380

Local temperature, T(K)

340

300

0.038 0.042 0.046 0.05 0.054 0.058

Radial location in insulation, r(m)

Tr

The temperature in the insulation decreases from T(r) = T, =521 K atr=r,=0.0375mto T(r) = T3 =
309K atr=r3=0.0575m.

Continued...



PROBLEM 3.50 (Cont.)

COMMENTS: 1. Theannua energy and costs savings associated with insulating the steam line are
substantial, asisthe reduction in the outer surface temperature (from Ts, = 502 K for r3 =r,, to 309 K for
r; = 0.0575 m).

2. Theincreasein Rygg to amaximum value of 0.63 mK/W at rz = 0.0455 m and the subsequent decay
is due to the competing effects of g and A’3 = (1/27r3). Because the initial decay in Ts = Tso with

increasing rs, and hence, the reduction in hy,, is more pronounced than the increasein A3, Rygqg

increases with rz. However, asthe decay in Ts,, and hence h,y, becomes less pronounced, the increasein
A3 becomes more pronounced and Ry5q decreases with increasing r.



PROBLEM 3.51

KNOWN: Pipewall temperature and convection conditions associated with water flow through the pipe
and ice layer formation on the inner surface.

FIND: Icelayer thickness o.

SCHEMATIC:

r1_

ry = 50 mm

h;=2000 W/m2-K —
6,j=3°C —

Tsi=0°C Ice layer (8,k)

ASSUMPTIONS: (1) One-dimensional, steady-state conduction, (2) Negligible pipe wall thermal
resistance, (3) negligible ice/wall contact resistance, (4) Constant k.

PROPERTIES: Table A3, Ice(T =265K): k=194 W/mIK.

ANALYSIS: Performing an energy balance for a control surface about the ice/water interface, it follows
that, for a unit length of pipe,

dconv = Ycond

Tsi —Tso
h; (Zml)(vai ~Tsi ) :W

Dividing both sides of the equation by r»,

In(2/n) _ k  Tsi-Tso_  194W/mK  15C
(r2/m)  hirz Teoj=Tsj (2000W/m2[9<)(0.05m) 3C

=0.097

The equation is satisfied by r,/r; = 1.114, in which case r; = 0.050 m/1.114 = 0.045 m, and the ice layer
thicknessis

d =rp -1 =0.005m =5mm <

COMMENTS: Withnoflow, h; - 0, inwhich caser; — 0and complete blockage could occur. The
pipe should be insulated.



PROBLEM 3.52

KNOWN: Inner surface temperature of insulation blanket comprised of two semi-cylindrical shells of different
materials. Ambient air conditions.

FIND: (a) Equivalent thermal circuit, (b) Total heat loss and material outer surface temperatures.

SCHEMATIC:
ry=50mm

— h=25Wfm2z-K

4—
<+ T»=300K
r,=100mm h

T.,=500K

ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional, radial conduction, (3) Infinite contact
resistance between materials, (4) Constant properties.

ANALYSIS: (a) Thethermal circuit s,

R A:R' B:1/7Tr2h ‘ !
conv, conv, Rcond(A) 7;,2@) RCO"V,A

, I / O
ol Rl e e S

A 52

O

M Reond (B) Rconv, B

Reond(B) = Tk
B

The conduction resistances follow from Section 3.3.1 and Eq. 3.28. Each resistanceis larger by afactor of 2 than
the result of Eq. 3.28 due to the reduced area.
(b) Evaluating the thermal resistances and the hezat rate (q’:q’A +dp )

conv = (r[xO.lm x25 W/m? [K ) =0.1273 m [K/W

In(0.1m/0.05m)
mx2 W/m[K
Ts1~ Too N Ts1-Teo
I:‘)'cond(A) +Reonv R'cond(B) +Reonv

R'cond(A) = =0.1103 m [K/W I:Qlcond(B) =8 R'cond(A) =0.8825 m K/W

!

, (500-300)K (500-300)K
q= + = (842 +198) W/m=1040 W/m. <
(0.1103+0.1273) mK/W  (0.8825+0.1273) m [K/W

Hence, the temperatures are
w m [K <

TS,Z(A) = Ts,l_QA R,COnd(A) =500K _842E ><O_:|_:|_03T =407K

oy _ w miK _
Ts,z(B) =Ts1 _qBRcond(B) =500K —198; XO'SSZST =325K. <
COMMENTS: Thetotal heat loss can also be computed from o'= (TS11 -Too )/ Requiv:
-1

, : -1 -10
where Reqiy = aRcond(A) +Rconv,A) +(R'cond(B) +Rconv,B) E =0.1923 m K/W.

Hence ¢'=(500 - 300) K/0.1923 m (K/W=1040 W/m.



PROBLEM 3.53

KNOWN: Surface temperature of acircular rod coated with bakelite and adjoining fluid
conditions.

FIND: (@) Critical insulation radius, (b) Heat transfer per unit length for bare rod and for
insulation at critical radius, (c) Insulation thickness needed for 25% heat rate reduction.

SCHEMATIC:

PN

b C T2200C

h =140 W/fm2-K

Bakelite S T,=25C

ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional conductioninr, (3)
Constant properties, (4) Negligible radiation and contact resistance.

PROPERTIES: Table A-3, Bakelite (300K): k = 1.4 W/mK.

ANALYSIS: (a) From Example 3.4, the critical radiusis
_k _ 14WImK

h 140 Wim? K

(b) For the bare rod,
q=h(m D;) (T -Tw)

q'=140—— (7> 0.0Im) (200-25)" C=770 W/m
m< [K
For the critical insulation thickness,
o= T - Teo _ (200-25)°C
1 N In (rCr I ) 1 N In (0.01m/0.005m)

. 175°C

q= =909 W/m
(0.1137+0.0788) mK/W
(c) The insulation thickness needed to reduce the heat rate to 577 W/m is obtained from
- 200-25)°C
q= Ti = Teo = ( ) = 577ﬂ
1 In(ri) 1 In(r/0.005m) m
+ +

2mrh - 21k 271(r)140 W/m2 K 2 ™1.4W/mK
From atrial-and-error solution, find
r=0.06 m.
The desired insulation thicknessis then
d =(r-r;) =(0.06 —0.005) m=55 mm.



PROBLEM 3.54

KNOWN: Geometry of an oil storage tank. Temperature of stored oil and environmental
conditions.

FIND: Heater power required to maintain a prescribed inner surface temperature.
SCHEMATIC:

|‘_L‘27ﬂ __),l 7;},‘=400K

N \
— Oil 7'9 Dj=1m
T»=300K D,=1.04m
h=10W/m?*-K
ny‘ex l

ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensiona conduction in radial
direction, (3) Constant properties, (4) Negligible radiation.
PROPERTIES: Table A-3, Pyrex (300K): k = 1.4 W/mIK.

ANALYSIS: Therate at which heat must be supplied is equal to the loss through the
cylindrical and hemispherical sections. Hence,

O=dcyl +2dhemi =dcyl *+Ospher
or, from Egs. 3.28 and 3.36,

In(Do/D)+ 1 1 01 10 1

+
2Lk mDoLh 2k D Dof np2n

(400-300)K

eh In1.04 . 1
2m(2m)1.4 W/m[K 1(1.04m)2m (10 W/m? EIK)
(400-300)K

1 1 1
1-0.962)mt +
2r(LawimK) ! ) 77(1.04m)%10 W/m? (K

100K N 100K

q:
2.23%10°3 K/W + 15.30x10°3 K/W  4.32x10™3 K/W + 29.43x10°3

+

g = 5705W + 2963W = 8668W.



PROBLEM 3.55

KNOWN: Diameter of aspherical container used to store liquid oxygen and properties of insulating
material. Environmental conditions.

FIND: (a) Reduction in evaporative oxygen loss associated with a prescribed insulation thickness, (b)
Effect of insulation thickness on evaporation rate.

SCHEMATIC:
Tour= 298 K
deonv ™\ e rq =250 mm, Tg 4= 90 K Tsur
l l l P \ 250£rp<2300 mm, Tg o
. fizrgs < ‘\ ;: Liquid oxygen, hyg = 214 kJ/kg -
h=10 Wim2-K "\ %™ Insulation, k = 0.00016 W/m-K, & = 0.20 oo
A
Arad

ASSUMPTIONS: (1) Steady-state, one-dimensional conduction, (2) Negligible conduction resistance of
container wall and contact resistance between wall and insulation, (3) Container wall at boiling point of
liquid oxygen.

ANALYSIS: (a) Applying an energy balance to a control surface about the insulation, E;,, —Eqyt =0, it
followsthat qeony + drad = dcond =d - Hence,

Too _Ts,2 + Tsur ‘Ts,2 _ Ts,2 _Ts,l _

D
Rt,conv Rt,raol Rt,cond

-1 -1
2 2
where Ry cony = (477'r2 h) , Rt rad = (4m2 hr) . Rt cond = (1/471k)[(1/r1) - (/)] , and, from Eq.
1.9, the radiation coefficientis h, =g (TS,Z +Twr)(T§2 +T32ur) . Witht =10 mm (r, = 260 mm), € =

0.2and T, = Tey = 298 K, an iterative solution of the energy balance equation yields Ts, = 297.7 K,
where R cony = 0.118 K/W, Ry g = 0.982 K/W and Ry cong = 76.5 K/W. With the insulation, it follows that
theheat gainis

Ow=272W
Without the insulation, the heat gain is
_ Too ‘Ts,l + Tsur _Ts,l
Rt,conv Rt,rad

Owo

where, withry =1, Tg1 = 90 K, Ry conv = 0.127 K/W and Ry = 3.14 K/W. Hence,
Owo = 1702 W

With the oxygen mass evaporation rate given by m = g/hyg, the percent reduction in evaporated oxygen is

% Reduction = %—rm,v x100% = w0 “W 10004
Mwo Gwo
Hence,
(1702-2.7)W

02W

% Reduction = x100% =99.8% <

Continued...



PROBLEM 3.55 (Cont.)

(b) Using Equation (1) to compute T, and g as afunction of r,, the corresponding evaporation rate, m =
g/hyg, may be determined. Variations of g and m with r, are plotted as follows.

10000 0.01
1000
— 0.001
%
°
— <
£ 100 s
= \ £ 0.0001 \
,% \ % 8 \\
> \ £ N
= 10 S
(5} S
T Il
. % 1E-5
m
D R———
0.1 1E-6
0.25 0.26 0.27 0.28 0.29 0.3 0.25 0.26 0.27 0.28 0.29 0.3
Outer radius of insulation, r2(m) Outer radius of insulation, r2(m)

Because of its extremely low thermal conductivity, significant benefits are associated with using even a
thin layer of insulation. Nearly three-order magnitude reductionsin q and m are achieved with r, = 0.26
m. With increasing r,, q and m decrease from values of 1702 W and 8x10° kg/s at r, = 0.25 m to 0.627
W and 2.9x10° kg/s at r, = 0.30 m.

COMMENTS: Laminated metallic-foil/glass-mat insulations are extremely effective and corresponding
conduction resistances are typically much larger than those normally associated with surface convection
and radiation.



PROBLEM 3.56

KNOWN: Sphere of radiusrj, covered with insulation whose outer surface is exposed to a
convection process.

FIND: Critical insulation radius, r¢y.
SCHEMATIC:

ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional radial (spherical)
conduction, (3) Constant properties, (4) Negligible radiation at surface.

ANALYSIS: The heat rate follows from the thermal circuit shown in the schematic,
o= (Ti —Too )/ Rtot

where Riot =Rt conv +Rt,cond ad

1 1
Rtconv == (3.9)
hAs 4 hr?
1 b 10
R = - 3.36
t,cond ATT K g r% (3.36)
If g isamaximum or minimum, we need to find the condition for which
dRtot _
dr
It follows that

gﬂl Ell_gg+ 1 %'E’“ 1 1 1 i%

er4nkH{ 0 4mhr?g O 4k 2 2mh 30
giving

k

oy =2—

cr h
The second derivative, evaluated at r = rgy, is

dORytO_ 1 1 3 10

—_ = - -+ —

g dr H 2k (3 2mh r45}:

=0

fer
1 O 1 3 10 1 10 3
+ = -1+5 >0
(2k/h)3 EI— 2tk 2mh ZK/I‘E (2k/h)3 2 ITK% E

Hence, it follows no optimum Riot exists. We refer to this condition as the critical insulation
radius. See Example 3.4 which considers this situation for acylindrical system.



PROBLEM 3.57

KNOWN: Thickness of hollow aluminum sphere and insulation layer. Heat rate and inner
surface temperature. Ambient air temperature and convection coefficient.

FIND: Thermal conductivity of insulation.

SCHEMATIC:
Insuéalﬁon
: Aluminum =t iam
1/r‘2-1Zr5 r,=0.18m
4wk /‘ -
l < 'z 5oty Ti=250°C " 75=030m
AN AAAANA—GNAAANAA—@ = 4
1/’,1 _1/,.,2 1 9:80 1 £ 1 h=30W/7”2K
41 ky, h41rry2 T,=20C

ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional radial conduction, (3)
Constant properties, (4) Negligible contact resistance, (5) Negligible radiation exchange at
outer surface.

PROPERTIES: Table A-1, Aluminum (523K): k =230 W/mIK.
ANALYSIS: From the thermal circuit,
T-Teo _ T -Te

Rt Un-1rp 1np-lm 1
amkar ATk hamed

q:

- (250-20)"C _80W
4/015-1/018 1/018-1/030 1 gK
H 4m(230) amk 30(4m)(0.3)2 W
or
_4 0177 230

3.84x10 "+

+0.029 === =2.875.
K, 80

Solving for the unknown thermal conductivity, find
k| = 0.062 W/mIK. <

COMMENTS: The dominant contribution to the total thermal resistance is made by the
insulation. Hence uncertainties in knowledge of h or ka1 have anegligible effect on the
accuracy of the k; measurement.



PROBLEM 3.58

KNOWN: Dimensions of spherical, stainless steel liquid oxygen (LOX) storage container. Boiling
point and latent heat of fusion of LOX. Environmental temperature.

FIND: Thermal isolation system which maintains boil-off below 1 kg/day.

SCHEMATIC:
rq =0.035m
rp =0.040 m Lox, pr =90 K, hfg =213 kd/kg
I3
Steel container
Amb_ient
air Insulation

T..=240 K

ASSUMPTIONS: (1) One-dimensional, steady-state conditions, (2) Negligible thermal resistances
associated with internal and external convection, conduction in the container wall, and contact between
wall and insulation, (3) Negligible radiation at exterior surface, (4) Constant insulation thermal
conductivity.

PROPERTIES: Table A.1, 304 Stainless steel (T =100 K): ks=9.2 W/mIK; Table A.3, Reflective,
aluminum foil-glass paper insulation (T = 150 K): k; = 0.000017 W/mIK.

ANALYSIS: The heat gain associated with aloss of 1 kg/day is

1kg/day

. 5
=gy =—— 29 (5 13x10° J/k ):2.47w
9 86,4005/day( /ko

q

With an overall temperature difference of (Too - pr) = 150 K, the corresponding total thermal

resistanceis
AT 150K
Riot =— = =60.7K/W
q 247TW

Since the conduction resistance of the steel wall is

1 01 10 1 0 1 1 0
4nkSEE rz% 4n(9.2W/m[lK)Ep.35m 0.40mH

— -3

itisclear that exclusive reliance must be placed on the insulation and that a special insulation of very low
thermal conductivity should be selected. The best choiceis ahighly reflective foil/glass matted
insulation which was devel oped for cryogenic applications. It follows that

R | =60.7K/W =—— L -1a- : -
t,cond,i ' 4n1<iE}; 30 4n(0.000017W/m[|K)E0.40m r}%

which yields rz = 0.4021 m. The minimum insulation thicknessistherefore d = (r3- r;) = 2.1 mm.

COMMENTS: The heat loss could be reduced well below the maximum allowable by adding more
insulation. Also, in view of weight restrictions associated with launching space vehicles, consideration
should be given to fabricating the LOX container from alighter material.



PROBLEM 3.59

KNOWN: Diameter and surface temperature of a spherical cryoprobe. Temperature of surrounding
tissue and effective convection coefficient at interface between frozen and normal tissue.

FIND: Thickness of frozen tissue layer.

SCHEMATIC:

r{=0.0015m

B Probe

ry - Ts1=-30°C

Normal-tissue Ts,2 =0°C
Too =37 OC \ A
h =50 W/m2-K Frozen tissue, k = 1.5 W/m-K

A Aconv

ASSUMPTIONS: (1) One-dimensional, steady-state conditions, (2) Negligible contact resistance
between probe and frozen tissue, (3) Constant properties.

ANALYSIS: Performing an energy balance for a control surface about the phase front, it follows that

Hence,

Aconv ~Ycond =0

2 _ TS,Z_TS,l
P2t %) ) ]
21(1r) - (Vs :E( 527 Tsl)
5 [(Wn)- ()] (T —Tos)
Ciro OO D _k Tsz Tsl) 1.5W/m[K B0
5 BB o Th g (To ~Ts2) (50W/ m2|]<)(0.0015m) 870
Ll

0
F2 A 0 =162
OnODa0 O

(rp/n) =456

It follows that r, = 6.84 mm and the thickness of the frozen tissueis

0 =rp—f =534mm <



PROBLEM 3.60

KNOWN: Inner diameter, wall thickness and thermal conductivity of spherical vessel containing
heat generating medium. Inner surface temperature without insulation. Thickness and thermal
conductivity of insulation. Ambient air temperature and convection coefficient.

FIND: (a) Thermal energy generated within vessel, (b) Inner surface temperature of vessel with
insulation.

SCHEMATIC:
T q =
Insulation s r Q%OST
ki = 0.04 W/m-K ' ro=0.51m _1—[1 1_]
— r3 = 0.53m Ts1 4rkil 2 T3 Tco
St steel wall e ,
—> SAMWAAMASAAN
kw=17 W/m-K 1 [1-1_ WV
. ? T(D = 25°C 4rky LT rg] h47tr§
Pharmaceuticals, Egen h = 6 W/m2-K

ASSUMPTIONS: (1) Steady-state, (2) One-dimensional, radial conduction, (3) Constant properties,
(4) Negligible contact resistance, (5) Negligible radiation.

ANALYSIS: (@) From an energy balance performed at an instant for a control surface about the
pharmaceuticals, Eg =g, inwhich case, without the insulation

. Te1-T. - 25)°
£y = 51~ Teo _ (50-25)°C

1 Dl_il:]_'_ 1 1 %) - %+ 1
4k, [H rZH am2h 4r(17W/miK) [0.50m 050 47(051m)2 6W/m? K

25°C

=489W <
(1.84x10‘4 +5.10 x10‘2) K /W

Eg:q:

(b) With the insulation,

[ D
U U [ H
Ts,1=Too+qD 1 1 1 1 U1 1 1

Oo-——0+ O—-——O+
E’f‘ﬂkw 1 2O 47K 2 13 4m3hH

[

0
Ts1=25°C +489W .84 x10™% 1 01 19, 1 K

47(0.04)H051 053 41(053)2 6 1W

Ts1 =25°C+489W %.84 x10~4 +0.147 +0.0475% =120 C <

COMMENTS: Thethermal resistance associated with the vessel wall is negligible, and without the
insulation the dominant resistance is due to convection. The thermal resistance of theinsulation is
approximately three times that due to convection.



PROBLEM 3.61

KNOWN: Spherical tank of 1-m diameter containing an exothermic reaction and is at 200°C when
the ambient air is at 25°C. Convection coefficient on outer surface is 20 W/mZEE(.

FIND: Determine the thickness of urethane foam required to reduce the exterior temperature to 40°C.
Determine the percentage reduction in the heat rate achieved using the insulation.

SCHEMATIC:
Tank, Tt = 200°C, r;=0.5m

+ r Ty = 25°C
h = 20 W/m2-K q—> NN AN
Insulation, k = 0.026 W/m-K Red Rev
Ny

~ tins = ro - It

ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional, radial (spherical) conduction
through the insulation, (3) Convection coefficient 1sthe same for bare and insulated exterior surface,
and (3) yegl igible radiation exchange between the insul ation outer surface and the ambient
surroundings.

PROPERTIES: Table A-3, urethane, rigid foam (300 K): k = 0.026 W/mIK.

ANALYSIS: (2% The heat transfer situation for the heat rate from the tank can be represented by the
thermal circuit shown above. The heat rate from the tank is

_ Tt ~Too
Red +Rev

where the thermal resistances associated with conduction within the insulation (Eg. 3.35) and
convection for the exterior surface, respectively, are

(U/n-1/r) - (1/05-1/15) :(1/0.5—1/ro)K/W
4k 471%0.026 W/ mK 0.3267
Ry = L= bt 1
hAs  anhi?2  4mx20 W/m? K xrg

To determine the required insulation thickness so that T = 40°C, perform an energy balance on the o-
node.

=3.979 x10 315 %K /W

0
Red Rev
(200-40)K (25-40)K _
+ =0
(1/05-1/1)/0.3267 K/W  3979x1073r2 K /W
fo =0.5135 m t =1y —1f; =(0.5135 -0.5000) m =13.5 mm <

From the rate equation, for the bare and insulated surfaces, respectively,
_ Ti-T, _ (200-25)K
° " 1/4nh?  0.01592 K /W

Ging = — L= = (200-25) =0.994 KW
Red tRey  (0.161+0.01592)K /W
Hence, the percentage reduction in heat loss achieved with the insulation is,
Gins =0 100 = - 999471099 105 0106 <
do 10.99

=10.99 kW




PROBLEM 3.62

KNOWN: Dimensions and materials used for composite spherical shell. Heat generation
associated with stored material.

FIND: Inner surface temperature, T4, of lead (proposal is flawed if this temperature exceeds
the melting point).

SCHEMATIC:
Lead =025
. e " r'2=01.’30777
Stainless ro20.31m T T T/,=500W/mz./<
steel 5= T, =10°C
T, P T, StSt T, o

R‘?dioaCfivg wastes ' 1W T
(2-5x10"Wm?) ok (34) Fklan) T

ASSUMPTIONS: (1) One-dimensiona conduction, (2) Steady-state conditions, (3) Constant
properties at 300K, (4) Negligible contact resistance.

PROPERTIES: Table A-1, Lead: k =35.3 W/mK, MP=601K; St.St.: 15.1 W/mK.
ANALYSIS: From thethermal circuit, it follows that

_T1-Tw
Ry

q :q%nrfg

Evaluate the thermal resistances,

01 1 0
Ron = A/ (477x35.3 W/m [K - =0.00150 K/W
Po =/ E B25m  0.30mF

O 1 1 0

R =HA/(4rmrx15.1 W/m [K -
stst. = B (4mx mK)g B30m 03mE

=0.000567 K/W

Reony = %/ (4n><o.312m2 x500 W/m? [K)S =0.00166 K/W

Riot =0.00372 K/W.

The heat rate is g=5x10° W/m> (47/3)(0.25m)* =32,725 W. Theinner surface
temperatureis

T1 =T *+Riot 0=283K+0.00372K/W (32,725 W)

Ty =405K < MP = 601K. <
Hence, from the thermal standpoint, the proposal is adequate.

COMMENTS: In fabrication, attention should be given to maintaining a good thermal
contact. A protective outer coating should be applied to prevent long term corrosion of the
stainless steel.



PROBLEM 3.63

KNOWN: Dimensions and materials of composite (lead and stainless steel) spherical shell used to store
radioactive wastes with constant heat generation. Range of convection coefficients h available for
cooling.

FIND: (a) Variation of maximum lead temperature with h. Minimum allowable value of h to maintain
maximum |lead temperature at or below 500 K. (b) Effect of outer radius of stainless steel shell on
maximum |ead temperature for h = 300, 500 and 1000 W/m’K.

SCHEMATIC:
Lead ry=025m
Stainless N 2 =0.30m 1002 h< 1000 W/m2-K
steel r320.30 m Tw=100°C
T, Pb T, StSt. T4 T,
Radioactive wastes \u, w 1 —’q
g'=5x10° W/m 1 l_l) 1 (l__) 1
ankpp\r1 rp/ Amkgpg\2 '3 4nra2h

ASSUMPTIONS: (1) One-dimensional conduction, (2) Steady-state conditions, (3) Constant properties
at 300 K, (4) Negligible contact resistance.

PROPERTIES: Table A-1, Lead: k=353 W/mK, St. St.: 15.1 W/mIK.

ANALYSIS: (@) From the schematic, the maximum lead temperature T, correspondsto r = ry, and from
the thermal circuit, it may be expressed as

T =T * Rt
where q = (4/3) ¢ = 5x10° w/m? (477/3)(0.25m)> =32,725W . Thetotal thermal resistanceis

Rtot = Rcond,Pb * Reond,st.st *Reonv

where expressions for the component resistances are provided in the schematic. Using the Resistance
Network model and Thermal Resistance tool pad of IHT, the following result is obtained for the variation
of T1 with h.

700

600 \
AN

400

Maximum Pb Temperature, T(r1) (K)

300
100 200 300 400 500 600 700 800 900 1000

Convection coefficient, h(W/m”2.K)

Continued...



PROBLEM 3.63 (Cont.)

To maintain T, below 500 K, the convection coefficient must be maintained at
h> 181 W/m’K <

(b) The effect of varying the outer shell radius over the range 0.3 < r3 < 0.5 mis shown below.

600

R
// //
i

=

450

Maximum Pb temperature, T(r1) (K)

400

350

0. 0.35 0.4 0.45 0.5

Outer radius of steel shell, r3(m)

—&— h =300 W/m"2.K
— h =500 W/m"2.K
—=2&— h=1000 W/m"2.k

For h = 300, 500 and 1000 W/m?[K, the maximum allowable values of the outer radius are r; = 0.365,
0.391 and 0.408 m, respectively.

COMMENTS: For amaximum allowable value of T1 =500 K, the maximum allowable value of the
total thermal resistanceis Ryt = (T1 - Tw)/q, OF Ryt = (500 - 283)K/32,725 W = 0.00663 K/W. Hence, any
increase in Reong st.s due to increasing rs must be accompanied by an equivalent reduction in Regny.



PROBLEM 3.64

KNOWN: Representation of the eye with a contact lens as a composite spherical system subjected to
convection processes at the boundaries.

FIND: (a) Thermal circuits with and without contact lensin place, (b) Heat loss from anterior
chamber for both cases, and (c) Implications of the heat loss calculations.

SCHEMATIC:
k, Cornea r1=102mm  k;=0.35 W/mK
1,
Anterior chamber—2& r3=16.5mm ,
Too,0,ho Te=37°C  hj=12 W/m’K

Te,0=21°C  hy=6 W/m“IK

ASSUMPTIONS: (1) Steady-state conditions, (2) Eye is represented as 1/3 sphere, (3) Convection
coefficient, hy, unchanged with or without lens present, (4) Negligible contact resistance.

ANALYSIS: (a) Using Egs. 3.9 and 3.36 to express the resistance terms, the thermal circuits are:

Without lens; _’7;,,- Top.0 <
Do 3bidmr2 :,%(j‘;-é) o 4112

With lens: B O PNV~ <
D 342 "377(1(%;9 Za(R) ot

(b) The heat losses for both cases can be determined as q = (Teo,j - Too 0)/Rt, Where Ry isthe
thermal resistance from the above circuits.

3 N 3 01 101
2 4mrx035WimIK H02 12781973

Without lens: Ry o =
12W/m?2 |ZIK4IT(10.2><1O'3m)

+ 3 5 =191.2 K/W+13.2 K/W+246.7 K/W=451.1 K/W
6 W/m?2 [|K4n(12.7 x10‘3m)
With lens: Riw =191.2 K/W+13.2 K/W+ 3 ot 101 m
' 4Tx0.80 W/mK H2.7 16501073
+ 3 5 =191.2 K/W+13.2 K/W+5.41 K/W+146.2 K/\W=356.0 K/W
6W/m?2 E|K4n(16.5x10‘3m)
Hence the heat | oss rates from the anterior chamber are
Without lens: gy = (37 —21)° C/451.1 K/W=35.5mW <
Withlens:  q,, =(37-21)" C/356.0 K/W=44.9mW <

(c) The heat loss from the anterior chamber increases by approximately 20% when the contact
lensisin place, implying that the outer radius, r3, isless than the critical radius.



PROBLEM 3.65

KNOWN: Thermal conductivity and inner and outer radii of a hollow sphere subjected to a
uniform heat flux at its outer surface and maintained at a uniform temperature on the inner
surface.

FIND: (a) Expression for radial temperature distribution, (b) Heat flux required to maintain
prescribed surface temperatures.

SCHEMATIC:

ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional radial conduction, (3)
No generation, (4) Constant properties.

ANALYSIS: (a) For the assumptions, the temperature distribution may be obtained by
integrati ng Fourier'slaw, Eqg. 3.33. That s,

rdr

Irlr—_ kITal dT  or j_ = (T -Tg1)

1ir
rin
Hence,
- r 10
T(r) TS’1+4rrkH: rﬁ

or, with g5 =q, /4m r22,

QZrz (1 1D <

T(r)=Ts1+ Gy

(b) Applying the above result at ro,
_k(Ts2-Ts1) _ 10 WimiK (50-20)°C
oM 1D 201 10 1

rzg r1D (Olm)%01 00

COMMENTS: (1) The desired temperature distribution could also be obtained by solving
the appropriate form of the heat equation,

d O2dTO

dr H dr B_

= -3000 W/m?Z. <

a2

and applying the boundary conditions T(r) =T 1 and kd—Té = .

(2) The negative sign on g% implies heat transfer in the negative r direction.



PROBLEM 3.66

KNOWN: Volumetric heat generation occurring within the cavity of a spherical shell of
prescribed dimensions. Convection conditions at outer surface.

FIND: Expression for steady-state temperature distribution in shell.
SCHEMATIC:

Heat generating
material, 4

Spherical shell, k

ASSUMPTIONS: (1) One-dimensional radial conduction, (2) Steady-state conditions, (3)
Constant properties, (4) Uniform generation within the shell cavity, (5) Negligible radiation.

ANALYSIS: For the prescribed conditions, the appropriate form of the heat equation is

i @2 dTD_
dr dr
Integrate twice to obtain,
r2 ar _ G and -G +Co. (1,2)
dr r

The boundary conditions may be obtained from energy balances at the inner and outer
surfaces. At theinner surface (r;),

£ =a(4/3m3) =agong; = (47e?)aTian);  dTien); = -an 13k €

At the outer surface (rg),

dT/dr), ==(hk) B (o) -TwB (4)
From Egs. (1) and (3), C; = —qr-3/ 3k. From Egs. (1), (2) and (4)
O
qr _ [ho Di +Crp —T.0
3Kkr2 - HE H3ro ? OOB

:q_iq_i

3hrg 3ok
Hence, the temperature distributionis
=3
3 I
T= % m—i5+q' +Too. <
3k %— fo[] 3hrg

COMMENTS: Notethat E =dcondj = Ycondo =Yconv-



PROBLEM 3.67
KNOWN: Spherical tank of 3-m diameter containing LP gas at -60°C with 250 mm thickness of
insulation having thermal conductivity of 0.06 W/mIK. Ambient air temperature and convection
coefficient on the outer surface are 20°C and 6 W/mZEB(, respectively.
FIND: (a) Determinethe radial position in the insulation at which the temperature is 0°C and (b) If

the insulation is pervious to moisture, what conclusions can be reached about ice formation? What
effect will ice formation have on the heat gain? How can this situation be avoided?

SCHEMATIC:
Tank, Ty =-60°C, r;=1.5m

I
+ s r T, = 20°C Ty To Too
lo h = 6 W/m2-K <« 0—/\/\/\—0—/\/\/\—0
i a R R
Insulation, k = 0.06 W/m-K ins cv
Ny

K- tjns = 250 mm

ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional, radial (spherical) conduction
through the insulation, and (3) Negligible radiation exchange between the insulation outer surface and
the ambient surroundings.

ANALYSIS: (a) The heat transfer situation can be represented by the thermal circuit shown above.
The heat gainto thetank is
- 0-(-60)HK
- o=t _ 0~ (=60 =6124 W
Rins + Rey (0.1263+ 4.33x10‘3) K /W

where the thermal resistances for the insulation (see Table 3.3) and the convection process on the
outer surface are, respectively,

1/ -1r, _(1/150-1/1.75)m™1

Rins = =0.1263 K /W
4tk 471x0.06 W/ mK
Roy = = = ! 5 =4.33x1073K /W
hAs  hamg 6 W/m? K x4m(1.75 m)

To determine the location within the insulation where Tqg (rgo) = 0°C, use the conduction rate
equation, Eq. 3.35,

-1

A1k (Too = Tt ) M 47K(Teo —T¢)O
q= [An = -

1/ ~1/ o) o0 =4 q 5

and substituting numerical values, find
-1

0 4rrx0.06 W/mK (0-(-60))K0

foo = 1 T m ( ( )) 0 =1.687m <

E
é..S m 612.4 W &

(b) With rog = 1.687 m, we' d expect the region of the insulation rj < r < rog to be filled with ice
formationsif the insulation is pervious to water vapor. The effect of theice formation isto

substantially increase the heat gain since kjce is nearly twice that of kijns, and theice regionis of
thickness (1.687 — 1.50)m = 187 mm. To avoid ice formation, a vapor barrier should be installed at a

radius larger than rqp.



PROBLEM 3.68

KNOWN: Radius and heat dissipation of a hemispherical source embedded in a substrate of
prescribed thermal conductivity. Source and substrate boundary conditions.

FIND: Substrate temperature distribution and surface temperature of heat source.
SCHEMATIC:

Gl T I TR R R

tﬁ 7; Silicon substrate,
To=27°C _ k=125Wfm-K

ry=0.1mm

ASSUMPTIONS: (1) Top surfaceisadiabatic. Hence, hemispherical source in semi-infinite
medium is equivalent to spherical sourcein infinite medium (with g = 8 W) and heat transfer
isone-dimensiona in theradial direction, (2) Steady-state conditions, (3) Constant properties,
(4) No generation.
ANALYSIS: Heat equation reduces to
1 dQ2dTO 2
——°—0= r<dT/dr=C
r2 dr H dr B 1
T(r)=-Cy/r+Co.

Boundary conditions:
T(o)=Tw  T(rp)=Ts
Hence, Co =T, and
Ts=-C /1o +Te and Cp =1y (Te —Ts)-
The temperature distribution has the form
T(r)=Too +(Ts ~Too ) To / 1 <
and the heat rateis

g=-kAdT/dr = —k2mr r2 -

-(Ts ~Too ) o/ P =k2 1110 (T ~Too)

g
It follows that
Tg-Te =—3 = 4w =50.9°C
k21 125 WimK 2n(10'4 m)
Tg=77.9°C. <

COMMENTS: For the semi-infinite (or infinite) medium approximation to be valid, the
substrate dimensions must be much larger than those of the transistor.



PROBLEM 3.69

KNOWN: Critical and normal tissue temperatures. Radius of spherical heat source and radius of tissue
to be maintained above the critical temperature. Tissue thermal conductivity.

FIND: Genera expression for radial temperature distribution in tissue. Heat rate required to maintain
prescribed thermal conditions.

SCHEMATIC:

Tissue
k=0.5W/m-K
Tb =37 OC

ASSUMPTIONS: (1) One-dimensional, steady-state conduction, (2) Constant k.
ANALYSIS: The appropriate form of the heat equation is

1d0drg_

—— 0
r2 dr H dr H
Integrating twice,

e

dr r2

SinceT - Tpasr - 0, C,= Ty, Atr=ro q= —k(4n‘rg)dT/dr|r = —4rki2 Gy /r@ = -4mkCy.
[0}

Hence, C; = -g/41k and the temperature distribution is

T(r) ) 47jkr *To <

It follows that
q=4nkr (T (r)-TpH
Applying thisresult at r =r,
q=4m(0.5W/m(K)(0.005m)(42-37)"C =0.157W <

COMMENTS: Atr,=0.0005m, T(ro) = Hi/(471kry )5+ Tpy = 92°C. Proximity of this temperature to
the boiling point of water suggests the need to operate at alower power dissipation level.



PROBLEM 3.70
KNOWN: Cylindrical and spherical shellswith uniform heat generation and surface temperatures.
FIND: Radia distributions of temperature, heat flux and heat rate.

SCHEMATIC:
Cylindrical shell Spherical shell

T. r
s,2 2
ASSUMPTIONS: (1) One-dimensional, steady-state conduction, (2) Uniform heat generation, (3)
Constant k.

ANALYSIS: (@) For the cylindrical shell, the appropriate form of the heat equation is

rderrH k

The general solutionis
q 2
T(r)=—-——r“+CyInr +C
(r) 2 TG 2
Applying the boundary conditions, it follows that

T(I’l) = TS,l = —% I’12 +C1In i +C2

T(r2)=Ts2 = ‘4—1f22 +Cylnry +Cp
which may be solved for

G = gq/4k)(f22 —f12) +(Ts,2 _Ts,l)g/ln(rZ/rl)

C2 :TS,Z +(C]/4k)l’22 —Olln ro
Hence,

| ‘ In(r/r
()= Tz +(@a(F %) {8 ) (12 Tl )

With " = -k dT/dr, the heat flux distribution is
(r)=4

()=0r- k g<’1/4|<)(f22 ‘f12)+(Ts,2 _Ts,l)g
2 rin(ro/n)

<

Continued...



PROBLEM 3.70 (Cont.)

Similarly, withq= q" A(r) = q' (21rL), the heat rate distribution is

. 2_2
2Lk gq/4k)(r2 ¥ )+(TS'2 —Ts,1)5
In(rp/ry)
(b) For the spherical shell, the heat equation and general solution are

1dQedig q_,
r2 drH drd k

a(r) = nLQr2 -

T(r) = —(/6k)r% —Cyfr +Cy
Applying the boundary conditions, it follows that

T () =Tsy = —(a/6k) ¥ ~Cyfr +C

T(r2)=Ts2 = —(4/6k) 5 —Cyiry +Cy

Hence,
Ci = EQ/ Gk)(fz2 ‘flz) +(Ts.2 ‘Ts,l)g/[(]/ n) -(Urp)]

Cr=Ts2 +(a/6k)r5 +Cylr

and

T(r)=Ts2 +(Q/6k)(f22 —fz) —gcﬁ/ﬁk)(rz2 —rlz) +(Ts 2 —E,l)%m

(¥n)-(¥r2)

With ' (r) = - k dT/dr, the heat flux distribution is

g gq/6)(r22—r12)+k(T512 —TS11)5 L
q (r)=§r— 2

(Vn)-(¥r2)

4m2) . the heat rate distribution is

——

and, withgq=q

g s T gq/es)(rz2 _ r12) k(T2 -Ter )

3 Wn)-(Wr)

a(r)



PROBLEM 3.71
KNOWN: Temperature distribution in a composite wall.

FIND: (a) Relative magnitudes of interfacial heat fluxes, (b) Relative magnitudes of thermal
conductivities, and (c) Heat flux as afunction of distance x.

SCHEMATIC:

> X

ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensiona conduction, (3) Constant
properties.

ANALYSIS: (a) For the prescribed conditions (one-dimensional, steady-state, constant k),
the parabolic temperature distribution in C implies the existence of heat generation. Hence,
since dT/dx increases with decreasing X, the heat flux in C increases with decreasing X.
Hence,

q3>ds
However, the linear temperature distributionsin A and B indicate no generation, in which case
a2 =d3
(b) Since conservation of energy requiresthat g3 g =ds c and dT/dx)g <dT/dx)c, it follows
from Fourier’s law that

kg >kc.

Similarly, since g3 o =dp g and dT/dx)p >dT/dx)g, it follows that
ka <kp.

(c) It follows that the flux distribution appears as shown below.

"

x 4 X X X
2 3 4
0] ] : > X
j
l /
9" | I
2

COMMENTS: Notethat, with dT/dx)4 c = O, the interface at 4 is adiabatic.



PROBLEM 3.72

KNOWN: Planewall with internal heat generation which isinsulated at the inner surface and
subjected to a convection process at the outer surface.

FIND: Maximum temperaturein the wall.

SCHEMATIC:
k=25W[m-K
T 9-0.3x10*W/m3
Ts 0
Insulation——¢ TTT To=92°C
, h =500 W[m*-K
Ly L=0.1m

ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional conduction with uniform
volumetric heat generation, (3) Inner surface is adiabatic.

ANALYSIS: From Eq. 3.42, the temperature at the inner surfaceis given by Eq. 3.43 and is
the maximum temperature within the wall,

To = GL2/ 2k+Ts,

The outer surface temperature follows from Eq. 3.46,

Ts=Te +4L/N
Tg= 92°C+0.3x10° ﬂS x0.1m/500W/m? [K=92°C+60°C=152°C.
m
It follows that

Ty = 0.3x10%W/m® x(0.1m)?/ 2 x25W/m [K+152°C
Ty =60°C+152°C=212°C. <

COMMENTS: The heat flux leaving the wall can be determined from knowledge of h, Tg
and T, using Newton's law of cooling.

Jeony =h(Ts = Teo ) =500W/m? [K (152 —92)° C=30kW/m?.

This same result can be determined from an energy balance on the entire wall, which has the
form

Eg - Eout =0
where

EQ =0AL and Eout =conv .
Hence,

ooy = GL=0.3x10%W/m?3 x0.1m=30kW/m?.



PROBLEM 3.73
KNOWN: Composite wall with outer surfaces exposed to convection process.

FIND: (a) Volumetric heat generation and thermal conductivity for material B required for special
conditions, (b) Plot of temperature distribution, (c) T, and T,, aswell as temperature distributions
corresponding to loss of coolant condition where h = 0 on surface A.

SCHEMATIC: . .
T1=2610C 2=2117°C Lr=30mm
Lg =30 mm
Toh 111 Tt =250 Lc=20mm
h=1000 W/m2:K  ka = 25 W/mIK
ke =50 W/mK

—Lp —}«—2Lg —|—L |
I B~ c—
ASSUMPTIONS: (1) Steady-state, one-dimensional heat transfer, (2) Negligible contact resistance at

interfaces, (3) Uniform generation in B; zeroin A and C.
ANALYSIS: (a) From an energy balance on wall B,

Ein ~Eout *Eg =Eg«

—qi —q'2 +20Lg =0

dg = (o1 +d2)/2Lg .
To determine the heat fluxes, q; and g3, construct thermal circuits for A and C:

T..=25°C T4 =261°C To=211°C T,=25°C
— — o~/ VW WWANO
omo % 72 Re=Lo/ks R'cony=1h

a1 = (T2~ Teo )/(V +L A /KA ) a2 = (T2 - T )/(Le/kc +1/h)

= (261- 25) C/D 1 , 0osom L 0, = (211-25) C/ 0.020m 1O
Elooow/mztk 25W/mﬂ<ﬁ %OW/mEK 1000w/ m? [KE

4] = 236°C/(0.001+0.0012) m? (K /W 4} =186° C/(0.0004 +0.001) m? (K /W

o =107, 273W/ m? o = 132,857 W,/ m?

Using the valuesfor gj and g5 in Eq. (1), find
dg = (106, 818+132,143W/ m2) / 2x0.030m =400 x10° W/m? <
To determine kg, use the general form of the temperature and heat flux distributionsin wall B,

4 2 . 0 q O
T(x)=-——x" +C;x +C oy (X) =k X +Cy 1,2
2 X B kg E

2kg

there are 3 unknowns, C;, C, and kg, which can be evaluated using three conditions,
Continued...



PROBLEM 3.73 (Cont.)

T(-Lg)=T = _;TBHB)Z —CiLg +Cy where T, = 261°C 3
B
T(+Lg)=Tz2 = _:TB(JfLB)Z +Cilg +C) where T, = 211°C (4
B
ay (-Lg) = = kg - (1g) +c:1D where ¢y = 107,273 W/m? (5)
H kg d

Using IHT to solve Egs. (3), (4) and (5) simultaneously with gg = 4.00 x 10° W/m®, find
kg =15.3W/m K <

(b) Following the method of analysisin the IHT Example 3.6, User-Defined Functions, the temperature
distribution is shown in the plot below. The important features are (1) Distribution is quadratic in B, but
non-symmetrical; linear in A and C; (2) Because thermal conductivities of the materials are different,
discontinuities exist at each interface; (3) By comparison of gradientsat X = -Lg and +Lg, find g5 > q; .

(c) Using the same method of analysis asfor Part (c), the temperature distribution is shown in the plot
below when h = 0 on the surface of A. Since the left boundary is adiabatic, material A will be isothermal
aT,. Find

T, =835°C T, = 360°C <

Loss of coolant on surface A
400

800

300

600

Temperature, T (C)
[
o
o
/
v
Temperature, T (C)

400

100

200
-60 -40 -20 0 20 40 -60 -40 -20 0

20 40

Wall position, x-coordinate (mm) Wall position, x-coordinate (mm)
—>%— T_xA, kA =25 W/m.K

—+— T_x, kB = 15 W/m.K, qdotB = 4.00e6 W/m"3
—6— T_x, kC = 50 W/m.K

T_xA, kA = 25 W/m.K; adiabatic surface
T_x, kB = 15 W/m.K, qdotB = 4.00e6 W/m"3
T_x, kC = 50 W/m.K

1t



PROBLEM 3.74

KNOWN: Composite wall exposed to convection process; inside wall experiences a uniform heat
generation.

FIND: (a) Neglecting interfacial thermal resistances, determine T, and T,, aswell as the heat fluxes
through walls A and C, and (b) Determine the same parameters, but consider the interfacial contact
resistances. Plot temperature distributions.

SCHEMATIC:

k, =25W/mK L, =30mm

i ks =15W/mK Ly =30mm

T=250C ke =50W/m K Lc =20mm
h'=1000 W/m2+ K

0 = 4x10°W/m°

ASSUMPTIONS: (1) One-dimensional, steady-state heat flow, (2) Negligible contact resistance
between walls, part (a), (3) Uniform heat generationin B, zeroin A and C, (4) Uniform properties, (5)
Negligible radiation at outer surfaces.

ANALYSIS: (a) The temperature distribution in wall B follows from Eq. 3.41,

20 x20 1,- - Y7 T.
T(X)_QBLB EI_X_E+T2 o x ni-To (1) / 2
2kp 1 2 Lg 2
i
-Lp X +lp
The heat fluxes to the neighboring walls are found using Fourier’s law,
:—kd—T
dx
. U g LT2-
Atx=-Lg: -Lg) -k —(L =
B: Ox(-Lg) BH+k( on Hd’()
Atx=+Lg: dy(Lg)-k T2 —q' )
=7Lp- B BH_ B

The heat fluxes, ¢ and g5, can be evaluated by thermal circuits.

Too T Ty Too
EAMMAAN AN —>  —

1h Lka % % Lo/ke 1h
Substituting numerical values, find
0 =(To - Tp) C/ (Un+La /ka) =(25-T1) c/(J/looow/m [K +0.03m/25W/m [K)

a1 =(25-Ty) c/ (0.001+0.0012)K/W =454.6(25 -Ty) 4)
a =(To ~To )’ C/(J/h +Lc/ke) =(T -25) c:/(J/looow/m2 K +0.02m/50W/m uz()
qp = (T, -25) c/(o.001+0.0004) K/W =714.3(T, -25). 5)

Continued...



PROBLEM 3.74 (Cont.)

Substituting the expressions for the heat fluxes, Egs. (4) and (5), into Egs. (2) and (3), a system of two
equations with two unknowns is obtained.
Eq (2:  -4x10°W/m3x0.03m +15W/m K T2=T =q]

2x0.03m

~1.2x10°W/m? -25x102 (T, ~T;)W/m? =454.6(25 -T;)

704.6T; - 250T, =131,365 (6)
Eq(3):  +4x108W/m®x008m -15W/m K —2_ 1L ¢
2x0.03m
+1.2x10° W/ m? -2.5x10% (T, -T;)W/m? =714.3(T, -25)
250T; -964T, = -137,857 )
Solving Egs. (6) and (7) simultaneously, find
T,=260.9°C T,=210.0°C <
From Egs. (4) and (5), the heat fluxes at the interfaces and through walls A and C are, respectively,
o = 454.6(25 - 260.9) = -107,240W, m? <
0 =714.3(210-25) = 132, 146W/m? . <

Note directions of the heat fluxes.

(b) Considering interfacial contact resistances, we will use a different approach. The general solution for
the temperature and heat flux distributions in each of the materialsis

Ta (x)=Cx +Cy dx = kaC —(La+Lp)sxs<-Lp 12

Tg (x)= -—B-x? +Cox +C4 gy =-2Bx+C3 -Lgs<x<lg (3.4)
2kg kg

Tc (x) =Csx +Cq dx =—kcCs +Lg <x<(Lg +Lc¢) (5,6)

To determine C; ... Cs and the distributions, we need to identify boundary conditions using surface
energy balances.

At x = '(LA + LB):

—dy (-La ~Lg) +dey =0 (7)
—(-kaC1) +h[Te, ~Ta (LA -Lg)] (8

X = -(LA+LB)

At x = -Lg. The heat flux must be continuous, but the temperature will be discontinuous across the
contact resistance.

dx,a (-Lg)=dx e (-Lg) ©)
da(-Lg)= [Ta (-Lg) -Tis ("—B)]/R'tc,AB (10)

X=-LB X=-LB
Continued...

PROBLEM 3.74 (Cont.)



At x =+ Lg: The same conditions apply asfor x = -Lg,

dx.g (+Lg) =dyx.c(+Lp) (11)
dy g (+Lg) =[Tog (+Lg) ~Toc (+LB)]/R'tc,BC (12)

At x = +(LB + Lc):

~ax,c(Lg +Lc) -y =0 (13)
-(-kcCs) ~h[Tc (Lg +Lc) -Te] =0 (14)

X= (LB + Lc)
Following the method of analysisin IHT Example 3.6, User-Defined Functions, we solve the system of
equations above for the constants C; ... Cg for conditions with negligible and prescribed values for the

interfacial constant resistances. The results are tabulated and plotted below; ¢ and g5 represent heat

fluxes leaving surfaces A and C, respectively.

Conditions Ty (°C) Tis (°C) Tas (°C) T (°C) g (KWim?) g (KW/m?)
Ric =0 260 260 210 210 106.8 132.0
Ric 20 233 470 371 227 94.6 144.2

LT T~
500 500

o S v

s s N

g T T g

:é:)_ 300 / ‘é.{ 300

2 /" L [ P P~

P ™~
100 100 /
-60 -40 -20 0 20 40 -60 -40 -20 0 20 40
Wall position, x-coordinate (mm) Wall position, x-coordinate (mm)
—%— T_xA, kA =25 W/m.K —>— T_xA, kA =25 W/m.K
—+— T_x, kB = 15 W/m.K, qdotB = 4.00e6 W/m"3 —+— T_x, kB = 15 W/m.K, qdotB = 4.00e6 W/m"3
—&— T_x, kC =50 W/m.K —6— T_x, kC =50 W/m.K

COMMENTS: (1) Theresultsfor part (a) can be checked using an energy balance on wall B,

Ein —Eout = E

g o= — - TN\

g -d2 = U x2Lp : :
Where n : : n
. 2 a1 1 97

01 —do = -107,240 -132,146 :239,386W/m I I

| |

~ggLp = ~4x10° W/ m? x2(0.03m) = 240, 000w/ m?.
Hence, we have confirmed proper solution of Egs. (6) and (7).

(2) Note that the effect of the interfacial contact resistance isto increase the temperature at all locations.
Thetotal heat flux leaving the composite wall (g, + ¢) will of course be the same for both cases.



PROBLEM 3.75

KNOWN: Composite wall of materials A and B. Wall of material A has uniform generation, while
wall B has no generation. Theinner wall of material A isinsulated, while the outer surface of
material B experiences convection cooling. Thermal contact resistance between the materialsis

Ric= 10 #m? K /W . See Ex. 3.6 that considers the case without contact resistance.

FIND: Compute and plot the temperature distribution in the composite wall.

SCHEMATIC:
R} = 104 m2-K/W
To T2 ka kg
Insulation —e/ ﬁ T = 30°C
Z h = 1000 W/m2-K T1ia TiB
da = 1.5x108 W/m3 dg=0 T1ia Tig T2 Too
ka = 75 W/m-K 7 kg = 150 W/m-K — > e AAMA AN SAANAS
La =50 mm TH_ Lg =20 mm ax(La) = AI—A R'{,C R‘é:ond,B Ronv

ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional conduction with constant
properties, and (3) Inner surface of material A is adiabatic.

ANALYSIS: Fromthe analysis of Ex. 3.6, we know the temperature distribution in material A is
parabolic with zero slope at the inner boundary, and that the distribution in material B islinear. At
the interface between the two materials, x = L 5, the temperature distribution will show a
discontinuity.

qL x
+T O0=<x <L
(x)= ZkAﬁ ﬁ 1A A

X—LA

Tg (X)=Tig ~(Tig - T2) Lp <x<La +Lp

Considering the thermal circuit above (see also Ex. 3.6) including the thermal contact resistance,
TIA ~Too TB ~Teo _To - Te

Riot R'cond,B +Reonv Reonv
find Ta(0) = 147.5°C, T1a = 122.5°C, T1g = 115°C, and T, = 105°C. Using the foregoing equations

in IHT, the temperature distributions for each of the materials can be calculated and are plotted on the
graph bel Oow. Effect of thermal contact resistance on temperature distribution

q =qLa =

150

—

140

130

T(C)

120

110

100
0 10 20 30 40 50 60 70

COMMENTS: (1) The effect of the thermal contact resistance between the materialsis to increase
the maximum temperature of the system.

(2) Can you explain why the temperature distribution in the material B is not affected by the presence
of the thermal contact resistance at the materials' interface?



PROBLEM 3.76

KNOWN: Planewall of thickness 2L, thermal conductivity k with uniform energy generation .

For case 1, boundary at x = -L is perfectly insulated, while boundary at x = +L ismaintained at T =
50°C. For case 2, the boundary conditions are the same, but a thin dielectric strip with thermal

resistance R} =0.0005 m? K /W isinserted at the mid-plane.

FIND: (a) Sketch the temperature distribution for case 1 on T-x coordinates and describe key
features; identify and cal culate the maximum temperature in the wall, (b) Sketch the temperature
distribution for case 2 on the same T-x coordinates and describe the key features; (c) What isthe
temperature difference between the two walls at x = 0 for case 2? And (d) What is the location of the
maximum temperature of the composite wall in case 2; calculate this temperature.

SCHEMATIC:
: R} = 0.0005 m2-K/W

To d = 5x108 W/m3
k =50 W/m-K
L=20 mm £

-L lbx +L Case1 -L lsx +L Case2

T, = 50°C

ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional conduction in the plane and
composite walls, and (3) Constant properties.

ANALYSIS: (@) For case 1, the temperature distribution, T1(X) vs. X, is parabolic as shown in the
schematic below and the gradient is zero at the insulated boundary, x = -L. From Eq. 3.43,

: 2 6 3 2
q(2L 5x10°W/m>(2x0.020 m
n(-0)-m() =48 - o )
2k 2x50 W/ mK
and since T1(+L) = T = 50°C, the maximum temperature occurs at x = -L,
Ty(-L) =Ty (+L) +80°C =130C
(b) For case 2, the temperature distribution, T2(x) vs. X, is piece-wise parabolic, with zero gradient at

X = -L and adrop across the dielectric strip, ATag. The temperature gradients at either side of the
dielectric strip are equal.

=80C

Parts (a,b
Températ&re distributions A ;; BATAB
_»II
%) !
k 1 k
x=0
> x Part (d) Surface energy balance

(c) For case 2, the temperature drop across the thin dielectric strip follows from the surface energy
balance shown above.

dx (0) =ATag /Ry dx (0) =L
ATag =R} gL =0.0005 m? (K / W x5 x108W /m2 x0.020 m =50 .

(d) For case 2, the maximum temperature in the composite wall occurs at x = -L, with the value,
Tp(-L)=Ty(-L) +ATag =130°C +50 T =180 T <



PROBLEM 3.77
KNOWN: Geometry and boundary conditions of a nuclear fuel element.

FIND: (a) Expression for the temperature distribution in the fuel, (b) Form of temperature
distribution for the entire system.

SCHEMATIC:

Sfeel—ae | ‘

ASSUMPTIONS: (1) One-dimensional heat transfer, (2) Steady-state conditions, (3)
Uniform generation, (4) Constant properties, (5) Negligible contact resistance between fuel
and cladding.

ANALYSIS: (a) The general solution to the heat equation, Eq. 3.39,
d°T . g

-+ = (-L <x <+L)
dx2 kg
is T= —ix2 +Cix+Co.
2Ky

Theinsulated wall at x = - (L+b) dictates that the heat flux at x = - L is zero (for an energy
balance applied to a control volume about thewall, Ej,, = Eqyt =0). Hence

q _
S =—_——" (- = C =—
., K (-L)+C, =0 or

T=-1 2 . x+Co.
2K Kt

The value of Ts 1 may be determined from the energy conservation requirement that

Eg = dcond =dcony- OF ON aunit areabasis.

ks

g(aL)= F(Ts,l _Ts,z) =h (Ts,2 ~To )

Hence,

(2 Lb)
S

(2 Lb) +q(2L) o

0

sl-

LT ke h

Continued .....



PROBLEM 3.77 (Cont.)
Hence from Eq. (1),

| 2
T(L):Tslzq(2 Lb) +q(2L) +To, =3 +Co
’ ks h 2 k¢
which yields
(Pb 2 3 LO
Co =Ty, +qL —+= —
2 o +t(Q H§+h+2 kf%

Hence, the temperature distribution for (-L <x <+L) is
2

T:—ixz—qu C E2b+

2Ks Ky % '

|
ki O

(b) For the temperature distribution shown below,

(-L-b)sx <-L: dT/dx=0, T=Tynax
-L<x<+L: |dT/dx | + with 1 X
+L < x < L+Db: (dT/dx) isconst.




PROBLEM 3.78

KNOWN: Thermal conductivity, heat generation and thickness of fuel element. Thickness and

thermal conductivity of cladding. Surface convection conditions.

FIND: (a) Temperature distribution in fuel element with one surface insulated and the other cooled
by convection. Largest and smallest temperatures and corresponding locations. (b) Same as part (a)
but with equivalent convection conditions at both surfaces, (c) Plot of temperature distributions.

SCHEMATIC:
L=0.15m
Insulated ~
surface \g .
(part a) Z
7
Z
7

|<— b= 0003m

ks = 15 W/m-K

Too = 200°C
h = 10,000 W/m2-K

| it

Fuel, § = 2x10” W/m3, k; = 60 W/m-K

ASSUMPTIONS: (1) One-dimensional heat transfer, (2) Steady-state, (3) Uniform generation, (4)

Constant properties, (5) Negligible contact resistance.

ANALYSIS: (a) FromEg. C.1,

qLZD x?0 Tsz Tslx st Ts2

20 20

With an insulated surface at x = -L, Eq. C.10 yields

212
2L
Ts1-Ts2 = —kf

and with convectionat x =L + b, Eq. C.13 yields

U(TS,Z_T) qL_kL(Tsz Tsl)

o1 2
2LU 2qL
Te1-Tgo=——(Tg2 —Teo | ————
s171s2 kf (s,2 oo) kf
Substracting Eq. (2) from Eg. (3),
vy 2
2LU 4qL
Teo =T | ————
( s27 ) ks
29L
T52 = Teo +%

(1)

)

©)

(4)

Continued .....



PROBLEM 3.78 (Cont.)

and substituting into Eqg. (2)

0 0
To1= T +26L G +--) ©
ki UQ
Substituting Egs. (4) and (5) into Eq. (1),
C 0 0
T(x)=- B VI ngE +§L[]+Too
2K [ YV 2Ks [
or,with U™ = b + bks,
. . B
T(x)=--3 52 -Gy g2 +2.3 L fur, ©® <
2K [ Ks h 2ks
The maximum temperature occursat x =- L and is
0 0
T(-L) =20l 2+ + b g+,
ks h kig
[ 0.003m 1 0015m U <
- - +200 C =530 T

T(-L) =2x2x10" W/m> x0.015m : !
5W/mK 10 000W/m2K 60W/miK

The lowest temperatureisat x =+ L and is

a2
T(+L):—§£+ L%!Lb E+§LS+T =380 C <
2 kg Ks h 2kf[

(b) If aconvection conditionismaintained at x = - L, Eq. C.12 reducesto
Kt
U(Too _Ts,l) L - (TSZ T, 1)

20L2

2LU
( > )

Ts17Ts2 == —(Ts1 _Too) -

Subtracting Eq. (7) from Eq. (3),
2 LU
(Ts 2T ~Ts1 +Too) or Ts1 =Ts2

Hence, from Eq. (7)

Continued .....



PROBLEM 3.78 (Cont.)

oL 1 b0
Ts1=Ts2 :qU +Te =0L Eﬁ +k_E +Too €S)
S

Substituting into Eq. (1), the temperature distribution is
. b U
T(X):— - +qLDﬁ+k_D+T°° 9 <

The maximum temperatureisat x =0and is

2x10" W/ m? (0.015m)? 0 1 0.003m U
T(0)= +2x10' W/m® ><0015mﬁl + ﬁ +200C
2x60W /mK OOOOW/m Kk 15W/mIK
T(0) =37.5°C+90°C +200°C =327.5°C <

The minimum temperatureat x =+ L is

0
Te1=Ts2 =2x107 W/m?(0.015m) @1 1 4 0008m = S0 —ag0C <
0,000

W/m2K 15W/mK
(c) The temperature distributions are as shown.

550

9-0-9-0-0-¢
500 "“L«i‘“‘
450 L.‘%
400 N“-

350

Temperature, T(C)

250

200
-0.015 -0.009 -0.003 0.003 0.009 0.015

Fuel elementlocation, x(m)

—8— |nsulated surface
—>— Symm etrical convection conditions

The amount of heat generation is the same for both cases, but the ability to transfer heat from both
surfaces for case (b) resultsin lower temperatures throughout the fuel element.

COMMENTS: Notethat for case (a), the temperature in the insulated cladding is constant and
equivalent to Ts 1 = 530°C.



PROBLEM 3.79
KNOWN: Wall of thermal conductivity k and thickness L with uniform generation q; strip heater
with uniform heat flux gg; prescribed inside and outside air conditions (hj, Teo i, ho, Teo,0)-

FIND: (a) Sketch temperature distribution in wall if none of the heat generated within the wall is lost
to the outside air, (b) Temperatures at the wall boundaries T(0) and T(L) for the prescribed condition,
(c) Valueof qg required to maintain this condition, (d) Temperature of the outer surface, T(L), if

¢=0 but g, corresponds to the value calculated in (c).

SCHEMATIC:
@ 2 Wall, 9=1000W/m?,
Strip heater, 9: a k=4W[m-K
Outside chamber s Inside chamber
5 Toi=50°C

herd |

ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional conduction, (3) Uniform
volumetric generation, (4) Constant properties.

ANALYSIS: (@) If none of the heat generated within the wall is
lost to the outside of the chamber, the gradient at x = 0 must be zero.
Since ( isuniform, the temperature distribution is parabolic, with

Lx £:200mm T T Th,-zow/mZK

T(L) > Tooi-

(b) To find temperatures at the boundaries of wall, begin with the
general solution to the appropriate form of the heat equation (Eq.3.40).

T(X) -4 +Cx+Cop 1)
2k
From the first boundary condition,
dT _
d_x|x=0 = - ¢ =0 )

Two approaches are possible using different forms for the second boundary condition.

Approach No. 1: With boundary condition — T(0)=T

T(x)——%x +Ty (3

To find T1, perform an overall energy balance on the wall
Ein ~Eout tEg =0

(L) ~TeojB+6L=0  T(L)=Tp =T, +% @)

Continued .....



PROBLEM 3.79 (Cont.)
and fromEq. (3) withx =L and T(L) =Ty,

. . . 2
q,2 q,2 aL .qL
T(L)=——L+Ty o Ty =To +—L° =Ty j +— +— 5,6
(L)=-5 L+ 1=T2 +o wi T o (5.6)
Substituting numerical valuesinto Egs. (4) and (6), find
T, =50°C+1000 W/ mS x0.200 m/20 W/m? [K=50°C+10°C=60°C <
Ty = 60° C+1000 W/m® x(0.200 m)? / 2 x4 W/m [K=65°C. <

Approach No. 2: Using the boundary condition
K dT

ot TNF (L) -To i

yields the following temperature distribution which can be evaluated at x = O,L for the required
temperatures,

. "
T(x)= —%(x2 —L2) +qT T

7a.—:, o 770) =7;
(e aVAVaVaVa e/

(c) Thevaueof gy when T(0) =Tq =65°C =
0 1/, 9%,

follows from the circuit
, Ihi—T
do = =0
1/hg
g =5 W/m? [K (65-25)° C=200 W/m?. <

(d) With g=0, the situation is represented
by the thermal circuit shown. Hence,

q'o = da +qb o

7;.0 9°¢ 7;0,1'
o = T1-Teo +T1—Too,i 93 I, % Lk 1hi 9,
o=

1/hg L/k+1/h;
which yields

Ty =55"C. <



PROBLEM 3.80

KNOWN: Wall of thermal conductivity k and thickness L with uniform generation and strip heater
with uniform heat flux qg, ; prescribed inside and outside air conditions (Teo j , My Teo o5 No). Strip heater

actsto guard against heat losses from the wall to the outside.
FIND: Compute and plot g, and T(0) asafunction of ¢ for 200< ¢ < 2000 W/m® and Twj =30, 50
and 70°C.

SCHEMATIC:
Strip heater, g ’ Wall, g
P % I k= 4Wim-K
]
. | i
ousis e
chamber L .
X L=200mm o

Too = 25 °C Tooj= 50 OC
ho =5 W/m2+K hi= 20 W/im2-K

ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensiona conduction, (3) Uniform volumetric
generation, (4) Constant properties.

ANALYSIS: If no heat generated within the T(0) L Gradient is
wall will be lost to the outside of the chamber, N‘:
the gradient at the position x = 0 must be zero. :
Since ¢ is uniform, the temperature distribution LL(0 2 T T
must be parabolic as shown in the sketch. Two | 1 .

0 L x

To determine the required heater flux gy asafunction of the operation conditions ¢ and Tw i, the

analysis begins by considering the temperature distribution in the wall and then surface energy balances
at the two wall surfaces. The analysisis organized for easy treatment with equation-solving software.

Temperature distribution in the wall, T(x): The general solution for the temperature distribution in the
wall is, Eq. 3.40,
T(x) = -4 x2 +Cix +Cop
2k
and the guard condition at the outer wall, x = 0, requires that the conduction heat flux be zero. Using
Fourier's law,

. dT
0)=-k— =—kC,; =0 C =0 1
G (0) =~k =@ (C1=0) @

At the outer wall, x =0,
T(0)=C, )

Surface energy balance, x = 0:

I.Ein - I.Eout =0
U —dov.0 —dx (0) =0 3)
Aov0 =N (T(0) ~Teo ).y (0) =0 (4ab)

Continued...



PROBLEM 3.80 (Cont.)

Surface energy balance, x = L:

Ein _EOUt :O q;(l—)
Ay (L) —dey i =0 ®)
. dar .
G (L) = —k—ﬁx =+l (6)
dx =L
dev,i =h B (L) ~Te iH
D q 2 0
r— L2+ T(0)- Ty, ; 7
Mt O T @

Solving Egs. (1) through (7) simultaneously with appropriate numerical values and performing the
parametric analysis, the results are plotted below.

S e

£ 400 S 120

s =

S 300 = 5 100 o

° — 5 80

= 200 | — 2 a— —

3 100 | g 00 I e— —

= — g 40 —

£ 0 2 20

T 0 500 1000 1500 2000 § 0 500 1000 1500 2000

Volumetric generation rate, qdot (W/m”3) Volumetric generation rate, gdot (W/m”3)

—— Tinfi=30C — Tinfi=30C
—>— Tinfi=50 C —>— Tinfi=50C
—6— Tinfi=70C —6— Tinfi=70C

From thefirst plot, the heater flux gg isalinear function of the volumetric generation rate ¢. As
expected, the higher g and T, j, the higher the heat flux required to maintain the guard condition
(dy (0) = 0). Noticethat for any ¢ condition, equal changesin Teo j resultin equal changesin the

required gg . The outer wall temperature T(0) is also linearly dependent upon ¢. From our knowledge
of the temperature distribution, it follows that for any ¢ condition, the outer wall temperature T(0) will
track changesin Ty j -



PROBLEM 3.81

KNOWN: Plane wall with prescribed nonuniform volumetric generation having one
boundary insulated and the other isothermal.

FIND: Temperature distribution, T(x), intermsof x, L, k, g and Tj,.
SCHEMATIC:

q.(x)=éo(l'f & Lnsulation

o
L> x L

ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional conduction in x-
direction, (3) Constant properties.

ANALYSIS: The appropriate form the heat diffusion equation is
d @©TO, q
_ +==0.
dx HixH k
Noting that 4=¢(x)=¢o (1-x/L), substitutefor ¢(x) into the above equation, separate
variables and then integrate,

WO Gl X0
gETO. G0l X0, ar _ % 5 X"q.c,,
H kEEY K B 2L§+1

Separate variables and integrate again to obtain the general form of the temperature
distribution in the wall,

dT = =9 [x - ={Jdx+Cydx T(x) = —20~ - +Cx+Cp.
k B ZLQ k 5 2 6L§

Identify the boundary conditionsat x = 0 and x = L to evaluate C1 and Co. Atx =0,
T(0)=Ty = —qro(o ~0)+C, D+C,  hence C, =T,
Atx =L,
ao 0=-Yop —L—D +C hence, Cq =Gob
dx B kg 2Lg 2k
The temperature distribution is
, 2 30 .
T(x):—q—O&—X—D+EX+TO. <
k & 2 6"@ 2k
COMMENTS: Itisgood practice to test the final result for satisfying BCs. The heat flux at
x = 0 can be found using Fourier’ s law or from an overall energy balance

. . L .



PROBLEM 3.82

KNOWN: Distribution of volumetric heating and surface conditions associated with a quartz
window.

FIND: Temperature distribution in the quartz.

SCHEMATIC:
Quar'fz window (k)

—
9; :—: 9(X) TTT

Lex L

ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional conduction, (3)
Negligible radiation emission and convection at inner surface (x = 0) and negligible emission
from outer surface, (4) Constant properties.

ANALYSIS: The appropriate form of the heat equation for the quartz is obtained by
substituting the prescribed form of ¢ into Eg. 3.39.

dT La (1-B8)d o0X

9(x) (1-B)Q joxe™™

=0
dx2 k
Integrating,
1- A 1-
d_T:+( B)qoe'ax +C1 T:_( ’B)q‘b - X +C X+C2
dx Kk ka
g —K dT/dX)y—q = B
Boundary Conditions: K dT/dxgizﬁ _ h%?’(L) T
(1B) , . ~O_
Hence, at x = O: _kE’k—qOJ'ClE_Bq’O
C1=-0o/k
Atx=L:
1-B8) , . D 1-8 W
K E(B—k )qoe W rop= hD-—(k )d'oem‘ +GL+C2 T
0 H a 0
Substituting for C1 and solving for Co,
_% oL Cfo (1/3)
C 1- + +—= +Tg.
2- h % ( B) ka
_(1=8)% eal _ axg, % _y) o (1 _pyeal <
Hence, T(X)_T% e D+T(L X) +T51 (1-B)e 5 *Too.

COMMENTS: The temperature distribution depends strongly on the radiative coefficients, a
and 3. Fora — o or 3 = 1, the heating occurs entirely at x = 0 (no volumetric heating).



PROBLEM 3.83

KNOWN: Radial distribution of heat dissipation in acylindrical container of radioactive
wastes. Surface convection conditions.

FIND: Radial temperature distribution.
SCHEMATIC:

ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensiona conduction, (3) Constant
properties, (4) Negligible temperature drop across container wall.

ANALYSIS: The appropriate form of the heat equation is

1d0dro__q__geH _r?H
rarHard kK El rg@
L 2 .4 .2 .4
rd—T = ~o" +—qr > +Cy T= _Gof +q0—r2 +C1 Inr+Co.
dr 2K Akrs 4k 16krs
From the boundary conditions,
dT dT
ar =0=0-C, =0 ‘k— Ir=r, —hﬁr(ro) _Too)ﬁ

. . S 2 a2
+ 900 _Y0'o :hD Yoo ,Yofo . —TOOE

2 4 H 4k 16k

. . 2
_ Yo , 3doo .
4h 16k

Hence

COMMENTS: Applying the above result at rq yields
Ts=T(rp) =Too +(dolo )/ 4h

The same result may be obtained by applying an energy balance to a control surface about the
container, where Eg =Qcony- Themaximum temperature existsat r = 0.



PROBLEM 3.84

KNOWN: Cylindrical shell with uniform volumetric generation isinsulated at inner surface
and exposed to convection on the outer surface.

FIND: (a) Temperature distribution in the shell intermsof r;, ry, ¢, h, T, andk, (b)
Expression for the heat rate per unit length at the outer radius, g (r ).

SCHEMATIC:

- #_ /ri=0,insu/afed boundary

ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional radia (cylindrical)
conduction in shell, (3) Uniform generation, (4) Constant properties.

ANALYSIS: (a) The general form of the temperature distribution and boundary conditions
are

T(r)= —% 2 +Cq Inr+Cy

dT O q 1 q 2
ar=r —n =0=—1, +C —+O C =—r.
! ar k't 17
] dT O
ar=rq: —kd— =hJ () -Twg  surfaceenergy balance
r

Jq, 0 210 0 qg 2 09 20
KF—ry + I =h——r5 + r“Ainr, +C
32k ° Bk T H a4k © THk i H e 2T H

o .20 2 O
Cp=- qr0 E,iD2D+ roml D el 4T,

2h D To0 ] 2kD2

[
Hence,
2
T(r)'%(rg rz) qz;<| Erz,g gh Ei%r% §+T°°' <
(b) From an overall energy balance on the shell,D -
ar (ro) = E’g :('m(rg —riz). <
Alternatively, the heat rate may be found using Fourier’s law and the temperature distribution,

0

: 0
' dr O q 1 .
qr (r)=—k(2m ro)aa = -27kr, D—z_qkro +_2|'( = +0 +00 = r(rg _riz)



PROBLEM 3.85

KNOWN: The solid tube of Example 3.7 with inner and outer radii, 50 and 100 mm, and a thermal
conductivity of 5 W/mIK. Theinner surfaceis cooled by afluid at 30°C with a convection coefficient
of 1000 W/m’K.

FIND: Calculate and plot the temperature distributions for volumetric generation rates of 1 x 105, 5
X 105, and 1 x 106 W/m3. Use Eq. (7) with Eqg. (10) of the Example 3.7 in the IHT Workspace.

SCHEMATIC:

T, = 30°C
h = 1000 W/m2-K
ri =50 mm

ro =100 mm

§ = 1x105, 5x10%, 1x10% W/m3
Tsﬂ\é k = 5 W/m-K

Ts,2
Insulation
r

ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional radial conduction, (3) Constant
properties and (4) Uniform volumetric generation.

ANALYSIS: From Example 3.7, the temperature distribution in the tube is given by Eq. (7),
T(r):TS,2+i(22—r2)— 9 r2/nH2E n<r<r 1)

—
4k 2k 2" HrH
The temperature at the inner boundary, Ts 1, follows from the surface energy balance, Eq. (10),
nq(zz—rf) =h2m; (Ts1 ~ T ) )

For the conditions prescribed in the schematic with ¢ = 1x10°W /m? , Egs. (1) and (2), withr =14

and T(r) = T 1, are solved simultaneoudly to find Ts 2 = 69.3°C. Eq. (1), with Ts2 now aknown
parameter, can be used to determine the temperature distribution, T(r). The resultsfor different
values of the generation rate are shown in the graph.

Effect of generation rate on temperature distributions
500

400 —

300

200 L |

Temperature, T(C)

100

—

0

50 60 70 80 90 100

Radial location, r (mm)

— qdot = 1e5 W/m”3
—&— gdot = 5e5 W/m”3
—&— qgdot = 1e6 W/m"3

COMMENTS: (1) Thetemperature distributions are parabolic with a zero gradient at the insulated
outer boundary, r =rp. The effect of increasing ¢ isto increase the maximum temperature in the
tube, which always occurs at the outer boundary.

(2) The equations used to generate the graphical result in the IHT Workspace are shown below.

/I The temperature distribution, from Eq. 7, Example 3.7

T_r =Ts2 + qdot/(4*k) * (r22 — r"2) — qgot / (2*k) * r2~2*In (r2/r)

/I The temperature at the inner surface, from Eq. 7

Tsl =Ts2 + qdot / (4*k) * (r2”2 — r172) — qdot / (2*k) * r2"2 * In (r2/r1)
/l The energy balance on the surface, from Eq. 10

pi * qdot * (r2"2 —r1”2) =h * 2 * pi * r1 * (Ts1 — Tinf)



PROBLEM 3.86

KNOWN: Diameter, resistivity, thermal conductivity, emissivity, voltage, and maximum temperature
of heater wire. Convection coefficient and air exit temperature. Temperature of surroundings.

FIND: Maximum operating current, heater length and power rating.
SCHEMATIC:

<t+—— Ty = 50°C
. . <t+— w h = 250 W/m2-K
Nichrome wire
D=1mm,L

Pe = 106 O-m V=110V () - Ts=1200°C
k=%52\gV/m-K T — To = Trmax
€=0.

Tmax = 1200°C

ASSUMPTIONS: (1) Steady-state, (2) Uniform wire temperature, (3) Constant properties, (4)
Radiation exchange with large surroundings.

ANALYSIS: Assuming auniform wire temperature, Tmax = T(r =0) = Tg = T, the maximum
volumetric heat generation may be obtained from Eq. (3.55), but with the total heat transfer
coefficient, hy = h + hy, used in lieu of the convection coefficient h. With

_ 2 2\ _ -8 2 4 2 2 2 2
hy = g0 (Tg + Ty )| Te + Ty ] =020 x5.67 x10 "W /m” K" (1473 +323) K (1473° +323] K“ =463W/m° K

hy = (250+46.3)W/m? (K =296.3W /m? K

. _2h¢
Umax =——

2(296.3W/ m? [IK)
o (Ts =Teo) == o008m
_12Rg _1%(pel/Ac) _12pe _ 1%pg
0 LAc A2 (er2/4)2

(1150°C) =1.36 x10° W /m>

Hence, with q

=29.0A <

12
O 2702 _C136x10%W ym30 7(0.001m)?
| max —E H I
e

0 10780 mn

Also, with AE =1 Re=1 (peL/Ag),

110V Hr(0.001m)° /42

= BE[Ac _ E:2.98m <

L

Imax Pe 29.0A (10‘69 Dm)

and the power rating is

Poec = AE Dyax =110V (29A) =3190W =3.19kW <

COMMENTS: To assess the validity of assuming a uniform wire temperature, Eq. (3.53) may be
used to compute the centerline temperature corresponding to ¢, and a surface temperature of

_1.36x10° W/ m> (0.0005m)?
4(25W/miK)

. 2
1200°C. It followsthat T, = % T,
4

+1200°C =1203C. Withonly a



3°C temperature difference between the centerline and surface of the wire, the assumption is
excellent.



PROBLEM 3.87

KNOWN: Energy generation in an aluminum-clad, thorium fuel rod under specified operating
conditions.

FIND: (a) Whether prescribed operating conditions are acceptable, (b) Effect of ¢ and h on acceptable
operating conditions.

SCHEMATIC:

Aluminum
cladding

D=0.025m

Thorium
fuel rod, g

e
Coolant

h,T = 95°C

ASSUMPTIONS: (1) One-dimensiona conduction in r-direction, (2) Steady-state conditions, (3)
Constant properties, (4) Negligible temperature gradients in aluminum and contact resistance between
aluminum and thorium.

PROPERTIES: Table A-1, Aluminum, pure: M.P. =933 K; Table A-1, Thorium: M.P.=2023 K, k =
60 W/mK.

ANALYSIS: (a) System failure would occur if the melting point of either the thorium or the aluminum
were exceeded. From Eq. 3.53, the maximum thorium temperature, which existsat r = 0, is
2

_ g _
TO)=——+Ts =T
) a8 = TTh max

where, from the energy balance equation, Eq. 3.55, the surface temperature, which is also the aluminum
temperature, is

ar,
o=, + 28 =1y

Hence,
8.y// 3
o 7x10° W x0.0125 o
Tp| =T =95°C+ /m - M ~720°C =993K
14,000W,/ m? K
7x10° W/ m° (0.0125m)? <
TTh,max = +993K =1449K
' 4x60W/m [K

Although Trhmex < M.P.1, and the thorium would not melt, T4 > M.P., and the cladding would melt
under the proposed operating conditions. The problem could be eliminated by decreasing ¢, increasing

h or using a cladding material with a higher melting point.

(b) Using the one-dimensional, steady-state conduction model (solid cylinder) of the IHT software, the
following radial temperature distributions were obtained for parametric variationsin ¢ and h.

Continued...



PROBLEM 3.87 (Cont.)

1600

1200
1500 —
A o P— 4
< 1400 4| %3
< 1] Ny = 1000
[ -
g 13007 RN g —
= ——| =
3 1200 2 800 e—
o 5 A
8 1100 g
£ 5 600 ——+—— —
€ 1000 o e —
e N
900
400
800 0 0.002 0.004 0.006 0.008 0.01 0.012 0.014
0 0.002 0.004 0.006 0.008 0.01 0.012 0.014
. Radius, r(m)
Radius, r(m)
—o— qgdot = 2E8, h = 2000 W/mA2.K
—o— h = 10000 W/mA2.K, gdot = 7E8 W/mA3 —— qdot = 2E8. h = 3000 W/m"2.K
—— h=10000 W/mA2.K. gdot = 8E8 W/m~3 —+— qdot = 2E8, h = 5000 W/m*2.K
—a— h = 10000 W/mA2.K. gdot = 9E9 W/m~3 —+— gdot = 2E8, h = 10000 W/m~2.K

For h = 10,000 W/m?K, which represents a reasonable upper limit with water cooling, the temperature of
the aluminum would be well below its melting point for ¢ = 7 x 10° W/m®, but would be close to the

melting point for ¢ =8 x 10® W/m?® and would exceed it for ¢ = 9 x 10° W/m®. Hence, under the best of
conditions, ¢ =7 x 10® W/m?® corresponds to the maximum allowable energy generation. However, if

coolant flow conditions are constrained to provide values of h < 10,000 W/m?IK , volumetric heati ng
would have to be reduced. Evenfor ¢ aslow as2 x 10° W/m?®, operation could not be sustained for h =

2000 W/m?IK.

The effects of ¢ and h on the centerline and surface temperatures are shown below.

2000
o 2000 3
< w1600
S 1600 '
. / | 4 g
; 1200
S 1200 g |
= o —
g g 800 1 | L s
=3 Q A
g 800 2 ]
2 S 400
Q g
£ 400 S
5 @ 0
=
8 0 1E8 2.8E8 46E8 6.4E8 8.2E8 1E9
1E8 2.8E8 4.6E8 6.4E8 8.2E8 1E9 Energy generation, gdot (W/m~3)
Energy generation, gdot (W/m”3) h = 2000 WimA2.K
—©—h= m”2.
—6— h =2000 W/m"2.K — h =5000 W/m"2.K
— h =5000 W/m"2.K —— h =10000 W/m"2.K

—— h =10000 W/m"2.K

For h = 2000 and 5000 W/m’K, the melting point of thorium would be approached for ¢ = 4.4 x 10® and
8.5 x 10° W/m?®, respectively. For h = 2000, 5000 and 10,000 W/m’[K, the melting point of aluminum
would be approached for (| = 1.6 x 10°, 4.3 x 10° and 8.7 x 108 W/m®. Hence, the envelope of
acceptable operating conditions must call for areduction in ¢ with decreasing h, from a maximum of
=7 x 10° W/m® for h = 10,000 W/m’K.

COMMENTS: Note the praoblem which would arise in the event of aloss of coolant, for which case h
would decrease drastically.



PROBLEM 3.88

KNOWN: Radii and thermal conductivities of reactor fuel element and cladding. Fuel heat generation
rate. Temperature and convection coefficient of coolant.

FIND: (a) Expressionsfor temperature distributions in fuel and cladding, (b) Maximum fuel element
temperature for prescribed conditions, (c) Effect of h on temperature distribution.

SCHEMATIC:

Co%

Q=9mm

r1=6mm

Cladding

Fuel (kg = 25 W/m-K)

element -
(ke= 2 Wim-K, § = 2x108 W/m3)

ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional conduction, (3) Negligible contact
resistance, (4) Constant properties.

ANALYSIS: (a) From Egs. 3.49 and 3.23, the heat equations for the fuel (f) and cladding (c) are
1ddisO_ ¢

1 a 1dQdich
rdr B?B Kt

0<r< -
( ' rl) rdrH dr

=0 (n<srsn)

Hence, integrating both equations twice,

. . 2
dl = _i +& Tf = _L +ﬂ|nr +C2 (1,2)
dr 2kf kf r 4kf kf
di:& TC:&“"H"{'C4 (3’4)
dr ker Ke
The corresponding boundary conditions are:
dTs /olr)r:0 =0 Tt (n) =Tc () (5,6)
dTy O dT. O dT.[
—kf—LH  =—ke—C K¢ _CH =h[T¢ (r2) ~Teo] (7,8)
dr =n dr =n dr =1,

Note that Egs. (7) and (8) are obtained from surface energy balances at r, and r», respectively. Applying
Eqg. (5) to Eq. (2), it followsthat C, = 0. Hence,

. 2
qr
T =———+C 9
f 2k 2 C)
From Eq. (6), it follows that
qr12 Czlnp
— +C2 =2 = +C4 (10)

Continued...



Also, from Eq. (7),

PROBLEM 3.88 (Cont.)

. . 2
a__Cs or C3 = i (11)
2 n 2
0
Finally, from Eg. (8), _& =h Cs Inry +Cy4 —Teo[7 OF, substituting for Cz and solving for C4
2 ?c O
2
Cp=_, ai Inry +T,, (12)
Substituting Egs. (11) and (12) into (10), it follows that
L2 .2 L2 2
c, =i % Inp a1 o Nty +T,
4kf 2kC rl 2r2h
Substituting Eqg. (13) into (9),
T =i(r12 —r ) i In2 Lo +T,, 1<
e 2ke n 2r2h
Substituting Eqs (11) and (12) into (4),
T = LI (15)<
2K T 2r2h

(b) Applying Eq. (14) at r = 0, the maximum fuel temperature for h = 2000 W/m’K is

2x10°W/m? x(0.008m)* 2x10°w/m® x(0.006m)” _0.009m

T (0) =
1 (0) 4% 2W/m K 2x25W/m K 0.006m
2x10% W/m? (0.006m)?
+300K
2x(009m)2ooow/m K
T (0) = (900 +58.4 +200 +300) K =1458K . <

(c) Temperature distributions for the prescribed values of h are as follows:

Temperature, Tf(K)

1500

1300

1100

900

700

500

300

600

——-N
[ | — —
\\A <
NS g 500 e
'_
RSN -
\A\ < 5
< —
2 40 ——
RN £ A— | I —
3 e I ——
300
0 0.001 0.002 0.004 0.005 0.006 0.006 0.007 0.008 0.009
Radius in fuel element, r(m) Radius in cladding, r(m)

—6— h =2000 W/m"2.K
— h =5000 W/m"2.K
—&— h = 10000 W/m"2.K

—6— h =2000 W/m"2.K
— h=5000 W/m"2.K
—&— h =10000 W/m"2.K

Continued...



PROBLEM 3.88 (Cont.)

Clearly, the ability to control the maximum fuel temperature by increasing his limited, and even for h -
oo, T¢(0) exceeds 1000 K. The overall temperature drop, T#(0) - T, isinfluenced principally by the low
thermal conductivity of the fuel material.

COMMENTS: For the prescribed conditions, Eq. (14) yields, T¢(0) - Ti(ry) = quz / 4ks = (2x10°

W/m?®)(0.006 m)*/8 W/mIK = 900 K, in which case, with no cladding and h — , T;(0) = 1200 K. To
reduce T+(0) below 1000 K for the prescribed material, it is necessary to reduce (.



PROBLEM 3.89

KNOWN: Dimensions and properties of tubular heater and external insulation. Internal and external
convection conditions. Maximum allowable tube temperature.

FIND: (a) Maximum allowable heater current for adiabatic outer surface, (3) Effect of internal
convection coefficient on heater temperature distribution, (¢) Extent of heat loss at outer surface.

SCHEMATIC:

Stainless steel Refractory

k=15 W/m-K ki=1.0 W/mK
Pe=07x108.m 5 = 25, 50 mm
Trnax = 1400 K TH T, 5=300K
//,« h2 25 W/m? K
CAir r3=ry+3, Tg3
[ 1‘400K / rp =35 mm, TsZ

100 < hq 21000 W/m? r1 =25mm, Tg 4

ASSUMPTIONS: (1) One-dimensional, steady-state conditions, (2) Constant properties, (3) Uniform
heat generation, (4) Negligible radiation at outer surface, (5) Negligible contact resistance.

ANALYSIS: (a) From Egs. 7 and 10, respectively, of Example 3.7, we know that

L N Q(z 2)
Tso—Tg1=—r5 In5——|r5 —r 1
27 Ts1=7, 12 s 2 —n 1

and

(2 2

Q(fz‘fl) @
Te1 =Ty 1+
st .l 2hlrl

Hence, eliminating Ts1, we obtain

2
Ts,2‘Too,1=ﬂa rri 1(1 fl/f2)+—(1 fl/fz)H

2k

Substituting the prescribed conditions (h; = 100 W/m’K),
Ts2 ~Teo1 =1.237x107% (m3 [B(/W)q (W/ m3)

Hence, with T corresponding to Ts,, the maximum alowable value of ¢ is

= w =8.084x10° W/m3
1.237x10”
with
_12Re _1%poL/Ac . pel?

T e

/2
32 6 3rt
084x10% W
| max —n(r22 —rf )Dim 71(0.0352 —0.0252)m2 084 06 /m =6406A <
(P[] 0.7x107°Q fin

Continued .....



PROBLEM 3.89 (Cont.)

(b) Using the one-dimensional, steady-state conduction model of IHT (hollow cylinder; convection at
inner surface and adiabatic outer surface), the following temperature distributions were obtained.

1500

1300

1100

900

Temperature, T(K)

700

500 2 S

300

0.025 0.027 0.029 0.031 0.033 0.035
Radius, r(m)
—6— h =100 W/m"2.K

— h =500 W/m"2.K
—2— h=1000 W/m"2.K

The results are consistent with key implications of Egs. (1) and (2), namely that the value of h; has no
effect on the temperature drop across the tube (Ts» - Ts1 = 30 K, irrespective of h;), while T, decreases
with increasing h;. For h; = 100, 500 and 1000 W/MK, respectively, the ratio of the temperature drop
between the inner surface and the air to the temperature drop across the tube, (Ts1 - Tew 1)/(Ts2 - Ts1),
decreases from 970/30 = 32.3 to 194/30 = 6.5 and 97/30 = 3.2. Because the outer surface isinsulated, the
heat rate to the airflow is fixed by the value of ¢ and, irrespective of hy,

q(n)= n(r22 —rlz)q = -15,240 W <

(c) Heat loss from the outer surface of the tube to the surroundings depends on the total thermal
resistance

_In(g/r)) 1
U7 omk;  2maLhy
or, for aunit area on surface 2,

! raIn(rg/r r
Riot,2 = (2rmoL ) Rygt = 2 f(3/ 2) + ﬁ
i 32

Again using the capabilities of IHT (hollow cylinder; convection at inner surface and heat transfer from
outer surface through Riot,z)’ the following temperature distributions were determined for the tube and

insulation.

1200 - 1200
= N
g 1160 ':; 1100 N
= 5 1000 N
5 A—1 =
2 1120 == g 900 e
) >—F t‘E) Ic —
Q
800 <
§ 1080 = ~3
° 2
k- 8 700 "G
>
= 1040 é’ 600 ¢ y
1000 500
0.025 0.027 0.029 0.031 0.033 0.035 0 0.2 0.4 0.6 0.8 1
Radius, r(m) Dimensionless radius, (r-r2)/(r3-r2)
—6— delta =0.025 m —— r3=0.060 m
—&— delta =0.050 m —© 13=0.085m

Continued...



PROBLEM 3.89 (Cont.)

Heat losses through the insulation, g’ (r, ), are 4250 and 3890 W/m for & = 25 and 50 mm, respectively,

with corresponding values of q'(r,) equal to -10,990 and -11,350 W/m. Comparing the tube temperature
distributions with those predicted for an adiabatic outer surface, it is evident that the losses reduce tube
wall temperatures predicted for the adiabatic surface and also shift the maximum temperature fromr =

0.035 mtor =0.033 m. Although the tube outer and insulation inner surface temperatures, Ts, = T(r2),
increase with increasing insulation thickness, Fig. (¢), the insulation outer surface temperature decreases.

COMMENTS: If theintent isto maximize heat transfer to the airflow, heat losses to the ambient should
be reduced by selecting an insulation material with a significantly smaller thermal conductivity.



PROBLEM 3.90

KNOWN: Electric current | is passed through a pipe of resistance Rg to melt ice under
steady-state conditions.

FIND: (a) Temperature distribution in the pipe wall, (b) Time to completely melt theice.
SCHEMATIC:

////////lll/”b"—_Insu/aﬁon
————— > Pipe wall
Rk
- =/ T-100A
ry=50mm, Rle =0.30Q)/m

(7;,,=O°C) s

th gcond, ry

ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional radial conduction, (3)
Constant properties, (4) Uniform heat generation in the pipe wall, (5) Outer surface of the pipe

isadiabatic, (6) Inner surfaceis at a constant temperature, Ty,

PROPERTIES: Table A-3, Ice (273K): p =920 kg/ms; Handbook Chem. & Physics, Ice:
Latent heat of fusion, hg = 3.34x10° JKg.

ANALYSIS: (a) The appropriate form of the heat equation is Eq. 3.49, and the genera
solution, Eq. 3.51is

T(r)= —% r2 +Cylnr+Cy

6 1°Ry,
- [2 2\

Applying the boundary condition (dT/dr) - 0, it follows that

qui*_&
2k )
2
r
Hence Clzq—z
2k
. qr2
and T(r)= ~9,2 +—2 |nr+C,.
4k 2k

Continued .....



PROBLEM 3.90 (Cont.)
Applying the second boundary condition, T (1) =Ty, it follows that

q 2, 05
Tm=———1 +=%Inn +Co.
M= 1 " 1T

Solving for Co and substituting into the expression for T(r), find

T0=T+ B -8 )
r)= —4In——-—(r°-r°).
M 2k ' 4k 1

(b) Conservation of energy dictates that the energy required to completely melt theice, Ep,
must equal the energy which reaches the inner surface of the pipe by conduction through the
wall during the melt period. Hence from Eqg. 1.11b

AEg = Ejn ~Eout +Egen
AEg =Em =tm EiIcond,rl

or, for aunit length of pipe,

[ [
p(n rlz)hsf =tm E—k(Z ) T

Sk

2
% g
HZkl’l ZKE
p(nrlz)hsf =-tmd n(r22 —rlz).

Dropping the minus sign, which ssimply results from the fact that conduction isin the negative
r direction, it follows that

p(rr rlz)hsf = -2kt

phg rl2 _ Phgt rrr12

m= q(rzz—rlz) ) I2R'e
Withry =0.05m, | =100 A and Rg =0.30 Q/m, it follows that
_ 920kg/m° x3,34x10°Jkg x77 x(0.05m)?
i (100A)?x0.30Q/m

m

or tm =804s. <

COMMENTS: Theforegoing expression for ty,, could also be obtained by recognizing that
all of the energy which is generated by electrical heating in the pipe wall must be transferred
to theice. Hence,

IZR’etm =phg i2.



PROBLEM 3.91
KNOWN: Materials, dimensions, properties and operating conditions of a gas-cooled nuclear reactor.

FIND: (a) Inner and outer surface temperatures of fuel element, (b) Temperature distributions for
different heat generation rates and maximum allowable generation rate.

SCHEMATIC: Cool
= oolant
r4=8mm h = 2000 W/m2-K
=600 K
rp =11 mm
Graphite
r3_14 mm kg=3W/m-K
T1 )
Thorium (q)
k¢ =57 W/m-K
T2

ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional conduction, (3) Constant properties,
(4) Negligible contact resistance, (5) Negligible radiation.

PROPERTIES: Table A.1, Thoriun: Ty, = 2000 K; Table A.2, Graphite: T, = 2300 K.

ANALYSIS: (@) The outer surface temperature of the fuel, T,, may be determined from the rate
equation

ql - T2 TTOO
Rtot
where
. In(r3/rp) N In (14/11) 1
tot —

= + =0.0185m K /W
2amkg  2mzh  2n(3W/mIK) 2n(0.014m)(2000W/m2EIK)

and the heat rate per unit length may be determined by applying an energy balance to a control surface
about the fuel element. Since the interior surface of the element is essentially adiabatic, it follows that

q = qrr(r22 —r12) =108 w/m3 77(0.0112 —0.0082)m2 =17,907W/m
Hence,
To =q'Riot + Teo =17,907W/m(0.0185m K/W) +600K =931K <

With zero heat flux at the inner surface of the fuel element, Eq. C.14 yields

qr22 O rfD_ﬁInDrZD

Tp=Ty+—=1 - 00
4kt El sH 2k On0

10® w/m?3(0.011m)? 0 _poosfd 10° w/m?3(0.008m)? ooy
4x57W/m K 5 B0.0llB E 2x57W/m K 0.00
Continued...

Ty = 931K +




PROBLEM 3.91 (Cont.)

Tp = 931K +25K -18K =938K <

(b) The temperature distributions may be obtained by using the IHT model for one-dimensional, steady-
state conduction in ahollow tube. For the fuel element (§ > 0), an adiabatic surface condition is
prescribed at r,, while heat transfer from the outer surface at r to the coolant is governed by the thermal
resistance Rigt 2 = 2R = 2m(0.011 m)0.0185 mK/W = 0.00128 m’[K/W. For the graphite (¢ =
0), the value of T, obtained from the foregoing solution is prescribed as an inner boundary condition at r»,
while a convection condition is prescribed at the outer surface (r5). For 1 x 10°< ¢ <5 x 10° W/m®, the
following distributions are obtained.

2500 2500
g 2100 < 2100
= [
- - %
< 1700 o 1700 P~
p=} 3 =
g g —
o 1300 Q 1300
= 900 -f £ £ = 900 —f——
I i m—
500 500 1
0.008 0.009 0.01 0.011 0.011 0.012 0.013 0.014
Radial location in fuel, r(m) Radial location in graphite, r(m)
—6— qdot = 5E8 —6— qdot = 5E8
—&— qdot = 3E8 —A— qdot = 3E8
—8&— qgdot = 1E8 —H&— qdot = 1E8

The comparatively large value of k; yields small temperature variations across the fuel element,
while the small value of k4 results in large temperature variations across the graphite. Operation
at g =5 x 10° W/m® is clearly unacceptable, since the melting points of thorium and graphite are

exceeded and approached, respectively. To prevent softening of the materials, which would occur below
their melting points, the reactor should not be operated much above ¢ = 3 x 10° W/m".

COMMENTS: A contact resistance at the thorium/graphite interface would increase temperatures in the
fuel element, thereby reducing the maximum allowable value of (.



PROBLEM 3.92

KNOWN: Long rod experiencing uniform volumetric generation encapsulated by a circular
sleeve exposed to convection.

FIND: (a) Temperature at the interface between rod and sleeve and on the outer surface, (b)
Temperature at center of rod.

SCHEMATIC:
Sleeve, kg=4W/m-K
Rod, T
k=05 WfmK, T T T7;,=27"C
§=24000W/m* f h=25W[m2-K
f‘zﬁ/

ASSUMPTIONS: (1) One-dimensional radial conduction in rod and sleeve, (2) Steady-state
conditions, (3) Uniform volumetric generation in rod, (4) Negligible contact resistance
between rod and sleeve.

ANALYSIS: (a) Construct athermal circuit for the Sleeve,

where

0/=Egen =77 D2/ 4=24,000 W/m?® x 17x(0.20 m)* / 4 =754.0 W/m

In(ro/r In(400/200 —
RE = (r2/n) _ In ) = 2758 x10"2m CK/W
2mkg  2mx4 WimK
Roony = —— 1 =3.183x107%m [K/W

hmt Dy 25 W/m? (K x 77x0.400 m
The rate equation can be written as
T-Tew _To-Tw

- I \
Rs+Reonv  Reonv

!

T1 = Teo +0 (R +Roony ) = 27° C+754 W/m (2.758 x102 +3.183 ><10_2) K/W =71.8"C <

Ty =Te +q'Rony =27°C+754 W/m x3.183 x102m [K/W=51.0°C. <
(b) The temperature at the center of therod is

12 3 2
_O 4 24,000 Wm (0.100 m)

1 +71.8°C=192°C. <
4k, 4x0.5W/m[K

T(0)=To

COMMENTS: Thethermal resistances due to conduction in the sleeve and convection are

comparable. Will increasing the sleeve outer diameter cause the surface temperature To to
increase or decrease?



PROBLEM 3.93

KNOWN: Radius, thermal conductivity, heat generation and convection conditions
associated with a solid sphere.

FIND: Temperature distribution.
SCHEMATIC:

“h

(20)

ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional radial conduction, (3)
Constant properties, (4) Uniform heat generation.

ANALYSIS: Integrating the appropriate form of the heat diffusion equation,

r2
1 dQg »dTO . do szD _qr
— —kr*—r+¢=0 or e
2 dra< a4 af 9Bk
2dT__qr3+ ar _ _or
a3k ! a3k (2
(r)= a’ G C
6k r
" _ dr o
The boundary conditions are: g H = hence C, =0, and
s

—kz—:D =h [T (o) ~Twfd

Substituting into the second boundary condition (r = rg), find

. O . .2
oo _, 5% +Cy-To0  Cp=Jo Yo 7
3 E 6k E 3h 6k
The temperature distribution has the form
T(r):i(rg—r2)+% +T,. <
6k 3h
COMMENTS: To verify the above result, obtain T(rg) = Ty,
_ 0%
Te =20 +T,
T3 %

Applying energy balance to the control volume about the sphere,

q%nrOE_Mnro (Ts-T)  find  Tg :ZL;]) +To.



PROBLEM 3.94

KNOWN: Radial distribution of heat dissipation of a spherical container of radioactive
wastes. Surface convection conditions.

FIND: Radial temperature distribution.
SCHEMATIC:

ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensiona conduction, (3) Constant
properties, (4) Negligible temperature drop across container wall.

ANALYSIS: The appropriate form of the heat equation is

Hence r<-—-=-— ——E+C1

From the boundary conditions,

it follows that Cq = 0 and

0 2 2 0
6o Jofo0_ppdo 76 16 ,c, 7,1
3 50 g kpe 207 0
_ 2090 +7QOro AT
15h 60k
: 204 B3 40
0 0 rQ
Hence T(r):To<,+2qu0 a0l _ 1DLD iD—D E <
[

15h k EBO 6000 2001q]
COMMENTS: Applying the above result at rq yields
Ts=T(rp) =Too +(2r500 /15h).

The same result may be obtained by applying an energy balance to a control surface about the
container, where Eg =Qcony- Themaximum temperature existsat r = 0.



PROBLEM 3.95

KNOWN: Dimensions and thermal conductivity of a spherical container. Thermal conductivity and
volumetric energy generation within the container. Outer convection conditions.

FIND: (a) Outer surface temperature, (b) Container inner surface temperature, (c) Temperature
distribution within and center temperature of the wastes, (d) Feasibility of operating at twice the energy
generation rate.

SCHEMATIC:

Stainless steel
kss = 15 W/im-K

S,0
Ts,i
\
T.=250C 1
el 2. Rad|oact|ve wastes
h'=1000 Wim=-K = =20 WimK, ¢ = 10% Wim3

ASSUMPTIONS: (1) Steady-state conditions, (2) Constant propertles (3) One-dimensional radial
conduction.

ANALYSIS: (&) For acontrol volume which includes the container, conservation of energy yields
. 2
q(4/3)(mi3) =h4718 (Tso ~Too )
and with ¢ = 10° W/n’,
5 2 3
o 100 W/ m~(0.5m
Too = To +q'2_25c:+ /2( ) .
32 3000W/m? K (0.6m)

(b) Performing a surface energy balance at the outer surface, Ej; —Equt =0 0r deond — Geonv =0-
Hence

=36.6°C. <

Ak s (Ts,i - Ts,o)

Vnr)-(¥r)
1000w/ m? (K

=T, +— T, ) =366°C +——————(0.2)0.6 (11.6°c) —1204°Cc . <
Tsi =Tso H_ ]Hro s0 ~ lSW/mDK ( ) m

(c) The heat equation in spherical coordinatesis

= h4mg (Tso ~Teo )

dQg 2d_TD+ i
Krw drH B
Solving,
SdT o o’
rc—-=- +Cp and T(r)=- —= +C,
dr 3Kpw 6Ky T
Applying the boundary conditions,
ar =0 and T(r)=Tsj
drlr=o
_ - 2

Continued...



PROBLEM 3.95 (Cont.)

Hence
. .4 (_2_2) -

T(r)=T.

(r) s,|+6krwr| r
Atr=0,

.2 5 3 )
T(0)=Tgj +- 1 =1294°C +2° w/mi(0sm)® oo <
T Bk 6(20W/m|:|K)

(d) The feasibility assessment may be performed by using the IHT model for one-dimensional, steady-
state conduction in a solid sphere, with the surface boundary condition prescribed in terms of the total
thermal resistance

2
: (@) - @ 10 OF
Rtot,i :(4mi2)Rtot =Rend,i +Ronv,i == I Ik) Wo) +FE1FI_E
SS 0

where, for r, = 0.6 mand h = 1000 W/m?[K,, Rgngj = 5.56 x 10° mPK/W, R = 6.94 x 10 mK/W,

and Rigt =6.25x 10° m’[K/W. Resuilts for the center temperature are shown below.

c 675
g
e 4
9_35 625 = —— 2
©
3
g 575
5
— e
[
§ 525 I —— S

475

0 2000 4000 6000 8000 10000

Convection coefficient, h(W/m"2.K)

—©— r0=054m
—A— r0=0.60m

Clearly, even with r, = 0.54 m = r, in and h = 10,000 W/m?IK (apractical upper limit), T(0) > 475°C and
the desired condition can not be met. The corresponding resistances are Repgj = 2.47 X 10° mPK/W,

Rgnyi =857 x 10° mK/W, and Riq j = 2.56 x 10°° m’IK/W. The conduction resistance remains

dominant, and the effect of reducing R'Cm,,i by increasing his small. The proposed extension is not
feasible.

COMMENTS: A valueof ¢ = 1.79 x 10° W/m® would allow for operation at T(0) = 475°C with r, =
0.54 m and h = 10,000 W/m’K.



PROBLEM 3.96

KNOWN: Carton of apples, modeled as 80-mm diameter spheres, ventilated with air at 5°C and
experiencing internal volumetric heat generation at a rate of 4000 Jkglday.

FIND: (a) The apple center and surface temperatures when the convection coefficient is 7.5 W/m?[K,
and (b) Compute and plot the apple temperatures as a function of air velocity, V, for therange0.1<V <
1 m/s, when the convection coefficient has the form h = C,V®*®, where C; = 10.1 W/m?[K [{(m/s)***.

SCHEMATIC:

Apple, D =80 mm

g = 4000 J/kg-day

p = 840 kg/m3, k = 0.5 W/m+K

l l l l To=5°C V=0.5m/s
h=7.5 W/m2.K
ASSUMPTIONS: (1) Applescan be modeled as spheres, (2) Each apple experiences flow of

ventilation air at T_ =5°C, (3) One-dimensional radial conduction, (4) Constant properties and (5)
Uniform heat generation.

ANALYSIS: (a) From Eg. C.24, the temperature distribution in a solid sphere (apple) with uniform
generation is

w20 20
- Yo r
T(r)= ——H+T; 1

To determine T, perform an energy balance on the apple as shown in the sketch above, with volume V =
4/371:r§,
Ein —Eout +Eg =0 ~Ocv *qL= 0
—h(4m02)(TS—Too)+q(4/3 ng’f) =0 @
~75W/m? K (4n><0.0402m2) (TS -5 c) +389W/m3 (4/3 7T><0.0403m3) =0

where the volumetric generation rateis
d = 4000 J/kg [diay

= 4000J/ kg [@ay x840kg/ mS x(1day/24hr) x(Lhr/36005)

q=389W/m3
and solving for Tg, find
T, =5.14°C <
From Eq. (1), atr =0, with T, find
389W/m3x0.040%m2 . . .
T(0) = +5.14°C =0.12°C +5.14°C =5.26°C <
6x0.5W/m K

Continued...



PROBLEM 3.96 (Cont.)
(b) With the convection coefficient depending upon velocity,
h= C1V0'425

with C; = 10.1 W/m?IK [{im/s)>*?, and using the energy balance of Eq. (2), calculate and plot Tsasa
function of ventilation air velocity V. With very low velocities, the center temperature is nearly 0.5°C

higher than the air. From our earlier calculation we know that T(0) - Ts= 0.12°C and is independent of
V.

5.4

53

Center temperature, T(0) (C)

5.2

0 0.2 0.4 0.6 0.8 1

Ventilation air velocity, V (m/s)

COMMENTS: (1) While the temperature within the apple is nearly isothermal, the center temperature
will track the ventilation air temperature which will increase as it passes through stacks of cartons.

(2) The IHT Workspace used to determine T for the base condition and generate the above plot is shown
below.

/I The temperature distribution, Eq (1),
T_r=qdot*ro"2/(4*k)*(1-rm2/ro"2) + Ts

/I Energy balance on the apple, Eq (2)
- qcv + gqdot * Vol =0

Vol=4/3*pi* ro”"3

/I Convection rate equation:

gcv =h*As * (Ts - Tinf)

As =4 * pi * ro"2

/I Generation rate:

gdot = gdotm * (1/24) * (1/3600) * rho /I Generation rate, W/m”3; Conversions: days/h and h/sec
/I Assigned variables:

ro = 0.080 /I Radius of apple, m

k=0.5 /I Thermal conductivity, W/m.K

gdotm = 4000 /I Generation rate, J/kg.K

rho = 840 /I Specific heat, J/kg.K

r=0 /I Center, m; location for T(0)

h=75 /I Convection coefficient, W/m"2.K; base case, V = 0.5 m/s
/Ih = C1*V"0.425 /I Correlation

/IC1=10.1

/IV =0.5 /I Air velocity, m/s; range 0.1 to 1 m/s

Tinf=5 /I Air temperature, C



PROBLEM 3.97

KNOWN: Planewall, long cylinder and sphere, each with characteristic length a, thermal
conductivity k and uniform volumetric energy generation rate g.

FIND: () On the same graph, plot the dimensionless temperature, [ T(x or r)—T(a)]/[qaZ/Zk], Vs.

the dimensionless characteristic length, x/a or r/a, for each shape; (b) Which shape has the smallest
temperature difference between the center and the surface? Explain this behavior by comparing the
ratio of the volume-to-surface area; and (c) Which shape would be preferred for use as a nuclear fuel
element? Explain why?

SCHEMATIC:
Plane wall Long cylinder Sphere
!
I
a.k (@)=Ts =Ts T(@a)=Ts

I

. r= a
e

ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional conduction, (3) Constant
properties and (4) Uniform volumetric generation.

ANALYSIS: (@) For each of the shapes, with T(a) = T, the dimensionless temperature distributions
can be written by inspection from results in Appendix C.3.

Planewall, Eq. C.22 T(X)_TS

T(x)-Ts _, xCf
a2 / 2k HaH
T() TS_1D DrDZD
ga2 / 2k 25 %HE
T() Ts ED wguid
qa / 2k N gBE

The dimensionless temperature distributions usi ng the foregoing expressions are shown in the graph
below.

Long cylinder, Eqg. C.23

Sohere, Eq. C.24

Dimensionless temperature distribution

3 T
N
N 0.8
<
£
S 0.6
A=A
~ \\
i 0.4
|‘/_I> T
= I
ol 0.2 A
) B
0
0 0.2 0.4 0.6 0.8 1

Dimensionless length, x/a or r/a
— Plane wall, 2a
—&— Long cylinder, a
—4&— Sphere, a

Continued .....



PROBLEM 3.97 (Cont.)

(b) The sphere shape has the smallest temperature difference between the center and surface, T(0) —
T(a). Theratio of volume-to-surface-area, [/Ag, for each of the shapesis

Plane wall

Long cylinder

Sphere

O

a(1x1)
_ g
(1)
_ma%1_a
2max1l 2
_4ma’/3_a
4ma® 3

The smaller the O/Agratio, the smaller the temperature difference, T(0) — T(a).

(c) The sphere would be the preferred element shape since, for a given O/Ag ratio, which controls the
generation and transfer rates, the sphere will operate at the lowest temperature.



PROBLEM 3.98
KNOWN: Radius, thickness, and incident flux for aradiation heat gauge.

FIND: Expression relating incident flux to temperature difference between center and edge of
gauge.

SCHEMATIC: ,
u VI
T et _»Ii b——-—’:
T(R) < { — 9,. :_.b__ w— | Irrdr

<—R _——l——r;jdr' al

ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional conductionin r (negligible
temperature drop across foil thickness), (3) Constant properties, (4) Uniformincident flux, (5)
Negligible heat loss from foil due to radiation exchange with enclosure wall, (6) Negligible contact
resistance between foil and heat sink.

$ o

~Copper heat sink

ANALYSIS: Applying energy conservation to acircular ring extending fromr tor + dr,
' dT d
dr +0f (277 rdr) = Gr+qr qr =k (2 "rt)a’ Or+dr =dr "'% dr.

Rearranging, find that

d aTg

(2T rdr) =— —k2nrt —dr
qf (2rrror) = S k2t T
d @dTD_ q_,

drH kt

Integrating,
12

dT qir q’,

- +C and T(r +CInr+C
"o okt (r)= 2

With dT/drl= =0, C1 = 0 and with T(r = R) = T(R),

2
T(R)= _GR" e, o Cp=T(R)+

Hence, the temperature distribution is

T(r)= fll (R2-r2)+7(R).

Applying thisresult at r = 0, it follows that
, _ 4kt 4kt
Qizgﬁr(o) T(R )E-—AT <
COMMENTS: Thistechnique allows for determination of aradiation flux from

measurement of atemperature difference. It becomesinaccurate if emission from the foil
becomes significant.



PROBLEM 3.98
KNOWN: Radius, thickness, and incident flux for aradiation heat gauge.

FIND: Expression relating incident flux to temperature difference between center and edge of
gauge.

SCHEMATIC: ,
u VI
T et _»Ii b——-—’:
T(R) < { — 9,. :_.b__ w— | Irrdr

<—R _——l——r;jdr' al

ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional conductionin r (negligible
temperature drop across foil thickness), (3) Constant properties, (4) Uniformincident flux, (5)
Negligible heat loss from foil due to radiation exchange with enclosure wall, (6) Negligible contact
resistance between foil and heat sink.

$ o

~Copper heat sink

ANALYSIS: Applying energy conservation to acircular ring extending fromr tor + dr,
' dT d
dr +0f (277 rdr) = Gr+qr qr =k (2 "rt)a’ Or+dr =dr "'% dr.

Rearranging, find that

d aTg

(2T rdr) =— —k2nrt —dr
qf (2rrror) = S k2t T
d @dTD_ q_,

drH kt

Integrating,
12

dT qir q’,

- +C and T(r +CInr+C
"o okt (r)= 2

With dT/drl= =0, C1 = 0 and with T(r = R) = T(R),

2
T(R)= _GR" e, o Cp=T(R)+

Hence, the temperature distribution is

T(r)= fll (R2-r2)+7(R).

Applying thisresult at r = 0, it follows that
, _ 4kt 4kt
Qizgﬁr(o) T(R )E-—AT <
COMMENTS: Thistechnique allows for determination of aradiation flux from

measurement of atemperature difference. It becomesinaccurate if emission from the foil
becomes significant.



PROBLEM 3.99
KNOWN: Net radiative flux to absorber plate.
FIND: (a) Maximum absorber plate temperature, (b) Rate of energy collected per tube.
SCHEMATIC:
+-0006m —>x [ Prad- 8OOW/m
Al alloy—35 4 ’_>E = T :.(-Line of symmetry

ANE 3N N AN (dT/dx=0)
TW=60°CLE ] x=Lf2=0.1m

ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional (x) conduction along
absorber plate, (3) Uniform radiation absorption at plate surface, (4) Negligible losses by
conduction through insulation, (5) Negligible losses by convection at absorber plate surface,
(6) Temperature of absorber plate at x = 0 is approximately that of the water.

PROPERTIES: Table A-1, Aluminum alloy (2024-T6): k =180 W/mIK.

ANALYSIS: The absorber plate acts as an extended surface (a conduction-radiation system),
and adifferential equation which governs its temperature distribution may be obtained by
applying Eg.1.11ato adifferential control volume. For a unit length of tube

dx +drad (dX) —Gx+dx =0.

. dg
With ! =d, +—Xdx
Ox+dx = dx X
dT
and v = —kt—
Ox dx
it follows that,
dOd,,dTd
o] —— rkt——=0
Arad dxg de
ﬁ+ q;‘ad =0
dX2 kt

Integrating twice it follows that, the general solution for the temperature distribution has the
form,

T(x)= —qzlr—;j x2 +Cyx+Cp.

Continued .....



PROBLEM 3.99 (Cont.)
The boundary conditions are:

T(0)=Ty Co =Ty

dT g _ _ Qragl

el =0 C =

dx B(zL/Z 1 2kt
Hence,

T(x) =78 x(L-x) +Ty.

The maximum absorber plate temperature, whichisat x = L/2, istherefore

QradLZ
Tmax =T(L/2) = ” +Tyy -

The rate of energy collection per tube may be obtained by applying Fourier’slaw at x = 0.
That is, energy is transferred to the tubes via conduction through the absorber plate. Hence,

U
qg= 2[-;—ktd—-|_D
x Beeor

where the factor of two arises due to heat transfer from both sides of the tube. Hence,

=~ Lorag-
sooﬂ (0.2m)?
Hence Trmax = +60°C
8 asoE (0.006m)
or Tmax =63.7°C <
and g = —0.2m x800 W/m?
or q =-160 W/m. <

COMMENTS: Convection lossesin the typical flat plate collector, which is not evacuated,
would reduce the value of q'.



PROBLEM 3.100

KNOWN: Surface conditions and thickness of a solar collector absorber plate. Temperature of
working fluid.

FIND: (a) Differential equation which governs plate temperature distribution, (b) Form of the
temperature distribution.

SCHEMATIC:
r-ad & qu”v A:r4— hTo N

dgf'ad ¥ fdgconv <:T'>
— 77 ///777'?7'77777777707;11

+

9x -(_j;(_- 9x+dx -f; X

L—>

ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional conduction, (3) Adiabatic
bottom surface, (4) Uniform radiation flux and convection coefficient at top, (5) Temperature of
absorber plate at x = 0 corresponds to that of working fluid.

ANALYSIS: (&) Performing an energy balance on the differential control volume,
Oy +ddrad = dx+dx +ddcony

Oyrx = O +(ddy / dx)dx
where dayag = Oyag [OIx

ddcony = h(T - To ) [x

Hence, Oragdx=(ddy /dx ) dx+h (T - T, ) dx.
From Fourier’s law, the conduction heat rate per unit width is
2
g =—ktarax 9T N (q_g ) Ted o <

(b) Defining 8 =T —Too ,d°T/dx? =d26/dx? and the differential equation becomes,

2
dx 2kt kt

It is a second-order, differential equation with constant coefficients and a source term, and its general
solution is of the form

0 = Cie™ X +Ce?X +gA2
where A=(Wk)Y2, S=gpag/kt

Appropriate boundary conditions are;
6(0)=Ty - Te =60, d6/dx)y= =O0.

Hence, 6o =C1+Co %
d6/dx)y= =Cq AeAL -y AL = C, =Cy el
Hence, Clz(eo -S/A )/(1+e2}“-) Co :(60 —S//\Z)/(l +e'2’\'-)
D e/\x e/\x ]

e:(e S/}\Z) + 0+S/IA2. <
0 A+l 142l




PROBLEM 3.101

KNOWN: Dimensions of a plate insulated on its bottom and thermally joined to heat sinks at its
ends. Net heat flux at top surface.

FIND: (a) Differential equation which determines temperature distribution in plate, (b) Temperature
distribution and heat loss to heat sinks.

SCHEMATIC:
=X/ o  W--width 199
9 — T =
Tl X% |7 o> ia.?

AT ———)

ASSUMPTIONS: (1) Steady-state, (2) One-dimensional conductionin x (W,L>>t), (3) Constant
properties, (4) Uniform surface heat flux, (5) Adiabatic bottom, (6) Negligible contact resistance.

ANALYSIS: (a) Applying conservation of energy to the differential control volume, gy + dqg
= Ox +dx, Where Oxdx = O + (dox/dx) dx and dg=qg, (W [dx). Hence, (day /dx)-qp W=0.
From Fourier'slaw, gy =-k(t W) dT/dx. Hence, the differential equation for the
temperature distribution is

2 P
dx axH a2  kt

(b) Integrating twice, the general solutioniis,

T(x)=- ;gt x2 +Cp X +Cp

and appropriate boundary conditions are T(0) = T, and T(L) = To. Hence, Tq = Cop, and

To = % 2 +C1L+Cy and C =Gl

2kt 2kt
Hence, the temperature distribution is
oL

T(x)= _qZOT(XZ —Lx) +To. <
Applying Fourier'slaw at x =0,and at x = L,

q(0) = -k (Wt) dT/ck)y—g = KWt - - E % 55 %WL

_ _ 0 Q'oD g _ . GoWL
L) =-k(Wt)dT/dx)y= ——kWt = +

(L) = K (WOAT/ e Sakg =%

Hence the heat loss from the platesis g=2(gpWL/2) = g WL. <

COMMENTS: (1) Note signs associated with gq(0) and g(L). (2) Note symmetry about X =
L/2. Alternative boundary conditions are T(0) = T and dT/dX)y= j2=0.



PROBLEM 3.102

KNOWN: Dimensions and surface conditions of a plate thermally joined at its ends to heat sinks at
different temperatures.

FIND: (a) Differential equation which determines temperature distribution in plate, (b) Temperature
distribution and an expression for the heat rate from the plate to the sinks, and (c) Compute and plot
temperature distribution and heat rates corresponding to changesin different parameters.

SCHEMATIC:
L dq,
X | N °
lqg m——n
7-O ! —— TL Ay ,__dx __! Ax + dx

! = / d;conv

-
<«— T, h
-

ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional conduction in x (W,L >>1), (3)
Constant properties, (4) Uniform surface heat flux and convection coefficient, (5) Negligible contact
resistance.

ANALYSIS: (a) Applying conservation of energy to the differential control volume

Oy *ddg =0dx+dx *9dcony

where
Ox+dx = dx +(day /dx)dx ddgony = h(T —Te ) (W [dix )
Hence,
a + 6y (W 18) =05 +(d /) +(T =T, ) (W 1) st (7 -T,) =W
X
Using Fourier'slaw, g, = —k (t W)dT/dx,
2 2 '
—kth—T+hW(T -To ) =0o d—T—ﬂ(T—Too)+q° =0. <
dx? dx? Kkt kt
(b) Introducing 6 =T - T, , the differential equation becomes
2 '
4% _hg, % _
dx?® Kkt kt

This differential equation is of second order with constant coefficients and a source term. With
A2 =h/kt and S=q /kt , it follows that the general solution is of the form

6 =Ce* +CeX +5/)2. @
Appropriate boundary conditionsare:  6(0) =T, - T, =6, o(L) =T -T, =6_ (2,3
Substituting the boundary conditions, Egs. (2,3) into the genera solution, Eqg. (1),

0, = C1e® +Cre? +5/A2 6, =CetML +Cret +5/42 (45)
To solve for C,, multiply Eq. (4) by -€™" and add the result to Eq. (5),

0,6+, =C, (_e+)\L te L) +5/22 ( ML +1)

C2=59L _90e+AL)_S//\2(_e+A|_ +1)5/(£+A|_ e L) ©)

Continued...



PROBLEM 3.102 (Cont.)
Substituting for C, from Eg. (6) into Eq. (4), find

=6, _{HQL _60e+AL)_$//\2(_e+AL +1)5/(_e+)u_ +e—AL} —3//\2 @

Using C; and C, from Egs. (6,7) and Eq. (1), the temperature distribution can be expressed as
O ax _sjnh(Ax)e+,\LD90 +S|nh()\x) 6 ( B +A|_)sinh()\x) +(1 _emﬁi(&
sinh(AL) H sinh(AL) E sinh(AL) 22

8(x) =

<

The heat rate from the plateis q, = —qy (0) +0x (L) and using Fourier's law, the conduction heat rates,
with A. = W0 are

0) = -k K %\ 0o__&" A0 A
= —-kA.— = kA _— —
% (0) “Geo gy smh(AL) EBO Tsnh(AL)

] 1_4tAL O
N el A—mia <

& sinh(AL) E/\ g

AL 0
qx(L)z_kAc%ﬁ =‘kAc%eM' __e—,\cosh()u_)é@o M

dx =1 &S sinh(AL) nh(AL) -
[ 1_.+AL
+E+1_e—Acosh(AL)—/\e+"L S% <
@smh(/\L) @,\ g

(c) For the prescribed base-case conditions listed below, the temperature distribution (solid line) is shown
in the accompanying plot. As expected, the maximum temperature does not occur at the midpoint, but
dlightly toward the x-origin. The sink heat rates are

1
dy (0) = -17.22w dy (L) =23.62W <
300
c
= e
[ 200
©
)
g
5 100 —o—
- — i
e
0
0 20 40 60 80 100
Distance, x (mm)
g0 = 20,000 W/m~2; h = 50 Wim"2.K
—>— "0 = 30,000 W/m"2' h =50 W/mA2.K
—6— q'0=20000 W/m"2; h =200 Wim2.K
—B— q'o= 4927 W/m*2 with q"x(0) = 0; h = 200 Wim"2.K

The additional temperature distributions on the plot correspond to changesin the following parameters,
with all the remaining parameters unchanged: (i) g, = 30,000 W/, (i) h = 200 W/m’IK, (iii) the value

of gg for which g (0) = 0 with h = 200 W/m’T. The condition for the last curveis qg, = 4927 W/m’
for which the temperature gradient at x = 0 is zero.

Base case conditions are: ¢ = 20,000 W/m?, T, = 100°C, T, = 35°C, T., = 25°C, k = 25 W/m[K, h = 50
W/m?K, L = 100 mm, t =5 mm, W = 30 mm.



PROBLEM 3.103

KNOWN: Thin plastic film being bonded to ametal strip by laser heating method; strip dimensions and
thermophysical properties are prescribed as are laser heating flux and convection conditions.

FIND: (a) Expression for temperature distribution for the region with the plastic strip, -w1/2 < X < wy/2,
(b) Temperature at the center (x = 0) and the edge of the plastic strip (x = £ w,/2) when the laser flux is
10,000 W/m?; (c) Plot the temperature distribution for the strip and point out special features.
SCHEMATIC:
| qu=10000 Wim2 —> T,,=25°C
7 h=10W/m2-K

auny -

— Metal strip, k = 60W/m-K

"0 1 @] freme
L,

I
| I
w4/2 = 20mm d=1.25mm Wo/2 —> o0

ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional conduction in x-direction only, (3)
Plastic film has negligible thermal resistance, (4) Upper and lower surfaces have uniform convection
coefficients, (5) Edges of metal strip are at air temperature (T.,), that is, strip behaves as infinite fin so
that w, — oo, (6) All theincident laser heating flux qg isabsorbed by the film.

PROPERTIES: Metal strip (given): p = 7850 kg/m®, ¢, = 435 Jkgih®, k = 60 W/mIK.

ANALYSIS: (@) The strip-plastic film arrangement can be modeled as an infinite fin of uniform cross
section a portion of which is exposed to the laser heat flux on the upper surface. The general solutions

for the two regions of the strip, intermsof 8 =T (x) -T,, , are

0<x<wq/2 6 (x)=Cce™™ +Cre™™ +M/m2 (1)
M = gP/2kA . =d, /kd m = (2h/kd )2 2,3)
Wy /2<x <00 6, (x)=Cge™™ +Chre™. (4)
Four boundary conditions can be identified to evaluate the constants:
de -
Atx=0: d—l(o) =0=cme® -C,me®+0 - ¢ =G, (5)
X
At X = wy/2: 6 (wq/2)=65(wy/2)
Cle+mW1/2 + Cze—mwl/Z + M/m2 — C3e+mW1/2 +C4e—mW1/2 (6)
At X = wWy/2: dg; (wyq/2)/dx = d6y (wq/2)/ dx
mC1e+mW1/ 2 mCZe_mwl/ 240= mC3e+mW1/ 2 —mC4e_mW1/ 2 (7)
AtX - oo 8, (0)=0=Cqe” +Cpe "~ -~ Cg3=0 (8)
With C; = 0 and C; = C,, combine Egs. (6 and 7) to eliminate C, to find
2
M/ m
C1=Cy= _m/—w/Z' ©)
2 1
and using Eg. (6) with Eqg. (9) find
Cy= M/m2 sinh (mw, /2)e ™/ 2 (10)

Continued...



PROBLEM 3.103 (Cont.)

Hence, the temperature distribution in the region (1) under the plastic film, 0 < x < w4/2, is

2
6,(x)= _M(;mx +e_mx) MM (1 L T mx) ay <
Zemwl/w m? m
and for theregion (2), x = w4/2,
0, (x) =~ sinh (mwy /2) 6™ (12)
m

(b) Substituting numerical valuesinto the temperature distribution expression above, 8,(0) and 8:(w./2)
can be determined. First evaluate the following parameters:

M =10,000W,/ m?/60W/m [K x0.00125m =133,333K / m?

) 1/2 a
m= (2x10W/m [H(/GOW/m K ><0.00125m) =16.33m

Hence, for the midpoint x = 0,

133,333K / m?

%) (16.33m‘1)2

- exp(—16.33 m~1 x0.020 m) xcosh (o)% =139.3K
T7,(0) =6, (0) +T,, =139.3K +25°C =164.3°C. <
For the position x = wy/2 = 0.020 m,

6, (w;/2)=500.0 %—O.?Zlcosh (16.33 m™1 x0.020 m)% =120.1K

Ty (wy/2) =120.1K +25°C =145.1°C. <

(c) The temperature distributions, 6,(x) and 6x(x), are shown in the plot below. Using IHT, Egs. (11) and
(12) were entered into the workspace and a graph created. The special features are noted:

(1) No gradient at midpoint, x = 0; symmetrical
distribution. 180

140 X

(2) No discontinuity of gradient at wy/2
(20 mm).

100

(3) Temperature excess and gradient approach
zero with increasing value of x.

Strip temperature, T (C)

60 RN

—

20

0 50 100 150 200 250 300

x-coordinate, x (mm)

—>— Region 1 - constant heat flux, g"o
—+— Region 2 - x >= wl/2

COMMENTS: How wide must the strip be in order to satisfy the infinite fin approximation such that 6,
(X - o) =07? For x = 200 mm, find 8,(200 mm) = 6.3°C; thiswould be a poor approximation. When x

= 300 mm, 8,(300 mm) = 1.2°C; hence when w,/2 = 300 mm, the strip is a reasonabl e approximation to
an infinitefin.



PROBLEM 3.104

KNOWN: Thermal conductivity, diameter and length of awire which is annealed by passing an electrical
current through the wire.

FIND: Steady-state temperature distribution along wire.

SCHEMATIC:
T e fdQ
Il —>X__ er ______ conv
T —_—_ H g___? w > ‘
v e LThi_n WIr'e,I LD".\ Zx Dx+dx

k<

ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional conduction along the wire, (3) Constant
properties, (4) Negligible radiation, (5) Uniform convection coefficient h.

ANALYSIS: Applying conservation of energy to adifferential control volume,
Ox + Eg —ddcony —Ox+dx =0

Ux+dx = dx "'dc?—xdx Oy = —k(rr D2/4)dT/dx

dicony =h(TD &) (T-Too)  Eg =a(mD?/4)ax.
Hence,

21
k(nD2/4) ) dx+q(7TD2/4)dx h(mDdx) (T -Te) =0
dx?

2
dg 4h9 q -0
dX kD k

The solution (general and particular) to this nonhomogeneous equation is of the form

or,with8=T-T,,

g=Cpe™ +C, g™ + 1

km?
where m2 = (4h/kD). The boundary conditions are:
dé
=0=m¢C; ®-mc, & . G =C
oix E( " 1 2 1 2
6(L)=0=C (em" +e'm") + 4 C = gk’ =C
—v=+1 5 7 1= o =2
km2 emL +e—mL
The temperature distribution has the form
mx O .
% _]D:Too g [rosh mx _]é' <

COMMENTS: This processis commonly used to anneal wire and spring products. To check
the result, notethat T(L) = T(-L) = Te.



PROBLEM 3.105

KNOWN: Electric power input and mechanical power output of a motor. Dimensions of housing, mounting pad
and connecting shaft needed for heat transfer calculations. Temperature of ambient air, tip of shaft, and base of
pad.

FIND: Housing temperature.

SCHEMATIC:
E‘:Iec\, 2 | ____ L Ah'z’” T
o i TR 7=25°C. hs=300Wim*-K
00=25 °C T T T ! I = 1 TU)<To=25C
bh-IOW/mz K 9P mechrs < 05m—> ~0.05m

P -ZSkW ———————— L— ks- 400W/7” K
elec ; kp= 05 Wfm-K
Frech=15kW +2005m” Fe—W=0fn— Tp=25°C=TH

ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional conduction in pad and shaft, (3) Constant
properties, (4) Negligible radiation.

ANALYSIS: Conservation of energy yields
Petec ~Pmech —0dh —0p —ds =0

2 (Th Too) coshmL -6 /6y,
=hpAp (Th = Too ), kw2 _®/ =M _
dh =hhAn(Th-Tw),  dp =kp t Os e
5 1/2 072 4 /2
6.=0 mL =(4hs|— /ksD) ) M:@%D hsks@ (Th —To ).

(512/45D3h5k5)1/2 (Th =T

Hence s =

tanh (4hSL /ksD)
Substituting, and solving for (T - Te),
_ — Palec ~ Pmech
Th=Te = 5 s W2 5 1/2
hnAp +kpW /t+((7‘r2/4)D hsks) /tanh (4hSL /kSD)

)1/ 2

((n /4)D heks|  =6.08 WIK, (4hSL /kSD) =387, tanhmL=0.999

(25-15)x10% W _ 10 w

Th—Te = =
40x2+05(0.7)7/0.05+6.08/0.999 Wik (20+490+6.I5)WIK

Th —Te =322.1K Th =347.1°C <
COMMENTS: (1) T islarge enough to provide significant heat loss by radiation from the
housing. Assuming an emissivity of 0.8 and surroundings at 25°C, Qygg = £An (Tﬁ' ‘T5141r) = 4347
W, which compares with Geony =hAp (Th =To, ) =5390 W.  Radiation has the effect of

decreasing Th. (2) Theinfinite fin approximation, ds = M, is excellent.



PROBLEM 3.106

KNOWN: Dimensions and thermal conductivity of pipe and flange. Inner surface temperature of
pipe. Ambient temperature and convection coefficient.

FIND: Heat loss through flange.

SCHEMATIC:
T = 20°C —> [ t=15mm
h=10 Wm2-K —> r a T
To
7 7
Ts,i = 300°C 4 R - D;j =120 mm R
2
—¥ p, =150 mm
o
k = 40 W/m-K I* Rtw
— Ds = 250 mm Tsi

ASSUMPTIONS: (1) Steady-state, (2) One-dimensional radial conduction in pipe and flange, (3)
Constant thermal conductivity, (4) Negligible radiation exchange with surroundings.

ANALYSIS: From the thermal circuit, the heat loss through the flanges is
Riw +tRtf  Hn(Do/Dj)/ 4rtkZ+(1/ hAg 1y )

Since convection heat transfer only occurs from one surface of aflange, the connected flanges may be
modeled as asingle annular fin of thickness t' = 2t =30mm. Hence, rye = (Ds /2) +t'/2 =0.140m,

Af = 271(r22C —r12) =2n(r22C —DO/Z) =2 n(o.14o2 —0.062)m2 =0.101m?, Lo=L+t'/2=

(Df -Do )/ 2+t =0085m, Ap =Lt =0.00195m?, L2/%(n/kA,
r2d/(Do/2) = 1.87, Fig. 3.19 yidlds s = 0.94. Hence,

1/2
J'“ =0.188. Withrydr, =

300°C-20°C

q =
9 (1.25)/ 4% 0.03m x40W / m [B(§+(1/10W/m2 K x0.101m? xo.94)

q= 280°C =262W <
(0.0148+1.053)K /W

COMMENTS: Without the flange, heat transfer from a section of pipe of width t' = 2t is
a=(Tsi ~Teo )/ (Rew +Re.cny ). Where Ry gny = (nx7Dot') ™ =7.07K /W. Hence,

g =39.5W, and there is significant heat transfer enhancement associated with the extended surfaces
afforded by the flanges.



PROBLEM 3.107

KNOWN: TC wire leads attached to the upper and lower surfaces of a cylindrically shaped solder
bead. Base of bead attached to cylinder head operating at 350°C. Constriction resistance at base and
TC wire convection conditions specified.

FIND: (a) Thermal circuit that can be used to determine the temperature difference between the two
intermediate metal TC junctions, (T, — T»); label temperatures, thermal resistances and heat rates; and

(b) Evaluate (T1 — Ty) for the prescribed conditions. Comment on assumptions made in building the
model.

SCHEMATIC:
Winter ambient conditions To th‘z To
Ty =-10°C <+
h'= 100 W/m2-K g2
—— Solder bead Rsol
% 1 T Dsol = 6 mm
Very long TC wires . 2 ksol = 10 W/m-K <« T4
Dy =3 mm [ + a1 To Ric 1
kw = 70 W/m-K O [ Lsol = 10 mm ' Reon
LT
. ) ! \L Constriction resistance Thead
Cylinder bead (o e ‘—/_ Reon = 1/(Zkheastol) q
Thead = 385°C :

Khead = 40 W/m-K

ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional conduction in solder bead; no
losses from lateral and top surfaces; (3) TC wires behave asinfinite fins, (4) Negligible thermal
contact resistance between TC wire terminals and bead.

ANALYSIS: (a) Thethermal circuit is shown above. Note |abels for the temperatures, thermal
resistances and the relevant heat fluxes. The thermal resistances are as follows:

Constriction (con) resistance, see Table 4.1, case 10
Reon =1/ (2KpeadDsol ) =1/ (240 W/ m K x0.006 m) =2.08 K /W
TC (tc) wires, infinitely long fins; Eq. 3.80

)—0.5

_ _ — _ -2
th,l = th,2 =Rfin —(hpkwAc P=mDy,Ac =TDy 14

=46.31K/W

Ric = (100 W/ m? K x712 x(0.003 m)° x70 W /m ua(/4)

Solder bead (sal), cylinder Dgy and Loy

— — 2
Rsol =Lsol / (KsolAsol ) Agpl =TDg, /4
Reo =0.010 m/(lO W /m K x77(0.006 m)2/4) =35.37 K/W

(b) Perform energy balances on the 1- and 2-nodes, solve the equations simultaneously to find T4 and
To, fromwhich (T — T») can be determined.

Continued .....



PROBLEM 3.107 (Cont.)

T2-M , Theed =T , T =T1 _
Rsol Rcon th,l

Node 1

T —To N T -To _0
th,2 Rsol

Node 2

Substituting numerical values with the equations in the IHT Workspace, find

Tp =359°C Tp =199.2°C Tp —To =160°C
COMMENTS: (1) With this arrangement, the TC indicates a systematically low reading of the
cylinder head. The size of the solder bead (L) needsto be reduced substantially.

(2) The model neglects heat |osses from the top and lateral sides of the solder bead, the effect of
which would be to increase our estimate for (T4 —T2). Constriction resistance isimportant; note that
Theag — T1 = 26°C.



PROBLEM 3.108

KNOWN: Rod (D, k, 2L) that is perfectly insulated over the portion of itslength—L < x < 0and
experiences convection (T, h) over theportion0<x <+ L. Oneendismaintained at T1 and the
other is separated from a heat sink at T3 with an interfacial thermal contact resistance Ric.

FIND: (&) Sketch the temperature distribution T vs. x and identify key features; assume T1 > T3 >
To; (b) Derive an expression for the mid-point temperature T» in terms of thermal and geometric

parameters of the system, (c) Using, numerical values, calculate T, and plot the temperature
distribution. Describe key features and compare to your sketch of part (a).

SCHEMATIC:
To = 20°C Ric
Insulation ~> h =500 W/m2 K w Ts = 100°C
2
Ty = 200° . [RRRULLLLL = _ D=5 mm
///////////////////////'.\_Rode lIz=§380mvr\?/ <
i) ) = m_
' > & Ric = 4x10™ m2-K/W

-L 0 +L

ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional conduction in rod for —-L < x <0,
(3) Rod behaves as one-dimensional extended surface for 0 < x < +L, (4) Constant properties.

ANALYSIS: (&) The sketch for the temperature distribution is shown below. Over the insulated
portion of the rod, the temperature distribution islinear. A temperature drop occurs across the
thermal contact resistance at x = +L. The distribution over the exposed portion of the rod is non-
linear. The minimum temperature of th?\system could occur in this portion of the rod.

Matching temperature

Linear and gradients

Non-linear

(b) To derive an expression for T», begin with the general solution from the conduction analysis for a
fin of uniform cross-sectional area, Eq. 3.66.

0(x)=Ce™ +Cre™™  0s<x<+L (1)
wherem = (hP/kAC)ﬂ2 and 6 = T(X) - T. Thearbitrary constants are determined from the boundary
conditions.

At x = 0, thermal resistance of rod

dé O -6(0
ax (0) = kAc E( " 61 L( ) 61 =T —Too
mCle —mCze :Egl—(cle +C2e0)5 2

Continued .....



PROBLEM 3.108 (Cont.)

0 6(0 R},
_/1 y L () tc 93
_+> > :
77 777 a0) a(L) |
x=0 x=L
At x=L, thermal contact resistance
de 0o 6 e
- S oo
L tc’' e
-k gnclemL -mCoe 5 L Eclem'- +Coe ™M ml 9;% 3

Egs. (2) and (3) cannot be rearranged easily to find explicit formsfor Cq and C,. The constraints will
be evaluated numerically in part (c). Knowing C1 and Cy, Eq. (1) gives

6y =6(0) =Ty ~To, =C;€” +Cpe” (4)

(c) With Egs. (1-4) in the IHT Workspace using numerical values shown in the schematic, find T, =
62.1°C. Thetemperature distribution is shown in the graph below.

Temperature distribution in rod

200

) 150
x
|_
g

5 100
<
5]
Q.
5

ad 50

\\/—/
0
-50 -30 -10 10 30 50

x-coordinate, x (mm)

COMMENTS: (1) The purpose of asking you to sketch the temperature distribution in part (a) was

to give you the opportunity to identify the relevant thermal processes and come to an understanding of
the system behavior.

(2) Sketch the temperature distributions for the following conditions and explain their key features:
(@ Ric =0, (b) Ric — o, and (c) the exposed portion of the rod behaves as an infinitely long fin;
that is, k isvery large.



PROBLEM 3.109

KNOWN: Longrod in oven with air temperature at 400°C has one end firmly pressed
against surface of abillet; thermocouplesimbedded in rod at locations 25 and 120 mm from
the billet indicate 325 and 375°C, respectively.

FIND: Thetemperature of the billet, Tp,.

SCHEMATIC:
Rod ———— Oven wall )
fmmdn 1o CAID Tp=400°C
1201 | —=L=375°C
b 50| b4=325°C
Billet

ASSUMPTIONS: (1) Steady-state conditions, (2) Rod isinfinitely long with uniform cross-
sectional area, (3) Uniform convection coefficient along rod.

ANALYSIS: For aninfinitely long rod of uniform cross-sectional area, the temperature
distribution is

6 (x) =6pe™ 1)
where
6(x)=T(x)-Te 6p =T(0) ~Teo =Tp ~Too.

Substituting values for Tq and T» at their respective distances, x1 and X, into Eq. (1), itis
possible to evaluate m,

Q(Xl) _ Qbe_mxl :e'm(xl_XZ)

6 (X2) B2

(325-400)°C _ -m(0.025-0.120)m
(375-400)° C

m=11.56.

Using the value for m with Eqg. (1) at location X1, it is now possible to determine the rod base
or billet temperature,

0(x1) =T ~Too =(Tp ~Teo )€™
(325-400)° C=(Ty, —400)° C ¢ 11:96X0.025
Tp =300°C. <

COMMENTS: Using the criteriamL = 2.65 (see Example 3.8) for the infinite fin
approximation, the insertion length should be > 229 mm to justify the approximation,



PROBLEM 3.110

KNOWN: Temperature sensing probe of thermal conductivity k, length L and diameter D is mounted
on aduct wall; portion of probe L; is exposed to water stream at T, j while other end is exposed to

ambient air at Te, o; convection coefficients hy and h, are prescribed.

FIND: (a) Expression for the measurement error, ATgry = Tijp —Too j . (b) For prescribed Te, j and
Too,o, calculate ATgy for immersion to total length ratios of 0.225, 0.425, and 0.625, (c) Compute
and plot the effects of probe thermal conductivity and water velocity (h) on ATgy .

- oue /]

SCHEMATIC:

T,i=800°C

Probe
(Ary ——> pz125mm |1/ hj= 1100 Wim2 « K
7;0’0 =250C [ ~— t+— Sensing tip, Ttip
ho=towm2-k T T L
(I
e [=200mm —

ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional conduction in probe, (3) Probeis
thermally isolated from the duct, (4) Convection coefficients are uniform over their respective
regions.

PROPERTIES: Probe materia (given): k=177 W/mK.

ANALYSIS: (a) To derive an expression for
ATerr =Tip- Teo j , We need to determine the

temperature distribution in the immersed
length of the probe Ti(x). Consider the probe
to consist of two regions: 0< x; < L, the
immersed portion, and 0 < X, < (L - L), the
ambient-air portion where the origin
corresponds to the location of the duct wall.
Use the results for the temperature distribution
and fin heat rate of Case A, Table 3.4:

Temperature distribution in region i:
6 _ T (Xi)_Too,i cosh(mi (Li —Xi))+(hi/mik)sinh(|_i _Xi)

= . )
eb,i To _Too,i cosh(mi L; ) +(hi /m; k)Sl nh(mi L )
and the tip temperature, Ty, = Ti(L;) at X; = L;, is
Ttip = Teo cosh (0) +(hj /mjk)sinh(0)
SoAE - @
To~Tw,i cosh(m;L; ) +(hj /mjk)sinh(mjL;)
and hence
ATerr = Tip = Too | :A(To _Too,i) 3 <

where T, is the temperature at x; = X, = 0 which at present is unknown, but can be found by setting the
fin heat rates equal, that is,

Ui o =~ 4
Continued...



PROBLEM 3.110 (Cont.)

1/2

(hoPkAc)llzeb,o B =—(hiPKAc)" “6p, [T
Solving for T,, find
6o To-T.
bo _ 07 =0 _ —(hiPkAC)llzebi [0
Opi  To~Tw,i !

©®)

where the constants B and C are,
_sinh(mgLg )+ (ho/mek)cosh(mgLg)
~ cosh(mgL )+ (hg/mok)sinh (mgLo)

(6)

_sinh(miL; )+ (hi /mjk)cosh(miL ;)
cosh(mjL; )+ (hj /mik)sinh(mjL;)

()

(b) To calculate the immersion error for prescribed immersion lengths, Li/L = 0.225, 0.425 and 0.625,
we use Eq. (3) aswell asEgs. (2, 6, 7 and 5) for A, B, C, and T, respectively. Results of these
calculations are summarized below.

Li/L Lo (mm) L;(mm) A B C T,(°C) AT« (°C)
0.225 155 45 0.2328 0.5865 0.9731 76.7 -0.76 <
0.425 115 85 0.0396 0.4639 0.992 775 -0.10 <
0.625 75 125 0.0067 0.3205 0.9999 78.2 -0.01 <
(c) The probe behaves as afin having A 25
ends exposed to the cool ambient air 2 \
and the hot ambient water whose i 2
temperature is to be measured. If the £ 15
thermal conductivity is decreased, heat g
transfer along the probe length is g 1
likewise decreased, the tip temperature 5 \\
will be closer to the water temperature. 5 *° ~
If the velocity of the water decreases, o e S
the convection coefficient will 0.2 03 0.4 05 06 07

decrease, and the difference between the
tip and water temperatures will increase.

Immersion length ratio, Li/L

Base case: k =177 W/m.K; ho = 1100 W/m"2.K

—>— Low velocity flow: k =177 W/m.K; ho = 500 W/m"2.K

—©— Low conductivity probe: k =50 W/m.K; ho = 1100 W/m"2.K



PROBLEM 3.111

KNOWN: Rod protruding normally from a furnace wall covered with insulation of thickness Lng
with the length L, exposed to convection with ambient air.

FIND: (@) Anexpression for the exposed surface temperature T, as afunction of the prescribed
thermal and geometrical parameters. (b) Will arod of L, = 100 mm meet the specified operating
limit, To < 100°C? If not, what design parameters would you change?

SCHEMATIC:
Insulation

T.=250C
h=15W/m2 -K

O 2 ]

Furnace wall, Y
T,22000C [~

\Toi 100 °C Rod, D=25mm
k=60 W/m-K

T g T

Lins =200 mm —i k—Lg l

ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional conduction in rod, (3) Negligible
thermal contact resistance between the rod and hot furnace wall, (4) Insulated section of rod, Lips,
experiences no lateral heat losses, (5) Convection coefficient uniform over the exposed portion of the
rod, Lo, (6) Adiabatic tip condition for the rod and (7) Negligible radiation exchange between rod and
its surroundings.

ANALYSIS: (@) Therod can be modeled as athermal network comprised of two resistancesin
series. the portion of the rod, Lins, covered by insulation, Ry, and the portion of the rod, L,
experiencing convection, and behaving as a fin with an adiabatic tip condition, Ry, For the insulated
section:

Rins = Lins/KAc @) TS s
R; Ry
For the fin, Table 3.4, Case B, Eq. 3.76, 9 Ins fin
1
Rfin =6p/df = @)
(hPkA . Y 2 tanh (mL )
m = (hP/kA¢ )Y 2 A, =nD?/4 P=7mD (34:5)
From the thermal network, by inspection,
Ty -T Ty - T. :
0] 0o _ \W 00 TO =Too + Rfln (TW _Too) (6) <
Rfin  Rins *Rfin Rins *+ Rfin
(b) Substituting numerical valuesinto Egs. (1) - (6) with L, =200 mm,
. 2 0 o
To =25 c+&(200—25) C =109°C <
6.790 + 6.298
2 -
Rins = 0200m = 6.790K /W A =m(0.025m)2 /4 =4.900 104 m?

60W/ m K x4.909x10 % m

5/ p\l2
Rfin = (o.o347w / K ) tanh (6.324x0.200) =6.298K /W

(hPKA ) = (15W/m2 (K x77(0.025m) x60W/m [K x4.909 ><10_4m2) =00347W?/ K2

Continued...



PROBLEM 3.111 (Cont.)

1/2
m = (hP/ka )Y 2 = (15W/m2 K x(0.025m)/ 60W/m (K x4.909 ><10_4m2)

=6.324m "+
Consider the following design changes aimed at reducing T, < 100°C. (1) Increasing length of thefin
portions: with L, =200 mm, the fin already behaves as an infinitely long fin. Hence, increasing L,
will not result in reducing T,. (2) Decreasing the thermal conductivity: backsolving the above
equation set with To = 100°C, find the required thermal conductivity isk = 14 W/mIK. Hence, we
could select a stainless steel aloy; see Table A.1. (3) Increasing the insulation thickness: find that
for T, = 100°C, the required insulation thickness would be Lins = 211 mm. This design solution might
be physically and economically unattractive. (4) A very practical solution would be to introduce
thermal contact resistance between the rod base and the furnace wall by “tack welding” (rather than a
continuous bead around the rod circumference) the rod in two or three places. (5) A less practical
solution would be to increase the convection coefficient, since to do so, would require an air handling
unit.

COMMENTS: (1) Would replacing the rod by a thick-walled tube provide a practical solution?

(2) The IHT Thermal Resistance Network Model and the Thermal Resistance Tool for afin with an
adiabatic tip were used to create amodel of therod. The Workspace is shown below.

/l Thermal Resistance Network Model:
/I The Network:

q1 =) q=2
Y R21 "y REZ "y
1 vy 2 iy k]

/I Heat rates into node j,qij, through thermal resistance Rij
021 =(T2-T1)/R21
032 =(T3-T2)/R32

/I Nodal energy balances
gl+9g21=0
02-021+932=0
g3-932=0

/* Assigned variables list: deselect the qi, Rij and Ti which are unknowns; set gi = 0 for embedded nodal
points at which there is no external source of heat. */

T1l=Tw /I Furnace wall temperature, C

/lql = /I Heat rate, W

T2=To /I To, beginning of rod exposed length

g2=0 /I Heat rate, W; node 2; no external heat source
T3 = Tinf /I Ambient air temperature, C

/g3 = /I Heat rate, W

/l Thermal Resistances:

/I Rod - conduction resistance

R21 = Lins/ (k * Ac) /I Conduction resistance, K/IW
Ac=pi*D"2/4 /I Cross sectional area of rod, m"2

/l Thermal Resistance Tools - Fin with Adiabatic Tip:

R32 = Rfin /I Resistance of fin, KIW

/* Thermal resistance of a fin of uniform cross sectional area Ac, perimeter P, length L, and thermal
conductivity k with an adiabatic tip condition experiencing convection with a fluid at Tinf and coefficient h, */

Rfin = 1/ (tanh (m*Lo) * (h* P *k * Ac ) ~ (1/2) ) /I Case B, Table 3.4
m = sqrt(h*P / (k*Ac))

P=pi*D /I Perimeter, m

/I Other Assigned Variables:

Tw = 200 /I Furnace wall temperature, C

k =60 /I Rod thermal conductivity, W/m.K

Lins = 0.200 /I Insulated length, m

D =0.025 /I Rod diameter, m

h=15 /I Convection coefficient, W/m”2.K

Tinf = 25 /I Ambient air temperature,C

Lo =0.200 /I Exposed length, m



PROBLEM 3.112

KNOWN: Rod (D, k, 2L) inserted into a perfectly insulating wall, exposing one-half of its length to
an airstream (T, h). An electromagnetic field induces a uniform volumetric energy generation (¢)
in the imbedded portion.

FIND: (&) Derive an expression for T, at the base of the exposed half of the rod; the exposed region
ma%/ be approximated as a very long fin; (b) Derive an expression for T, at the end of the imbedded
halt of therod, and (c) Using numerical values, plot the temperature distribution in the rod and
describe its key features. Does the rod behave as avery long fin?

SCHEMATIC:
T = 20°C
/— Tp h = 100 W/m2-K
D=5mm

g J | L = 50 mm

| g | k=25 Wim-K _
o + o 3 =1x10° W/

AW o b 97 X0 Wm

ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional conduction in imbedded portion
of rod, (3) Imbedded portion of rod is perfectly insulated, (4) Exposed portion of rod behaves as an
infinitely long fin, and (5) Constant properties.

ANALYSIS: (a) Sincethe exposed portion of therod (0 < x < + L) behaves as an infinite fin, the fin
heat rate using Eq. 3.80is

BEBELLS

HEEELL,

toe!

s
toe!

e

(I

(035
R
AEEELBSE,
ﬂﬁ&% S

ax (0)=ar =M =(hPkA )Y 2(Tp -T.,) (1)

From an energy balance on the imbedded portion of the rod,

af =QqAcL 2)
Combining Egs. (1) and (2), withP=1D and A. = T[D2/4, find
Tp = Teo +0 (hPKAL) ™2 =T,, +aaY 2L (hPk) ™2 @ <

(b) The imbedded portion of the rod (-L < x < 0) experiences one-dimensional heat transfer with
uniform ¢. From Eqg. 3.43,

12
gL
T, =—+T, <
0 oK b
(c) The temperature distribution T(x) for the rod is piecewise parabolic and exponential,
2
oL [x[F
T(x)-Tp =— -L <x <0
()= = A T
T(X)-Te
L=exp(—mx) Osx <+l
Tp ~Teo

Continued .....



PROBLEM 3.112 (Cont.)

The gradient at x = 0 will be continuous since we used this condition in evaluating Tp. The

distribution is shown below with To = 105.4°C and T, = 55.4°C.
T(x) over embedded and exposed portions of rod

120
——
100

x
|_
@ 80
3
©
<4 60 \
=
(0]
|_

40

~—
20 —

-50 -40 -30 -20 -10 O 10 20 30 40 50

Radial position, x



PROBLEM 3.113

KNOWN: Very longrod (D, k) subjected to induction heating experiences uniform volumetric
generation (q) over the center, 30-mm long portion. The unheated portions experience convection

(Teo, D).

FIND: Calculate the temperature of the rod at the mid-point of the heated portion within the cail, T,
and at the edge of the heated portion, Ty,

SCHEMATIC:
T = 20°C ”
= = 7 55106 W/m?3 h =10 W/m2-K _ ax(L) = ar

!Ooqu_'x m TLLLZZ222 2227,
| ] | o =3
io ©0 OI Lo77770007777, \

> X Very long rod, 5 mm dia. x=0 x=L =~ Fin

L=15mm k =25 W/m-K

ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional conduction with uniform ¢ in

portion of rod within the cail; no convection from lateral surface of rod, (3) Exposed portions of rod
behave as infinitely long fins, and (4) Constant properties.

ANALYSIS: The portion of the rod within the coil, 0 < x < + L, experiences one-dimensional
conduction with uniform generation. From Eq. 3.43,

To=——+Tp (1)

The portion of the rod beyond the cail, L < x < o, behaves as an infinitely long fin for which the heat
rate from Eq. 3.80is

ar =ax (L) =(hPkag )M 2(

whereP=1D and A. = nD2/4. From an overall energy balance on the imbedded portion of the rod as
illustrated in the schematic above, find the heat rate as

Tp —Teo ) (2

Ein —Eout +I.Egen =0

—0gf +9AcL =0

af =0AcL ©)
Combining Egs. (1-3),

Tp = Too +0AY 2L (hPK) /2 (4

4L?

To=Toy + 5 +OAT 2L (hPx) /2

)
and substituting numerical values find

To =305°C Ty =272°C <



PROBLEM 3.114

KNOWN: Dimensions, end temperatures and volumetric heating of wire leads. Convection coefficient
and ambient temperature.

FIND: (a) Equation governing temperature distribution in the leads, (b) Form of the temperature
distribution.

SCHEMATIC:

P=2(W+ t)
A= Wit

ASSUMPTIONS: (1) Steady-state, (2) One-dimensional conduction in X, (3) Uniform volumetric
heating, (4) Uniform h (both sides), (5) Negligible radiation.

ANALYSIS: (@) Performing an energy balance for the differential control volume,
Ein ~Eout tEg =0 Ox —Ox+dx ~Hddgony +GdV =0

dr 0O dar d drg, 0
-kA kKA A -h T -Te ) H0A =
°ax H o Cdx dx% ¢ deXH Pax( ) +0Acdx =0
2
dx w2 kAc

(b) With areduced temperature defined as © =T —To, —(gA/hP) and m? = = hP/KA, the

differential equation may be rendered homogeneous, with a general solution and boundary conditionsas
shown

2

d—C; -m?0 =0 O(x) =Ce™ +Cpe ™

dx

®p =C1 +Cy Oc =CeM +ce ™
it follows that

_ope M -, _ 9 -0e™
=L C2=
e M- —¢ e M- —¢
(@be—mL _ @C)emx +( & - @™ )e—mx
O(x)= “mL _ L <
e M- —¢eM

COMMENTS: If g islarge and hissmall, temperatures within the lead may readily exceed the
prescribed boundary temperatures.



PROBLEM 3.115

KNOWN: Disk-shaped electronic device (D, Lg, kg) dissipates electrical power (Pg) at one of its
surfaces. Deviceis bonded to a cooled base (T) using athermal pad (Lp, ka). Longfin (D, ki) is
bonded to the heat-generating surface using an identical thermal pad. Finis cooled by convection (T,
h).

FIND: (a) Construct athermal circuit of the system, (b) Derive an expression for the temperature of the
heat-generating device, Tq, in terms of circuit thermal resistance, T, and T.,; write expressions for the
thermal resistances; and (c) Calculate T4 for the prescribed conditions.

SCHEMATIC:
Lp— Ly Device Fins
Heat generating surface, P =15 W, T4 Lg=3mm D=6mm
kg = 25 W/m-K kf = 230 W/m-K
T —— L. Pads
\ . Lp =1.5mm
_ —Longfin, D, ki Ty =15°C kp = 50 Wim-K
To = 20°C Device, kg h =250 W/m2-K

Thermal pads, kp

ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional conduction through thermal pads
and device; no losses from lateral surfaces; (3) Finisinfinitely long, (4) Negligible contact resistance
between components of the system, and (5) Constant properties.
ANALYSIS: (a) Thethermal circuit is shown below with thermal resistances associated with
conduction (pads, Rp; device, Ry) and for the long fin, Ry.
To Td Tco
—> Ao «—
Jda Rp Rd T Rp Rf 9b

(b) To obtain an expression for T, perform an energy balance about the d-node

Ein —Eout =0a *dp +P= =0 (1)
Using the conduction rate equation with the circuit
To T, Too =T,
Oa = o~ 'd ap = oo 7 d (2,3)
Rf +Ry Rp +Rs

Combine with Eg. (1), and solve for Tg,
Pe+To/(Rp +Rq) +Te / (Rp +R¢)

Td (4)
1/(Rp +Rq)+1/(Rp +Ry )
where the thermal resistanceswith P=1D and A¢ = T[D2/4 are
— _ -1/2

(c) Substituting numerical values with the foregoing relations, find

Rp:1.061 K/W Rq =4.244 K/W R =5.712 K/W
and the device temperature as

Tq =62.4°C <

COMMENTS: What fraction of the power dissipated in the device is removed by the fin? Answer:
Qu/Pe = 47%.



PROBLEM 3.116

KNOWN: Dimensions and thermal conductivity of a gas turbine blade. Temperature and convection
coefficient of gas stream. Temperature of blade base and maximum allowable blade temperature.

FIND: (a) Whether blade operating conditions are acceptable, (b) Heat transfer to blade coolant.
SCHEMATIC:

T..= 1200 °C //"/'
h =250 W/m2K

Turbine blade,
k=20 WimK, A, =6x104m?,
P=0.11m

/T, =300°C Disc

1 v3p

ASSUMPTIONS: (1) One-dimensional, steady-state conduction in blade, (2) Constant k, (3) Adiabatic
blade tip, (4) Negligible radiation.

ANALYSIS: Conditionsin the blade are determined by Case B of Table 3.4.
(a) With the maximum temperature existing at x = L, Eq. 3.75 yields
T(L)-Tew 1
Tp—Tew  CoshmL

1/2 _

2 —4 _2\l/2
m = (hPIKA() —(250W/m (K x0.11m/20W/m [K x6 x10""'m )

m=47.87m" and mL =47.87m" x 0.05m=2.39
From Table B.1, cosh mL = 5.51. Hence,

T(L)=1200°C +(300 -1200)° C/5.51 =1037°C <
and the operating conditions are acceptable.

1/2

(b) With M = (hPka, ) 2 @, :(2soW/m2 (K x0.11m x20W/m [K x6 >¢o‘4m2) (Jgoo°c) = 517W,
Eq. 3.76 and Table B.1 yield

gf =M tanhmL = -517W (0.983) = -508W

Hence, qp = —0f =508W <

COMMENTS: Radiation losses from the blade surface and convection from the tip will contribute to
reducing the blade temperatures.



PROBLEM 3.117

KNOWN: Dimensions of disc/shaft assembly. Applied angular velocity, force, and torque. Thermal
conductivity and inner temperature of disc.

FIND: (a) Expression for the friction coefficient |, (b) Radial temperature distribution in disc, () Value
of p for prescribed conditions.

SCHEMATIC:
fe—+t=12 mm

| 9cond,r + dr

o
< dgg r» =180 mm
0 =40 rads [N I B 2
=8N "'\ cond,r J
F=200N _(3+¢ f__"_ ''''''' )
r1—20 mm

T~k =15WmK

ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional radial conduction, (3) Constant k,
(4) Uniform disc contact pressure p, (5) All frictional heat dissipation is transferred to shaft from base of
disc.

ANALYSIS: (a) The normal force acting on adifferential ring extending fromr to r+dr on the contact
surface of the disc may be expressed as dR, = p27trdr . Hence, the tangential forceis diR = pp2rmrdr,
in which case the torque may be expressed as

dr = 2nypr2dr
For the entire disc, it follows that

r 2
T= 2npr’02 r2dr :?uprg’
where p= F/ m22 . Hence,

py=3T1 <
2 Frp
(b) Performing an energy balance on adifferential control volume in the disc, it follows that

deond,r +d0fric —Acond,r+dr =0
With dgfric =wdT = 2qu(r2/r22)dr » Acond,r+dr = Ycond,r +(d%ond,r/dr)drv and
Oeond,r = —K (27rt) dT/dr, it follows that
d(rdT/d
—(r far) dr =

2uFa)(r2/r22)dr + 27kt ar

or
d(rdT/dr) _  pFw 2
dr nktr2

Integrating twice,



PROBLEM 3.117 (Cont.)
dr __ uFw ;2 Cl
dar 37'rktr2 r

T= —sz 3 +Cylnr +Co
oriktrs

Sincethe disc iswell insulated at r =Ty, dT/dr|r2 =0 and

C = UFwry
3kt

With T(r) =Ty, it also follows that

Co=T+—— HFw 2 —lenrl
oriktr.

Hence,

_ HFw (3 3\ pFap T
T0=T- () g
97Tktr2 t n

(c) For the prescribed conditions,

3 8N[n

==————-=0.333
2 200N (0.18m)

Since the maximum temperature occursat r = r»,

Tmax =T(r2) =

U D?)
Faor: Or Foarp Or
Tl_ll 2[4 - DlDD"‘u 2y %
Orikt E 2] E 37kt D A

Continued...

With (uForp /3mikt) = (0.333x 200N x40rad/s x0.18m/3 mx15W/m [K x0.012m) =282.7°C,

Tmax = 800C -

Tmax =80°C-94.1°"C +621.1°C =607°C

2827°c 2 m.02FE 0.18]

U
3 EI. EO B +282.7° Cﬁrﬁm

<

COMMENTS: The maximum temperature is excessive, and the disks should be actively cooled (by

convection) at their outer surfaces.



PROBLEM 3.118
KNOWN: Extended surface of rectangular cross-section with heat flow in the longitudinal direction.

FIND: Determine the conditions for which the transverse (y-direction) temperature gradient is
negligible compared to the longitudinal gradient, such that the 1-D analysis of Section 3.6.1isvalid

by finding: (a) An expression for the conduction heat flux at the surface, q'y (t) in terms of Tgand
To, assuming the transverse temperature distribution is parabolic, (b) An expression for the
convection heat flux at the surface for the x-location; equate the two expressions, and identify the
parameter that determinestheratio (To— Tg)/(Ts- Tw); and (¢c) Developing acriterion for establishing
the validity of the 1-D assumption used to model an extended surface.

SCHEMATIC:

T(y) - Tox) _ (L )2
Ts()-Tol0)  \t

At an x-location, Ts(x) To(x)
surface energy balance x Temperature distribution at any x-location

ASSUMPTIONS: (1) Steady-state conditions, (2) Uniform convection coefficient and (3) Constant
properties.

ANALYSIS: (@) Referring to the schematics above, the conduction heat flux at the surfacey =t at
any x-location follows from Fourier’ s law using the parabolic transverse temperature distribution.

. oT [ 2yD 2k
%040 -«@g 2D =DE) B ®
t [&/:t
(b) The convection heat qux at the surface of any x-location follows from the rate equation
dov = Hs(X) ~TeH )

Performing a surface energy balance as represented schematically above, equating Egs. (1) and (2)
provides

q'y (t) = ey

-2 F (%) ~To (XJB=Ts (x) -

Ts(X)-To(X) _ _ht _

T () -Tw () -0, 5% -0.5 Bi €)

where Bi = ht/k, the Biot number, represents the ratio of the convection to the conduction thermal
resistances,

_ Rt t/k

=k (4)

Rev “1/h
(c) Thetransverse gradient (heat flow) will be negligible compared to the longitudinal gradient when
Bi << 1, say, 0.1, an order of magnitude smaller. Thisisthe criterion to validate the one-dimensional
assumption used to model extended surfaces.

COMMENTS: The coefficient 0.5 in Eq. (3) is a consequence of the parabolic distribution
assumption. This distribution represents the simplest polynomial expression that could approximate
thereal distribution.




PROBLEM 3.119
KNOWN: Long, aluminum cylinder acts as an extended surface.

FIND: (a) Increasein heat transfer if diameter istripled and (b) Increase in heat transfer if
copper is used in place of aluminum.

SCHEMATIC:
—
—._D 7?”1/, ——
D
Aluminum ﬁ ﬁ/q
or copper

ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensiona conduction, (3) Constant
properties, (4) Uniform convection coefficient, (5) Rod isinfinitely long.

PROPERTIES: Table A-1, Aluminum (pure): k =240 W/mIK; Table A-1, Copper (pure): k
= 400 W/mIK.

ANALYSIS: (a) For aninfinitely long fin, the fin heat rate from Table 3.4 is

1/2
ar =M =(hPkAc)™ “6p
1/2
or =(h Dk 7D?/4) " g =2(nk)?D32 g,

whereP=1D and A; = T|D2/4 for the circular cross-section. Note that gf a D3/2. Hence, if
the diameter istripled,

9(30) _ 32 ¢,
% (D)

and thereis a420% increase in heat transfer. <

(b) In changing from aluminum to copper, since gi o kﬂz, it follows that

ot (Cu) ke T2 moo?
(W) D] a2

and thereis a29% increase in the heat transfer rate. <

COMMENTS: (1) Becausefin effectivenessis enhanced by maximizing P/A. = 4/D, the use
of alarger number of small diameter finsis preferred to a single large diameter fin.

(2) From the standpoint of cost and weight, aluminum is preferred over copper.



PROBLEM 3.120
KNOWN: Length, diameter, base temperature and environmental conditions associated with a brass rod.

FIND: Temperature at specified distances along the rod.

SCHEMATIC:
@ h=30W/m2-K L=01m
~ To=20°C D=0005m
° X x. XI:O-02,57”
1p=200°C— I )}D x,=0.05m
/l‘—>x L

ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional conduction, (3) Constant properties, (4)
Negligible radiation, (5) Uniform convection coefficient h.

PROPERTIES: TableA-1, Brass (T =110° C): k =133 W/m K.
ANALYSIS: Evaluate first the fin parameter

/2
—_owed’?_ohep 7 _gnd’? D0 axsowim? 51
Acd TkrpZ/ah  HOH T E33W/mIK x0.008ms

m=1343m™L,

Hence, mL = (13.43)x0.1 = 1.34 and from the results of Example 3.8, it is advisable not to make the
infinite rod approximation. Thus from Table 3.4, the temperature distribution has the form

o= cosh m(L —x)+(h/mk)sinh m(L -x)
- coshmL + (h/mk)sinh mL
Evaluating the hyperbolic functions, cosh mL = 2.04 and sinh mL = 1.78, and the parameter

h . 3owm?K
mk  1343m (133 W/mK)

B

=0.0168,

with B = 180°C the temperature distribution has the form

shm(L —x)+0.0168 snhm(L -
g m(L -x) sinh m( X)(180°C).
2.07
The temperatures at the prescribed location are tabul ated below.
x(m) coshm(L-x) sinh m(L-x) [} T(°C)
x1 = 0.025 1.55 1.19 136.5 156.5 <
x2 =0.05 124 0.725 108.9 128.9 <
L=0.10 1.00 0.00 87.0 107.0 <

COMMENTS: If therod were approximated as infinitely long: T(xq) = 148.7°C, T(xp) =

112.0°C, and T(L) = 67.0°C. The assumption would therefore result in significant
underestimates of the rod temperature.



PROBLEM 3.121

KNOWN: Thickness, length, thermal conductivity, and base temperature of arectangular fin. Fluid
temperature and convection coefficient.

FIND: (a) Heat rate per unit width, efficiency, effectiveness, thermal resistance, and tip temperature
for different tip conditions, (b) Effect of convection coefficient and thermal conductivity on the heat
rate.

SCHEMATIC:

Too = 25°C o G
h =100 W/m2-K \A %‘ Aluminum alloy

Ty, = 100°C / k =180 W/m-K
6— .l‘
L=10 mm —] t=1mm

ASSUMPTIONS: (1) Steady-state, (2) One-dimensional conduction along fin, (3) Constant
properties, (4) Negligible radiation, (5) Uniform convection coefficient, (6) Fin width is much longer
than thickness (w >> t).

ANALYSIS: (a) Thefin heat transfer rate for Cases A, B and D are given by Egs. (3.72), (3.76) and
(3.80), where M = (2 hw’tk)/? (Tp - Tes) = (2 x 100 W/m2K x 0.001m x 180 W/miK)"? (75°C) w =
450 w W, m= (2hvkt)Y? = (200 W/m2& /180 WimiK x0.001m) Y2 = 33.3m™, mL = 33.3m™* x 0.010m
= 0.333, and (Wmk) = (100 W/m?IK/33.3m * x 180 W/mIK) = 0.0167. From Table B-1, it follows

that sinh mL = 0.340, cosh mL = 1.057, and tanh mL = 0.321. From knowledge of g, Egs. (3.86),
(3.81) and (3.83) yield

r ! 9
Ot £~Qf b

ny = , = , R, = =
"TheL+t)e, T me, Y g
Case A: From Eg. (3.72), (3.86), (3.81), (3.83) and (3.70),
, M sinhmL + (h/mk)cosh mL 0.340 + 0.0167 x1.057 <
gf =— : =450W/m =151W/m
w coshmL + (h/mk)sinh mL 1.057 +0.0167 x0.340
151w/
ng = 5 i =0.96 <
100W /m* (K (0.021m) 75°C
151W/m , 75°C <
& = 5 =201, Ryy =———— =050m K /W
100W / m* [K (0.001m) 75°C 151W/m
6 75°C
T(L)=T, + b =25°C + =956C <
coshmL + (h/mk)sinhmL 1.057 +(0.0167)0.340
Case B: From Egs. (3.76), (3.86), (3.81), (3.83) and (3.75)
.M
g =—tanhmL =450W/m(0.321) =144W /m <

w

g =092, & =192, Ryt =052 m K/W

(]

0y 7
T(L)=T, + =25°C +
coshmL 1.057

=96.0C

Continued .....



PROBLEM 3.121 (Cont.)
CaseD (L — ): From Egs. (3.80), (3.86), (3.81), (3.83) and (3.79)

M

g =— =450W/m <
w

N =0, & =600, Ry =0.167m K/W, T(L) =T, =25C <

(b) The effect of h on the heat rate is shown below for the aluminum and stainless steel fins.

Variation of qf' with h (k=180 W/m .K)

1500
B
E =
2 1000 =
b B =K
= o e
= 500
[
3 /g//
0 |
0 200 400 600 800 1000
Convection coefficient, h(W/m 2 .K)
—o— qfA’
—A— qfB’
—8— ¢fD’
Variation of qf' with h (k=15W/m .K)
400 ‘ /h/r_
E 300 /L/L
= AE/V
=
< 200 y
g }
B
2 100
0
0 200 400 600 800 1000
Convection coefficient, h(W/m 72 .K)
—o— qfA’
—&— qfB’
—&— qfD"

For both materials, there islittle difference between the Case A and B results over the entire range of
h. The difference (percentage) increases with decreasing h and increasing k, but even for the worst

case condition (h =10 W/mZEK, k =180 W/mIK), the heat rate for Case A (15.7 W/m) is only slightly
larger than that for Case B (14.9 W/m). For aluminum, the heat rate is significantly over-predicted by
the infinite fin approximation over the entire range of h. For stainless stedl, it is over-predicted for

small values of h, but results for all three cases are within 1% for h > 500 W/mZEE(.

COMMENTS: From the results of Part (a), we see thereisadight reduction in performance
(smaller valuesof g, n; and &;, aswell asalarger value of R; ¢) associated with insulating the tip.

Although ns = 0 for theinfinitefin, g and & are substantially larger than results for L = 10 mm,
indicating that performance may be significantly improved by increasing L.



PROBLEM 3.122

KNOWN: Thickness, length, thermal conductivity, and base temperature of arectangular fin. Fluid
temperature and convection coefficient.

FIND: (a) Heat rate per unit width, efficiency, effectiveness, thermal resistance, and tip temperature
for different tip conditions, (b) Effect of fin length and thermal conductivity on the heat rate.

SCHEMATIC:

Too = 25°C o R
h =100 W/m2-K \A %‘ Aluminum alloy

Ty, = 100°C / k =180 W/m-K
6— .l‘
L=10 mm —] t=1mm

ASSUMPTIONS: (1) Steady-state, (2) One-dimensional conduction along fin, (3) Constant
properties, (4) Negligible radiation, (5) Uniform convection coefficient, (6) Fin width is much longer
than thickness (w >> t).

ANALYSIS: (a) Thefin heat transfer rate for Cases A, B and D are given by Egs. (3.72), (3.76) and
(3.80), where M = (2 hw’tk)/? (Tp - Tes) = (2 x 100 W/m2K x 0.001m x 180 W/miK)"? (75°C) w =
450 w W, m= (2hvkt)Y? = (200 W/m2K /180 WimiK x0.001m) Y2 = 33.3m™, mL = 33.3m™ x 0.010m
= 0.333, and (W/mk) = (100 W/m?IK/33.3m* x 180 W/mIK) = 0.0167. From Table B-1, it follows

that sinh mL = 0.340, cosh mL = 1.057, and tanh mL = 0.321. From knowledge of o, Egs. (3.86),
(3.81) and (3.83) yield

N g _ O . _bp
ne = ;& = » Ryf =—
h(2L +1)6, ht 8, af
Case A: From Eg. (3.72), (3.86), (3.81), (3.83) and (3.70),
, M sinhmL + (h/mk)coshmL 0.340 + 0.0167 x1.057 <
gf =— : =450W/m =151W/m
w coshmL + (h/mk)sinh mL 1.057 +0.0167 x0.340
151W /
ne = ; m =0.96 <
100W /m* (K (0.021m) 75°C
151W /m , 75°C <
& = : =201, Ryt =———— =0.50m K /W
100W / m* [K (0.001m) 75°C 151W/m
6 75°C
T(L)=T, + b =25°C + =956C <
coshmL + (h/mk)sinhmL 1.057 +(0.0167)0.340
Case B: From Egs. (3.76), (3.86), (3.81), (3.83) and (3.75)
.M
g =—tanhmL =450W/m(0.321) =144W /m <
w
n; =092, & =192, Ryt =052 m K/W <
6 75°C
T(L) =T, +—2— =25C + =96.0C <

cosh mL 1.057
Continued .....



PROBLEM 3.122 (Cont.)
CaseD (L — ): From Egs. (3.80), (3.86), (3.81), (3.83) and (3.79)

M

g =— =450W/m <
w

ng =0, & =600, Ry =0.167m K/W, T(L) =T, =25C <

(b) The effect of L on the heat rate is shown below for the aluminum and stainless stedl fins.

Variation of gf'with L (k=180 W/m .K)

500
E 400 |
k= 300 -
(]
= 200 -
©
(]
T 100
vl
a
0
0 0.01 0.02 0.03 0.04 0.05
Fin length, L(m)
—o— qgfA’
—&— qfB’
—&— qfD’
Variation of gf with L (k=15 W/m .K)
150 I
e 120 ° ° 4 i
= ~
= 7~
= 90
g /
o 60
: {
[}
T 30
0
0 0.01 0.02 0.03 0.04 0.05
Fin length, L(m)
—&— qfA’
—— qfB’
—&— qfD’

For both materials, differences between the Case A and B results diminish with increasing L and are
within 1% of each other at L =27 mmand L = 13 mm for the aluminum and steel, respectively. At L
= 3 mm, results differ by 14% and 13% for the aluminum and sted, respectively. The Case A and B
results approach those of the infinite fin approximation more quickly for stainless steel dueto the
larger temperature gradients, [dT/dx|, for the smaller value of k.

COMMENTS: From the results of Part (a), we see thereisa dight reduction in performance
(smaller valuesof q;, iy and &, aswell asalarger value of R;¢) associated with insulating the tip.

Although n¢ = O for theinfinite fin, gz and & are substantially larger than results for L = 10 mm,
indicating that performance may be significantly improved by increasing L.



PROBLEM 3.123

KNOWN: Length, thickness and temperature of straight fins of rectangular, triangular and parabolic
profiles. Ambient air temperature and convection coefficient.

FIND: Heat rate per unit width, efficiency and volume of each fin.
SCHEMATIC:

Rectangular Triangular Parabolic

j: Y Le=L+t2=16.5mm Ty, = 100°C
,J o= 2000 %

Aluminum alloy
t=3mm k— L=15mm — h = 50 W/m2-K k =185 W/m-K

ASSUMPTIONS: (1) Steady-state, (2) One-dimensional conduction, (3) Constant properties, (4)
Negligible radiation, (5) Uniform convection coefficient.

ANALYSIS: For each fin,
Of =dmax =Nf hA} Bp, V =Ap
where ns depends on the value of m = (2h/kt)ﬂ2 = (100 W/mz[B(/185 W/mK x 0.003m)1/2 = 13.4m*

and the product mL = 13.4m * x 0.015m = 0.201 or mL¢ = 0.222. Expressionsfor ng, A; and Ap are

obtained from Table 3-5.

Rectangular Fin:

tnh mbe _0.218 _ 055 At =21, =0.033m <
mL¢ 0.222

q= 0.982(50W/ m? [H()0.033m(80°C) =129.6W/m, V' =tL =45x10° m? <

N =

Triangular Fin:

g :i II; Ezr:mLL)) ) (0.2212)(35042 =0978 A7 =2[{* +(t/ 2)2%1/2 =0030m <

q = 0.978(50W/ m? EIK)0.0SOm (80°C) =117.3W/m, V' =(t/2)L =2.25x10 >m? <
Parabolic Fin:

ne = 2 7 =0.963, A} = B:lL +(L2/t)ln(t/L +ol)5 =0.030m <

Hm)
g = 0.963(50W/m2 EIK)0.030m(80°C) =1156W/m, V' =(t/3)L =15x10 °m? <
COMMENTS: Although the heat rateis dlightly larger (~10%) for the rectangular fin than for the

triangular or parabolic fins, the heat rate per unit volume (or mass) is larger and largest for the
triangular and parabolic fins, respectively.



PROBLEM 3.124
KNOWN: Melting point of solder used to join two long copper rods.
FIND: Minimum power needed to solder the rods.

SCHEMATIC:
x =—|\—>X jCopper
! — 00
{
00—~ /> I o
D=lcm “Junction <}— To=25°C
T,-650°C ¢ h=10W/m=-K

ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensiona conduction along the
rods, (3) Constant properties, (4) No internal heat generation, (5) Negligible radiation
exchange with surroundings, (6) Uniform h, and (7) Infinitely long rods.

PROPERTIES: Table A-1: Copper T =(650+25)° C =600K: k =379 W/m [K.

ANALYSIS: Thejunction must be maintained at 650°C while energy is transferred by
conduction from the junction (along both rods). The minimum power is twice the fin heat rate
for aninfinitely long fin,

Amin =20 =2(hPkAG)Y 2 (Th ~Ter)-

Substituting numerical values,

/2
W WQOm 2 °
in =20 71x0.01Im 79— —(0.01m 650 -25) C.
dmin =2407_—(mx00tm) [379_ T8 T(00m)’]  (650-25)
Therefore,
Omin =120.9 W. <

COMMENTS: Radiation losses from the rods may be significant, particularly near the
junction, thereby requiring alarger power input to maintain the junction at 650°C.



PROBLEM 3.125
KNOWN: Dimensions and end temperatures of pin fins.

FIND: (a) Hesat transfer by convection from asingle fin and (b) Total heat transfer from a 1
m2 surface with fins mounted on 4mm centers.

SCHEMATIC:
DI
TO-100°C~ 2 27 h=100WmK |, AT)-0°C
! $ >
9cond, i et e i 9cond,o

D
s x Imm JQCOIIV L=25mm
ASSUMPTIONS: (1) Steady-state, (2) One-dimensional conduction along rod, (3) Constant
properties, (4) No internal heat generation, (5) Negligible radiation.
PROPERTIES: Table A-1, Copper, pure (323K): k =400 W/mK.
ANALYSIS: (a) By applying conservation of energy to thefin, it follows that

Gconv = Ycond,i ~Ycond,o

where the conduction rates may be evaluated from knowledge of the temperature distribution.
The general solution for the temperature distribution is

8(x)=Cpe™ +C, e™ =T -Te.

The boundary conditions are 6(0) = 6, = 100°C and 6(L) = 0. Hence
6p =C1+Co
0=y M +c, eMt

Therefore, C,=C, e?M

90 C2 _ _90 e2m|_

CG=——>F=—, —_
1_e2mL 1_eZmL

and the temperature distribution has the form

9= o mx _e2mL-mx[]
1-e2mL B
The conduction heat rate can be evaluated by Fourier’slaw,

do KA -6, 2mL-
- kA 0% _ _ KAc% mx  o2mL-mx[]
Gcond Cx 12l m € i

)1/ 2

or, with m = (hP/kA

1/2
Geond = - 0o (thAc) mx +eZmL—me_
1—e2mb 8

Continued .....



PROBLEM 3.125 (Cont.)
Henceat x = 0,

1/2
Geond = _ 6o (hPkAC) (1+e2mL)
! 1_e2mL
ax=L
1/2
__o(PRA?
Ucond,0 = -2l €

Evaluating the fin parameters:

/2
__Ohp D1/2:D4hD1‘/2:E 4x100 W/m? [K Sl s 60 il
*AcH HOH 500 WimK x0.001mg '

D‘]./Z [ n2 D1/2
(hPkac )Y 2 =B D3%kO =0 x(0.001m)® x100 \ZN x40 =093x103 W
g4 g B4 m~ [K mKg K
mL =31.62 m1x0.025m =0.791, eMl =2 204, e?ML -4 865
The conduction heat rates are
~100K (9.93x10'3 W/K)
.= x5.865 =1.507 W
Ucond,i ~3.865
~100K (9.93><10'3 W/K)
- x4.408 =1.133 W
Gcond,0 3.865
and from the conservation relation,
Oeony =1.507 W —1.133 W =0.374 W. <

(b) Thetotal heat transfer rate is the heat transfer from N = 250%x250 = 62,500 rods and the
heat transfer from the remaining (bare) surface (A = 1m2 - NA(). Hence,

=N deond, +hAB, =62,500 (1.507 W) +100W/m? & (0.951 m2) 100K

q=9.42x10% W+0.95x10% W=1.037 x10° W.
COMMENTS: (1) Thefins, which cover only 5% of the surface area, provide for more than
90% of the heat transfer from the surface.
(2) Thefin effectiveness, € =qgongj / hAb,, is€ =192, and the fin efficiency,
N =(Aeony /1T DL ), is n=0.48.
(3) The temperature distribution, 8(x)/8,, and the conduction term, gcong,j, could have been
obtained directly from Egs. 3.77and 3.78, respectively.
(4) Heat transfer by convection from a single fin could also have been obtained from Eq. 3.73.



PROBLEM 3.126
KNOWN: Pinfinof thermal conductivity k, length L and diameter D connecting two devices (Lg,kg)
experiencing volumetric generation of thermal energy (q) Convection conditions are prescribed (T e,
h).

FIND: Expression for the device surface temperature Ty, in terms of device, convection and fin
parameters.

SCHEMATIC:
h Too,h
//Z?—Pin fin, D, k

< Symmefry condition,
insulated tip

ASSUMPTIONS: (1) Steady-state conditions, (2) Pin finis of uniform cross-section with constant h,

(3) Exposed surface of device is at a uniform temperature Ty, (4) Backside of deviceisinsulated, (5)
Device experiences 1-D heat conduction with uniform volumetric generation, (6) Constant properties,
and (7) No contact resistance between fin and devices.

ANALYSIS: Recognizing symmetry, the pin fin is modeled as afin of length L/2 with insulated tip.
Perform a surface energy balance,

I-Ein - Eout =0

I
| —>
dd —ds ~ G =0 ) ! ?s
—_
The heat rate gq can be found from an 90, i 9;
energy balance on the entire device to find !
Ein —Eout + I'Eg =0 77797,
] |7 | Eg
—qg +4V =0 :2 L
. 1 !
dd =0Aglg ) :ﬁ _!_>
Vesege 9,:/
The fin heat rate, g, follows from Case B, ’ Table3.4
of =M tanh mL/2 = (hPkAG Y 2 (T —Teo Jtanh (mL/2),  m =(hPrkAG)Y 2 (34)
P/AC:nD/(r[D2/4):4/D and PA, = 1fD%/4. (5,6)

Hence, the heat rate expression can be written as

. n2 3 1/2 4h /2 é‘l—g

GAglg =h(Ag-Ac)(Tp ~Te) +(hk( D /4)) tanh [ O ZH(Tb To)  (7)
Solve now for Tp,

O 1/2 12 |
- : 23 4h
To = Teo +qu|—g/§1(Ag —AC) +(hk(n D /4)) tanh %ﬁﬁ Jm @<

g



PROBLEM 3.127

KNOWN: Positions of equal temperature on two long rods of the same diameter, but
different thermal conductivity, which are exposed to the same base temperature and ambient
air conditions.

FIND: Thermal conductivity of rod B, kg.
SCHEMATIC:

XA:O.15m Rod A) /(A=70W/777'K

? % {
reoc<q___Fnt (.
P f\L
xg=0.075m Rod B, kg

ASSUMPTIONS: (1) Steady-state conditions, (2) Rods are infinitely long fins of uniform
cross-sectional area, (3) Uniform heat transfer coefficient, (4) Constant properties.

ANALYSIS: Thetemperature distribution for the infinite fin has the form

/2
i = —T (X) Too = e—mx m= D hP Ell . (1,2)
O To-Tw FACD
For the two positions prescribed, x and xpg, it was observed that
Ta (XA):TB(XB) or QA (XA):QB(XB). 3

Since By, isidentical for both rods, Eq. (1) with the equality of Eqg. (3) requires that
MAXA =MpXp
Substituting for m from Eq. (2) gives

ow ¥% o hPD/ZX
0 XA=O—f8 X
AAcO OkeAd]

Recognizing that h, P and A areidentical for each rod and rearranging,

FD kA

kg = é’ﬂgxmwmm =17.5W/m K. <

COMMENTS: This approach has been used as a method for determining the thermal
conductivity. It hasthe attractive feature of not requiring power or temperature
measurements, assuming of course, areference material of known thermal conductivity is
available.



PROBLEM 3.128

KNOWN: Slender rod of length L with ends maintained at T, while exposed to convection
cooling (Te < Tg, h).

FIND: Temperature distribution for three cases, when rod has thermal conductivity (a) ka,,
(b) kg <kp, and (c) kp forO<sx < L/2and kg for L/2<x < L.

SCHEMATIC:
o L 0. b
3 . £
Lax/L o5 P
7 kg<kp
T(x) ° L

I “e

0o . /A
o 05 zZ gl

ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensiona conduction, (3) Constant
properties, and (4) Negligible thermal resistance between the two materias (A, B) at the mid-
gpan for case (C).

ANALYSIS: (a, b) The effect of thermal conductivity on the temperature distribution when
all other conditions (T, h, L) remain the same is to reduce the minimum temperature with
decreasing thermal conductivity. Hence, as shown in the sketch, the mid-span temperatures
areTg (0.5L) < Tp (0.5L) for kg < ka. Thetemperature distribution is, of course,
symmetrical about the mid-span.

(c) For the composite rod, the temperature distribution can be reasoned by considering the
boundary condition at the mid-span.

Ay, (0.5L) = dy g (05L)
dT g dTQ

—kp — = kg —
dX Ch x=05L dX [ x=0.51

Sincekp > kg, it follows that
a7

04T |
H&HA,X:O_SL Ew B,x=0.5L

It follows that the minimum temperature in the rod must be in the kg region, x > 0.5L, and the
temperature distribution is not symmetrical about the mid-span.

COMMENTS: (1) Recognize that the area under the curve on the T-x coordinatesis
proportional to the fin heat rate. What conclusions can you draw regarding the relative

magnitudes of gsj, for cases (a), (b) and (c)?
(2) If L isincreased substantially, how would the temperature distribution be affected?



PROBLEM 3.129

KNOWN: Base temperature, ambient fluid conditions, and temperatures at a prescribed
distance from the base for two long rods, with one of known thermal conductivity.

FIND: Thermal conductivity of other rod.
SCHEMATIC:

Aluminum, k= ZOOW/m
{_(Sfanc/ar'd material)

T =25°C

(Test material)

L=75C 7
T =100°C<— X1 —>-;
3 E {
Te=60°C—

J

ASSUMPTIONS: (1) Steady-state, (2) One-dimensional conduction along rods, (3) Constant
properties, (4) Negligible radiation, (5) Negligible contact resistance at base, (6) Infinitely
long rods, (7) Rods are identical except for their thermal conductivity.

ANALYSIS: With the assumption of infinitely long rods, the temperature distribution is

6 T-T

o _ _ X
eb Tp—Tw

or

T- Too
Tp -

thp 2
- X

- ™ "HaH

Hence, for the two rods,

3 A~ Te D
DDib Too D EkBDU2
ETTB—T O] AD
(b~ Teo 1

In

In

DTA —To D
Dib Too D
DTB -Tw ]

DibTD

kg =56.6 W/m K.

12
kY2 = k1/2 = (200)

75-25

n
100-25 _7 5oy

N 60-25
100-25

<

COMMENTS: Providing conditions for the two rods may be maintained nearly identical, the
above method provides a convenient means of measuring the thermal conductivity of solids.



PROBLEM 3.130

KNOWN: Arrangement of fins between parallel plates. Temperature and convection coefficient of
air flow in finned passages. Maximum allowable plate temperatures.

FIND: (a) Expressions relating fin heat transfer rates to end temperatures, (b) Maximum power
dissipation for each plate.

SCHEMATIC:

Plate dimensions:
D=100mm x W=200 mm Le12m7 Lo i vx ——P Tp=300K,

—>
X t=lmm; N*._50 gﬁL— # F=lmm h= 150W/m2— K

L J
L7 - 350K

ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional conduction in fins, (3) Constant
properties, (4) Negligible radiation, (5) All of the heat is dissipated to the air, (6) Uniform h, (7)

Negligible variation in T, (8) Negligible contact resistance.

PROPERTIES: Table A.1, Aluminum (pure), 375 K: k =240 W/mIK.

ANALYSIS: (a) The general solution for the temperature distribution in finis
8(X)=T(X)~Te =C1€™ +Coe™

Boundary conditions: 6(0)=6p =To ~Two, 6(L)=6 =T_ ~Tu.

Hence 8, =C1 +C> 6. =CieM +ce™t

o = Clem" +(90 _Cl) emt

eL _eoe-ml_ el_ 90 'mL %eml_ _ q_
C= C2=0 i ol Tl _omL
gMt- _gMm eM- g eM- _g
mx _ m(x-L) m(L-x) _ -mXx
Hence 6 (x) = 6 e 6qe +6pe G e
emL _e—mL
" 00 %m(L-x) _e-m(L-x)E+eL (emx _e—mx)
B(x)=
emL _e—mL
B,sinh m(L-x)+ 8, sinh mx
6(x)= 0 ( )*6L .
sinh mL
Thefin heat transfer rate is then
O = —kACd—T - 4Dt %M oe m(L -x) + .9|_m cosh mx—
E_sm h mL sinh mL E
Hence = kDt - <
.0 Btanh mL sinh mLB
GOm 9|_m [l <

arL = thEsmh mL  tanh mL B

Continued .....



PROBLEM 3.130 (Cont.)

/2
0hp 072 _ B50 Wim? [K (2x0.1 m+2%0.001 m)d 1

(b) m=g—0 = 0 =355m
Ao [ 240WmKx01mx0001m [

mL =355 m1x0.012 m =0.43
sinh mL =0.439 tanh mL = 0.401 6, =100 K 6. =50 K

-1 _1|:|
Of o =240 W/m K x0.1 mx0.001 m Q0K x355m = SO0Kx355m
’ 0.401 0.439
Of o =115.4 W (fromthe top plate)
00K x355m™t 50K x355m10
gf | =240 W/m K x0.1 mx0.001 m -
’ 0.439 0.401
gf L =87.8W. (into the bottom plate)

Maximum power dissipations are therefore
Go,mex = Nt df,0 +(W —N¢t)Dhé,
Jo,max = 50%115.4 W+(0.200 50 x0.001) m x0.1 m x150 W/m2 K X100 K
Gomax = 5770 W+225 W =5995 W <
aL,max = ~Nfaf L +(W =N¢ t) Dh6,
gL max = —50x87.8W +(0.200 ~50 x0.001) m 0.1 m x50 W/m? K x50 K

AL max = —4390 W+112W = 4278 W. <

COMMENTS: (2) Itisof interest to determine the air velocity needed to prevent excessive heating of the air as

it passes between the plates. If the air temperature change is restricted to AT = 5 K, its flowrate must be
Otot _ 1717 W

= =0.34 kg/S
CpATe 1007 JkgK x5 K
Its mean velocity is then
Mair 0.34 kg/s

PairAc  1.16 kg/m®x0.012 m(0.2-50%0.001)m
Such avelocity would be impossible to maintain. To reduce it to areasonable value, e.g. 10

m/s, A¢ would have to be increased substantially by increasing W (and hence the space
between fins) and by increasing L. The present configuration isimpractical from the
standpoint that 1717 W could not be transferred to air in such a small volume.

(2) A negative value of g max impliesthat heat must be transferred from the bottom plate to
the air to maintain the plate at 350 K.



PROBLEM 3.131
KNOWN: Conditions associated with an array of straight rectangular fins.
FIND: Thermal resistance of the array.
SCHEMATIC:

W2 =1m
% -5

t <

k=200 Wm-K

L =0.008 m

9

h =150 W/m2-K

Wy=1m ——
ASSUMPTIONS: (1) Constant properties, (2) Uniform convection coefficient, (3) Symmetry about
midplane.
ANALYSIS: (@) Considering aone-half section of the array, the corresponding resistanceis
-1

Rio = (nohA¢)
where Ay = NA¢ +Ap. WithS=4mmandt=1mm, it followsthat N = W,/S=250, Af =
2(L/2)W, = 0.008 m* A, = Wo(W; - Nt) = 0.75 m?, and A, = 2.75 n’.
The overall surface efficiency is

NAf
=1-—(1-
Mo Al (1-nt)

where the fin efficiency is

tanhm(L/2) ohe 02 m(2t+2w,) 2 ond/? i
Nt =———5— ad m=p—g = = =38.7m
m(L/2) [KAG T KW, ags
With m(L/2) = 0.155, it follows that 7 = 0.992 and 1y = 0.994. Hence
-1
Rio = (0.994><150W/m2 K ><2.75m2) =2.44 x10 S K/W <

(b) The requirementsthat t = 0.5 m and (S - t) > 2 mm are based on manufacturing and flow passage
restriction constraints. Repeating the foregoing calculations for representative values of t and (S - t),
we obtain

S (mm) N t (mm) R, (K/W)
25 400 0.5 0.00169
3 333 0.5 0.00193
3 333 1 0.00202
4 250 0.5 0.00234
4 250 2 0.00268
5 200 0.5 0.00264
5 200 3 0.00334

COMMENTS: Clearly, the thermal performance of the fin array improves (R;, decreases) with
increasing N. Because s = 1 for the entire range of conditions, there is adight degradation in
performance (R;, increases) with increasing t and fixed N. The reduced performance is associated
with the reduction in surface area of the exposed base. Note that the overall thermal resistance for the

entirefin array (top and bottom) is R; o/2 = 1.22 x 102 K/W.



PROBLEM 3.132

KNOWN: Width and maximum allowable temperature of an electronic chip. Thermal contact
resistance between chip and heat sink. Dimensions and thermal conductivity of heat sink.
Temperature and convection coefficient associated with air flow through the heat sink.

FIND: (a) Maximum allowable chip power for heat sink with prescribed number of fins, fin
thickness, and fin pitch, and (b) Effect of fin thickness/number and convection coefficient on
performance.

SCHEMATIC:
/‘r* T.=85°C
W= 20 mm \ R} = 2x10°6 m2-K/W
_/ —— k=180 W/m-K
¥

Lp=3 mm

ek i
Li=15mm J — > AW AN
i‘ de Rt,c Rt,o
Tcn:20°C S —HK> K— §5=18mm

h =100 W/m2-K

ASSUMPTIONS: (1) Steady-state, (2) One-dimensional heat transfer, (3) Isothermal chip, (4)
Negligible heat transfer from top surface of chip, (5) Negligible temperature rise for air flow, (6)
Uniform convection coefficient associated with air flow through channels and over outer surfaces of
heat sink, (7) Negligible radiation.

ANALYSIS: (@) From thethermal circuit,
Riot  Rtc*Rtb+Rto

Uc

where Ry ¢ =R} ¢ /W? =2x10°m? 1K /W /(0.02m)* =0.005 K/W and Ry, = Lb/k(Wz)
=0.003m /180 W /m K (o.ozm)2 =0.042 K /W. From Egs. (3.103), (3.102), and (3.99)

NA
o :1—A—tf(1—nf ), A =NA; +Ap,

Rto = ,
" NohAt

where As = 2WL; = 2 x 0.02m x 0.015m = 6 x 10" m? and Ap, = W2 — N(tW) = (0.02m)° — 11(0.182
x 10 m x 0.02m) = 3.6 x 10* m?. With mL¢ = (2hvkt)? L = (200 W/m?K/180 W/mIK x 0.182

10°m)Y? (0.015m) = 1.17, tanh mL¢ = 0.824 and Eq, (3.87) yields

_tanh mL; _0.824
mL 1.17

=0.704

Ui

It follows that A; = 6.96 x 10 m?, no = 0.719, Ry o = 2.00 K/W, and
~ (85-20)°C
e = {0,005+ 0.042+ 2.00)K / W

=31.8W <

(b) The following results are obtained from parametric cal culations performed to explore the effect of
decreasing the number of fins and increasing the fin thickness.

Continued .....



PROBLEM 3.132 (Cont.)

N t(mm) s Rio (KIW) g (W) A ()
6 1.833 0.957 2.76 23.2 0.00378
7 1.314 0.941 2.40 26.6 0.00442
8 0.925 0.919 2.15 29.7 0.00505
9 0.622 0.885 1.97 32.2 0.00569

10 0.380 0.826 1.89 335 0.00632

11 0.182 0.704 2.00 31.8 0.00696

Although n¢ (and ng) increases with decreasing N (increasing t), there is areduction in A which

yieldsaminimum in Ry o, and hence a maximum value of g, for N = 10. For N = 11, the effect of h
on the performance of the heat sink is shown below.

Heat rate as a function of convection coefficient (N=11)

150

s 100

1

(on

)

©

E:

ko 50
0

100 200 300 400 500 600 700 800 900 1000
Convection coefficient, h(W/m2.K)

With increasing h from 100 to 1000 W/mZEK, Rt o decreases from 2.00 to 0.47 K/W, despite a
decrease in ns (and ng) from 0.704 (0.719) to 0.269 (0.309). The corresponding increasein gc is
significant.

COMMENTS: The heat sink significantly increases the allowable heat dissipation. If it were not
used and heat was simply transferred by convection from the surface of the chip with h = 100

WIm?IK, Ryot = 2.05 K/W from Part (a) would be replaced by Rgny = VhW? = 25 K/W, yielding qc =
2.60W.



PROBLEM 3.133

KNOWN: Number and maximum allowable temperature of power transistors. Contact resistance
between transistors and heat sink. Dimensions and thermal conductivity of heat sink. Temperature
and convection coefficient associated with air flow through and along the sides of the heat sink.

FIND: (a) Maximum allowable power dissipation per transistor, (b) Effect of the convection
coefficient and fin length on the transistor power.

SCHEMATIC:
Ty =100°C S © O
Ry = 0.045 K/W T. Rtpb Two
Ny=9 NWWAW-AAN-e —>
Lp=6 mm (Rt.c)equiv Rto Nidi
Lf:30 mm k =180 W/m-K

)L Nf=25
»— W =150 mm
T,=27°C =100 W/m2-K

ASSUMPTIONS: (1) Steady-state, (2) One-dimensional heat transfer, (3) Isothermal transistors, (4)
Negligible heat transfer from top surface of heat sink (all heat transfer is through the heat sink), (5)
Negligible temperature rise for the air flow, (6) Uniform convection coefficient, (7) Negligible
radiation.

ANALYSIS: (a) From the thermal circuit,

— Tt~ Too
N: g; =
t Ot (Rt,c)equiv

+Ryp+Rto
For the array of transistors, the corresponding contact resistance is the equivalent resistance
associated with the component resistances, in which case,

N

(Rt,c)equiv =Nt (1 RLC)H_l =(9/0.045K /W)™ =5x103K /W

The thermal resistance associated with the base of the heat sink is
Ly _ 0.006m
k(W)* 180 W/mK (0.150m)

From Egs. (3.103), (3.102) and (3.99), the thermal resistance associated with the fin array and the
corresponding overall efficiency and total surface areaare

N¢ A
No =1-%(1—I7f), At =NfAf +Ap
t

Rip = =1.48x10"3 K /W

Rto = '
" NohAt
Each fin hasasurface areaof Af=2W Lf =2 x 0.15m x 0.03m =9 x 10'3 m2, and the area of the
exposed base is Ap = W2 — N¢ (tW) = (0.15m)> — 25 (0.003m x 0.15m) = 1.13 x 10°> m>. With mL =
hvkt)Y? Ly = (200 W/im?K /180 W/miK x 0.003m)~2 (0.03m) = 0.577, tanh mL¢ = 0.520 and Eq.
(3.87) yidlds

_tanh mLs _ 0.520

= =0.902
mL; 0577

Ui

Hence, with A = [25 (9 x 10°°) + 1.13 x 109Jm? = 0.236m°,
Continued .....



PROBLEM 3.133 (Cont.)

25(0.009m2)
0=1- (1-0.901) =0.907

0.236m?

-1
Rio = (0.907 x100 W/ m? K ><0.236m2) =0.0467 K /W

The heat rate per transistor is then

1 (100-27)°C
Gt == =152 W <
9 (0.0050+0.0015 +0.0467)K / W

(b) As shown below, the transistor power dissipation may be enhanced by increasing h and/or L.

600

500

400

300

200

Transistor power (W)

100

0

100 200 300 400 500 600 700 800 900 1000

Convection coefficient, h(W/m 2 .K)

250
240
230
220

200
190
180
170

Heatrate, qt(W)

150

0.03 0.04 005 0.06 0.07 0.08 0.09 0.1
Fin length, Lf(m)

However, in each case, the effect of the increase diminishes due to an attendant reduction in ns. For
example, as h increases from 100 to 1000 W/mZEK for L = 30 mm, n¢ decreases from 0.902 to 0.498.
COMMENTS: The heat sink significantly increases the allowable transistor power. If it were not
used and heat was simply transferred from a surface of alreaW2 =0.0225 m’ with h =100 W/mZEK,
the corresponding thermal resistance would be Ry ¢ny = (hWZ)'1 K/W = 0.44 and the transistor power
would be gt = (Tt - Teo)/Nt Rt cny = 18.4 W.



PROBLEM 3.134

KNOWN: Geometry and cooling arrangement for a chip-circuit board arrangement.
Maximum chip temperature.

FIND: (a) Equivaent thermal circuit, (b) Maximum chip heat rate.

SCHEMATIC:
Pins (16),Dy=1:5mm, Ly=15mm
Too20C & .
h =;330Mmz./<—1> Ay \—7Z=75 °C, 2.,A.=(00127m)
Ap=Ac16Ar A

Ly ooosn:|3Lr —>7T,,;,=20C LR" -10%m2-K|W
kyotWmK—~ T2 b= 40Wm2 K i

ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional heat transfer in chip-
board assembly, (3) Negligible pin-chip contact resistance, (4) Constant properties, (5)
Negligible chip thermal resistance, (6) Uniform chip temperature.

PROPERTIES: Table A.1, Copper (300 K): k =400 W/m(K.

ANALYSIS: (a) Thetherma circuitis
. (hoAb)-l

‘__7;1,1' Té Qb_’ 7;2,0
% R,

cosh mL+(hg /mk)sinh mL
)1/2 (

_ 6y _
16df  16(hoPkAGy

Finh mL+(hg / mk)cosh mLE

(b) The maximum chip heat rate is
dc =160f +dp +q;.
Evaluate these parameters

/2 /2
p o D4hO 0 4x1000 W/m? d

-1
m= =81.7m
ﬁkAc,f E @ ﬁ @400 W/mK x0.0015 m@

- (81.7 m1x0.015 m) =123 snhmL =157, coshmL =1.86

2
(hmk) = OOWIMTEK 5 5306

81.7 m1x 400 W/m K

2 1/2
M = (hon D pk nDp/4) 8

/2
M = Ho00 wim? i (2 /4) 0.0015 m)? 400 Wim [H(El (55°c)=317wW.

Continued .....



PROBLEM 3.134 (Cont.)
Thefin heat rateis

sinh mL+(h/mk)coshmL _ 317y L-57+0.0306x1.86
cosh mL+(h/mk)sinhmL 1.86+0.0306x1.57

g =M

gf =2.703 W.

The heat rate from the board by convection is

Gb = NoAnfp =1000 Wim? K H0.0127 m)? —(1671/ 4)(0.0015 m)2555°c

Op =7.32 W.

The convection heat rateis
2 o
Te=Too, ) (0.0127 m) (55 C)

Uh; +Ric +Lp/kp)(L/Ac) (1/40+1o-4 + 0.005/1) m2 (K/W

Qi:(

g =029 W.
Hence, the maximum chip hest rateis
qc = B6(2.703) +7.32+0.299W =[43.25 +7.32 +0.29| W

gc =50.9 W. <
COMMENTS: (1) Thefins are extremely effective in enhancing heat transfer from the chip
(assuming negligible contact resistance). Their effectivenessis € = g /(r[ D% /4) ho6, =2.703
W/0.097 W = 27.8

(2) Without the fins, gz = 1000 W/mz[B((0.0127 m)255°C +0.29W =9.16 W. Hencethefins
provide for a (50.9 W/9.16 W) x 100% = 555% enhancement of heat transfer.

(3) With the fins, the chip heat flux is 50.9 W/(0.0127 m)2 or g =3.16 x10° W/m? =31.6
2
W/cm™.

(4) If the infinite fin approximation is made, gf = M = 3.17 W, and the actual fin heat transfer
isoverestimated by 17%.



PROBLEM 3.135

KNOWN: Geometry of pin fin array used as heat sink for a computer chip. Array convection and chip
substrate conditions.

FIND: Effect of pin diameter, spacing and length on maximum allowable chip power dissipation.

SCHEMATIC:
Physical System:

Copper (k = 400 W/m-K)

Pins (N p
Too =20°C , —
'= 250 Wim2-K .
o Tb =750C, g, A = (0.0127 m)?

Ap= A - NA
b="e”"eb }| ’ —R”t =104 m2 K/W

O

—> o0,/ 2
kp =1 W/m-K — hj=40 W/m=K

Thermal Circuit: T

OO,i TC TOO,O
DA e
q; 1/hiAC Lb/kbAC R"t C/AC Rto q¢

dc

ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional heat transfer in chip-board
assembly, (3) Negligible pin-chip contact resistance, (4) Constant properties, (5) Negligible chip thermal
resistance, (6) Uniform chip temperature.

ANALYSIS: Thetotal power dissipationis (¢ = Qj +qt , where

TC TOOI

g = =0.3W
| (]/h +Ric "'Lb/kb)/Ac
and
_ Te _Too,o
Qt _—Rt,o

The resistance of the pin array is
-1
0o~ (nohoAt)
where

NA¢
=1-——1 (1-
0 AL ( ’7f)

A; =NA; +Ap

At =mDpLg = Dy (Lp +Dp/4)
Subject to the constraint that N 2Dp < 9 mm, the foregoing expressions may be used to compute g, as a
function of D, for L, =15 mm and values of N = 16, 25 and 36. Using the IHT Performance

Calculation, Extended Surface Model for the Pin Fin Array, we obtain
Continued...



PROBLEM 3.135 (CONT.)

35

30 e

X

25

P
20

O/,A/
'

yd
15 & =
=
10
5

0

Heat rate, qt(W)

0.5 0.9 1.3 1.7 2.1 25
Pin diameter, Dp(mm)

—S— N=36
—&— N=25
—H— N=16

Clearly, it is desirable to maximize the number of pinsand the pin diameter, so long as flow passages are
not constricted to the point of requiring an excessive pressure drop to maintain the prescribed convection
coefficient. The maximum heat rate for the fin array (q, = 33.1 W) correspondstoN =36and D, = 1.5

mm. Further improvement could be obtained by using N = 49 pins of diameter D, = 1.286 mm, which
yield g, =37.7W.

Exploring the effect of L p for N=36and D, = 1.5 mm, we obtain

60

50

Heat rate, qt(W)

40

30

10 20 30 40 50
Pin length, Lp(mm)

N =36, Dp = 1.5 mm

Clearly, there are benefitsto increasing L P although the effect diminishes due to an attendant reduction
in n¢ (from ns =0.887 for Lp =15mmto nf =0.471for L, =50 mm). Although aheat dissipation
rate of ¢y =56.7 W isobtained for L p= 50 mm, package volume constraints could preclude such a
large fin length.

COMMENTS: By increasing N, Dp and/or Lp, the total surface area of the array, At , isincreased,
thereby reducing the array thermal resistance, Rt,o- The effects of Dp and N are shown for Lp =15

mm.

8
2
<
1 6 a
& N
g 4 A \s.
‘§ B |
k7 E\ELE T — o
& 2 ﬁ%_E; Bp

0

0.5 1 1.5 2 25
Pin diameter, Dp(mm)
—©— N=16

—&— N=25
—B— N=36



PROBLEM 3.136
KNOWN: Copper heat sink dimensions and convection conditions.

FIND: (a) Maximum allowable heat dissipation for a prescribed chip temperature and interfacial
chip/heat-sink contact resistance, (b) Effect of fin length and width on heat dissipation.

SCHEMATIC:

(—1/— =
WC 16 mm

—| |le—w

Square fins (N)

o
R Iy
to S
¥ T %e25°C
h =1500 W/m+-K
Reond,b O OO0 )~
R
t
¢ Copper
heat sink
TCT 0% (k = 400 W/m-K) T
L
f
n — '6 2
R't ¢ = 5 x 10°8m2K/W Ly = 3mm
) . S K
o ?({"fc?e’ft % ?(?:( % ?(2( Chip (T = 85 °C)
c

ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional heat transfer in chip-heat sink
assembly, (3) Constant k, (4) Negligible chip thermal resistance, (5) Negligible heat transfer from
back of chip, (6) Uniform chip temperature.

ANALYSIS: (@) For the prescribed system, the chip power dissipation may be expressed as

Ac =
Rtc * Reond,b +Rt,0
Ric 5x10°m? K/w
where Ry c=— = 2/ =0.0195K /W
W¢ (0.016m)
L 0.003m
Reond.b = —2 = =0.0293K /W

KWZ  400W/mK (0.016m)?
The thermal resistance of thefin array is

Rto = (’7ohAt)_1

where 1 =1—ﬁ(1—/7f )
At

and Ay =NA; +Ap =N (4wl ) +(WC2 —Nw2)
Continued...



PROBLEM 3.136 (Cont.)
Withw =0.25mm, S=0.50mm, L =6 mm,N=1024, and L =L +w/4 =6.063 ><1O_3 m, it
followsthat A; =6.06x10°9m? and A; =6.40x10"3m?. Thefin efficiency is

_ tanhmlL¢

L

where m = (hP/kA ¢ )Y 2 = (an/kw

No = 0.619, in which case

)1/2 =245m™ and mL. = 1.49. It followsthat s =0.608 and

Rio = (0.619><1500W/ m? [K x6.40 x10™3 m2) =0.168K /W

and the maximum allowable heat dissipation is

o = (85-25)°C e
¢ (0.0195+0.0293+0.168) K /W

(b) The IHT Performance Calculation, Extended Surface Model for the Pin Fin Array has been used
to determine ¢ asafunction of L for four different cases, each of which is characterized by the
closest alowable fin spacing of (S-w) = 0.25 mm.

Case w (mm) S (mm) N
A 0.25 0.50 1024
B 0.35 0.60 711
C 0.45 0.70 522
D 0.55 0.80 400
% 340 ‘
> 330 ‘
g 320 /4" —4
s 310 —o— |
€ 300 %
g =
2 290 ¥
= 280
270
6 7 8 9 10
Fin length, Lf(mm)
—e— w=0.25mm, S =0.50 mm, N =1024
—e— w=0.35mm, S=0.60mm, N= 711
—&— w=045mm, S=0.70mm, N = 522
—A— w=0.55mm, S =0.80 mm, N = 400

With increasing w and hence decreasing N, thereis areduction in the total area A, associated with
heat transfer from the fin array. However, for Cases A through C, the reductionin At ismore than

balanced by anincreasein s (and rg), causing areductionin Rt o and hence anincreasein Q.
Asthefin efficiency approachesitslimiting value of ¢ =1, reductionsin At dueto increasing w
are no longer balanced by increasesin s , and Q¢ beginsto decrease. Hence thereis an optimum

value of w, which dependson L¢ . For the conditions of this problem, L =10 mmandw = 0.55
mm provide the largest heat dissipation.



Problem 3.137

KNOWN: Two finned heat sinks, Designs A and B, prescribed by the number of finsin the array, N,
fin dimensions of square cross-section, w, and length, L, with different convection coefficients, h.

FIND: Determine which fin arrangement is superior. Calculate the heat rate, g, efficiency, ns, and
effectiveness, &, of asinglefin, aswell as, the total heat rate, g, and overall efficiency, n,, of the
array. Also, compare the total heat rates per unit volume.

SCHEMATIC:
k53 mm ——>
—{L=30mm [~—
57 mm :| %}
‘— / T,=75°C
L 54 pins, 9x6 array (Design A) b
Fin dimensions Convection
Cross section Length Number of coefficient
Design w X W (mm) L (mm) fins (W/mM?K)
A 1x1 30 6x9 125
B 3x3 7 14 x 17 375

ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional conduction in fins, (3)
Convection coefficient is uniform over fin and prime surfaces, (4) Fin tips experience convection,
and (5) Constant properties.

ANALYSIS: Following the treatment of Section 3.6.5, the overall efficiency of the array, Eq. (3.98),
is

_ Gt _ Ot
o=t - M
© Omax DAtOp

where A isthe total surface area, the sum of the exposed portion of the base (prime area) plus the fin
surfaces, EQ. 3.99,

At =NIAf +Ap 2
where the surface area of asingle fin and the prime area are

Af =4(LxW) +w? 6)

Ap =blxb2-N [A. 4
Combining Egs. (1) and (2), thetotal heat rate for the array is

At = Nng hAt6) +hA B (5

where n; isthe efficiency of asingle fin. From Table 4.3, Case A, for the tip condition with
convection, the single fin efficiency based upon Eq. 3.86,

i
= 6
nNf N (6)

Continued...



PROBLEM 3.137 (Cont.)

where
M sinh(mL) + (h/mk) cosh(mL) -
= cosn(mL) + (h/mk )sinh(mL)
M=(hPkAc) 28,  m=(hpkac)Y? P=aw  Ac=w? (8910
The single fin effectiveness, from Eq. 3.81,
_ U
& = 11
iy A (11)
Additionally, we want to compare the performance of the designs with respect to the array volume,
vol
of =cf /T af /(bDbZIL) (12)
The above analysis was organized for easy treatment with equation-solving software. Solving Egs.
(2) through (11) simultaneously with appropriate numerical values, the results are tabul ated below.
Design ! O No nr & g
(W) (W) (W/m?)
A 113 1.80 0.804 0.779 319 1.25x10°
B 165 0.475 0.909 0.873 25.3 7.81x10°

COMMENTS: (1) Both designs have good efficiencies and effectiveness. Clearly, Design B is
superior because the heat rate is nearly 50% larger than Design A for the same board footprint.
Further, the space requirement for Design B is four times less (0 = 2.12x10° vs. 9.06x10° m°) and
the heat rate per unit volumeis 6 times greater.

(2) Design A features 54 fins compared to 238 fins for Design B. Also very significant to the
performance comparison is the magnitude of the convection coefficient which is 3 times larger for
Design B. Estimating convection coefficients for fin arrays (and tube banks) is discussed in Chapter
7.6. Of concern is how the fins alter the flow past the fins and whether the convection coefficient is
uniform over the array.

(3) The IHT Extended Surfaces Model, for a Rectangular Pin Fin Array could have been used to solve
this problem.



PROBLEM 3.138

KNOWN: Geometrical characteristics of a plate with pin fin array on both surfaces. Inner and outer
convection conditions.

FIND: (a) Heat transfer rate with and without pin fin arrays, (b) Effect of using silver solder to join the
pins and the plate.

SCHEMATIC:
— > T, =20 oC
_ )
h_’=100 W/m2-K
. - > 0 —l I~ D,=4mm
N = 400 copper pins p
on 160 mm x 160 mm
copper plate (both sides) T, o
- Lp =20 mm
Rt,o(c)o

L. w
Rt o"=0 —
(integral machining) L =5mm
ur w R o(c)i
Rt c"=5 x 106 m2-k/w
(silver solder) T
o0,

—— T,;=65°C
hi’=5W/m2-K

ASSUMPTIONS: (1) Steady-state conditions, (2) Constant k, (3) Negligible radiation.

i

PROPERTIES: TableA-1: Copper, T =315K, k =400 W/mIK.

ANALYSIS: (a) The heat rate may be expressed as
TOO’i _TOO’O

q =
Rt,0(c),i T Rw T Rt,0(c),0

where

Rto(c) = (Uo(c)hAt )_1,

NA; O nf O
No(c) =1-—1 __fD’

At 0 GO
At = NAf +Ab,

Af =Dl = D, (L +D/4),
Ap=W2-NA¢p =W? —N(nD§/4),

Nt :tanh—ml_c’ m:(4h/kDIO

1/2
mL¢ )

Continued...



PROBLEM 3.138 (Cont.)

Cp =1+nshA¢ (Ri,c/Ac,b) '
and

L
RW :_W_
W2k

Calculations may be expedited by using the IHT Performance Calculation, Extended Surface Model for
the Pin Fin Array. For R}1C =0, C, =1, and with W = 0.160 m, R,, = 0.005 m/(0.160 m)2 400 W/mK =

4.88 x 10 K/W. For the prescribed array geometry, we also obtain Ag p = 1.26 x 10° m?, A¢ = 2.64 x
10", Ap =2.06 x 10° m? and A, = 0.126 n7’.

On the outer surface, where h, = 100 W/m?K, m= 158 m™, n; =0.965, 1o =0.970 and R; , =0.0817

K/W. Ontheinner surface, where h; =5W/m’[K, m=354m", n; =0.998, ny =0.999and Ry =
1.588 K/W.

Hence, the heat rateis

(65-20)°C
q= =26.94W <
(1.588 +4.88x10~ +0.0817) K/W
Without the fins,
Teoi =T 65-20)°C
i~ 0,0 ( ) =5.49W <

q = =
(I/hiAw )+ Ry +(VhoAy ) (7.81+ 4.88x107* +0.39)
Hence, the fin arrays provide nearly afive-fold increase in heat rate.
(b) With use of the silver solder, Ng(c),0 = 0.962 and Ry o(c),0 = 0.0824 K/W. Also, ]g(c),j =0.998
and Ry g(c),i = 1589 K/W. Hence
(65-20)°C
(1.589+ 4.88x1074 +0.0824) K/W

=26.92W <

Hence, the effect of the contact resistance is negligible.

COMMENTS: The dominant contribution to the total thermal resistance is associated with interna
conditions. If the heat rate must be increased, it should be done by increasing h;.



PROBLEM 3.139

KNOWN: Long rod with internal volumetric generation covered by an electrically insulating sleeve and
supported with aribbed spider.

FIND: Combination of convection coefficient, spider design, and sleeve thermal conductivity which
enhances volumetric heating subject to a maximum centerline temperature of 100°C.

SCHEMATIC:

Sleeve, kg Rib (N), t, L =23 mm,

ky =175 Wim-K

Fluid, T .=25°C, h

r3= 40 mm

q R'sleeve

R FRto

ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional radial heat transfer in rod, sleeve
and hub, (3) Negligible interfacial contact resistances, (4) Constant properties, (5) Adiabatic outer
surface.

ANALYSIS: The system heat rate per unit length may be expressed as

"— ¢ 2 - T]__Too
q q(nTo) Raeeve * Rhub +Rt,0
where
: In(r/ro) o, _In(r2/m) 4 , 1
R ===/ R =—= =2 =3168x10 K/W, Rig=—
deeve kg hub 21k, X m K/W, t,0 NohA} '
NA? , / ,
Mo :1—A—,tf(1—/7f), At =2(r3-1p), A} =NA} +(2rmr3 =Nt),
tanhm(r3—rp) 1/2
ng = , m=(2h/kt )
f m(fs—fz) ( /F)

The rod centerline temperature is related to T, through
g
To=T(0)=T +—=
o] ( ) 1 4k

Calculations may be expedited by using the IHT Performance Calculation, Extended Surface Model for
the Sraight Fin Array. For base case conditions of ks = 0.5 W/mK, h = 20 W/m?K,t =4 mmand N =
12, Rgeeve = 0.0580 mK/W, R't,o = 0.0826 mK/W, n; = 0.990, ' =387 W/m, and ¢ = 1.23 x 10°

W/m?®. Asshown below, ¢ may beincreased by increasing h, where h = 250 W/m’K represents a
reasonable upper limit for airflow. However, amore than 10-fold increasein h yields only a 63%
increasein (.

Continued...



PROBLEM 3.139 (Cont.)

2E6

1.8E6

1.6E6

1.4E6 /

Heat generation, qdot(W/m"3)

1.2E6

1E6

0 50 100 150 200 250
Convection coefficient, h(W/m”2.K)

t=4mm, N =12, ks =0.5 W/m.K

The difficulty isthat, by significantly increasing h, the thermal resistance of the fin array is reduced to
0.00727 mIK/W, rendering the sleeve the dominant contributor to the total resistance.

Similar results are obtained when N and t are varied. For values of t = 2, 3 and 4 mm, variations of N in
the respectiveranges 12 <N < 26, 12<N <21 and 12 < N < 17 were considered. The upper limiton N
was fixed by requiring that (S - t) = 2 mm to avoid an excessive resistance to airflow between theribs.

As shown below, the effect of increasing N is small, and thereislittle difference between results for the
three values of t.

21

2.08

Heat generation, qdotx1E-6(W/m

14 16 18 20 22 24 26
Number of ribs, N

A
12

—S— t=2mm, N: 12 - 26, h = 250 W/m"2.K
—©— t=3mm, N: 12 - 21, h = 250 W/m"2.K
—8&— t=4mm, N: 12 -17, h = 250 W/m"2.K

In contrast, significant improvement is associated with changing the sleeve material, and it is only
necessary to have ks = 25 W/miK (e.g. aboron sleeve) to approach an upper limit to the influence of Ks.

4E6

3.6E6 //

3.2E6 I/

2.8E6

Heat generation, gdot(W/m”3)

2.4E6

2E6

0 20 40 60 80 100
Sleeve conductivity, ks(W/m.K)
— t=4mm, N =12, h =250 W/m"2.K

For h = 250 W/m?K and ks = 25 W/mIK., only a slight improvement is obtained by increasing N. Hence,
the recommended conditions are:

h=250W/m2[H<, kg =25W/m K, N =12, t =4mm <
COMMENTS: The upper limit to ¢ isreached as the total thermal resistance approaches zero, in which
case Ty - T... Hence Gmax = 4k (To ~Teo )/ 18 =45x105W/m® .



PROBLEM 3.140
KNOWN: Geometrical and convection conditions of internally finned, concentric tube air heater.
FIND: (a) Thermal circuit, (b) Heat rate per unit tube length, (c) Effect of changesin fin array.

SCHEMATIC:

ry =13 mm
T o =25°C
hy'= 200 W/m2 K
rp =16 mm
— r3 =40 mm
_
KSteeI
T j=90°C (k=20 W/m-K)
h; = 5000 W/m?2-K
, Too,l 7;0,0
7 — e ANANANANANANN 0
R)'conv,/' R'cond R to

ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional heat transfer in radial direction, (3)
Constant k, (4) Adiabatic outer surface.

ANALYSIS: (a) For the thermal circuit shown schematically,

I _l I I I _1
Reonv,i = (hj2m) ™, Reond =In(r2/r)/2mk , and Rt,0 = (NohoAt) ™
where
NAj tanhmL
Mo =1—A—,f(1—nf), Af =2L =2(r3-1p), A} =NA} +(2mmy ~Nt),and g = 2
t mL
Tooi =T
(b) q,: : ( 0,| ’ oo,O) ,
Reonv,i + Reond +Rt,0
Substituting the known conditions, it follows that
-1
Reonv,i = (5ooow/ m? K x2nx0.013m) =2.45x10 °m B/W
Riond =In(0.016m/0.013m)/2r(20W/m [K ) =1.65 x10 >m (K /W
-1
Rio = (o.575><200w/ m? (K ><0.46]m) =18.86 x10 °m K/W
where s =0.490. Hence,
90-25)’C
q= (90-25) =2831W/m <

(2.45+1.65+18.86) 10 >m [K/W
(c) Thesmall value of s suggests that some benefit may be gained by increasing t, aswell as by
increasing N. With the requirement that Nt < 50 mm, we use the IHT Performance Calculation,
Extended Surface Model for the Sraight Fin Array to consider the following range of conditions: t =2
mm,12<N<25t=3mm,8<N<16t=4mm,6<N<12;t=5mm, 5< N < 10. Calculations based
on the foregoing model are plotted as follows.
Continued...



PROBLEM 3.140 (Cont.)

5000

%]
E >
s
= 4000 -/‘:/y
9 rL B/E '/'
©
% 5/;./1
1} 3000
I
2000
5 10 15 20 25

Number of fins, N

—®— t=2mm
—e— t=3mm
—&— t=4mm
—A— t=5mm

By increasing t from 2to 5 mm, s increases from 0.410 to 0.598. Hence, for fixed N, (' increases
with increasing t. However, from the standpoint of maximizing Qg , it is clearly preferable to use the

larger number of thinner fins. Hence, subject to the prescribed constraint, we would chooset = 2 mm
and N = 25, for which ' = 4880 W/m.

COMMENTS: (1) Theair side resistance makes the dominant contribution to the total resistance, and
effortstoincrease ' by reducing R't,o arewell directed. (2) A fin thickness any smaller than 2 mm
would be difficult to manufacture.



PROBLEM 3.141
KNOWN: Dimensions and number of rectangular aluminum fins. Convection coefficient with and without fins.

FIND: Percentage increasein heat transfer resulting from use of fins.

SCHEMATIC:

L=50mm —>] N=250m™*

I_;F w=width
+=05mm Ay =BOW[m2-K(with fins)
J b wo=FOW[m2-K(without fins)

fad
— Aluminum

ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional conduction, (3) Constant properties, (4)
Negligible radiation, (5) Negligible fin contact resistance, (6) Uniform convection coefficient.

PROPERTIES: Table A-1, Aluminum, pure: k =240 W/mlK.
ANALYSIS: Evauatethe fin parameters
L = L+t/2=0.05025m

Ap =Lt =0.05025m x0.5 x10°m=25.13 x10°® m?

/2
1/2 O 2 my
132 (hy kAR )" =(0.05025m)* % © 30 W/m“~ K 00
40 W/m K x25.13x10"m~H
1/2
L¥2(hy /kAp) “=0.794

It follows from Fig. 3.18 that ns = 0.72. Hence,
Gf =1fAmax = 0.72 hy 2wL 6y

gr = 0.72x30 W/m? [K x2x0.05m x(w 6},) =2.16 W/m K (w )

With the fins, the heat transfer from thewallsis
aw =N o +(1—Nt)W hw 6p

O = 250x2.16%(w 6p) +(Jm ~250 x5 ><10‘4m) x30 W/m? B (w 6p)

W (W 6p) =566 W 6.

Without the fins, gyo = hywo 1M x w B = 40 w 6. Hence the percentage increase in heat
transfer is
Ow ~Gwo _ (566-40)w 6y
dwo 40 w By,

=13.15 =1315% <

COMMENTS: If theinfinite fin approximation is made, it follows that gf = (thAC)ll2 Bp

=[hy2wkwt] Y2 B, = (30 x 2 x 240 x 5x10Y Y2\ 8, = 2.68 W B, Hence, g is
overestimated.



PROBLEM 3.142

KNOWN: Dimensions, base temperature and environmental conditions associated with rectangular and
triangular stainless stedl fins.

FIND: Efficiency, heat loss per unit width and effectiveness associated with each fin.

SCHEMATIC:
T, =100°C T, = 100°C To=20°C
T h'=75 W/m2.K
t
L =20mm L L
t=6mm

ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional conduction, (3) Constant properties,
(4) Negligible radiation, (5) Uniform convection coefficient.

PROPERTIES: Table A-1, Stainless Steel 304 (T = 333 K): k =15.3 W/mK.
ANALYSIS: For the rectangular fin, with L. = L + t/2, evaluate the parameter

= (0.023m)*'2 3 75w/ m? K 0 =0.66.
F45.3W/m(K (0.023m)(0.006m)g

Y2 ()

Hence, from Fig. 3.18, thefin efficiency is

ng =0.79 <
From Eq. 3.86, thefin heat rateis s =ns hA;8p =ns hPL By, =ns h2wL By, or, per unit width,

g = =o.79(75w/ m?2 [K)2(0.023m)80°C =218W/m. <
W

From Eq. 3.81, the fin effectivenessis

g = O Of XW  _ 218W/m —6.06 <
£ = - = 5 — =6.06.
Akl h(txw)8  75W/m? K (0.006m)80°C
For the triangular fin with
. . 2
132 ()2 = (0.02m)*' 213 75W/ m? (K 0 =081,

H15.3W/m(K)(0.020m)(0.003m)g
find from Figure 3.18,

ns =0.78, <
From Eq. 3.86 and Table 3.5 find

/2
! ! 2
g =1 hAtOp =n hZE-Z +(/2) g 6
2 2 o2 1
gf =0.78x75W/m [szgo.oz) +(0.006/2) g m(80 C) =187 W/m. <
and from Eq. 3.81, the fin effectivenessis

gf XwW  _ 187W/m

= =519 <
h(txw)By 75w/ m? K (0.006m)80°C

& =

COMMENTS: Although it is 14% less effective, the triangular fin offers a 50% weight savings.



PROBLEM 3.143
KNOWN: Dimensions, base temperature and environmental conditions associated with a triangular,
auminum fin.
FIND: (a) Fin efficiency and effectiveness, (b) Heat dissipation per unit width.
SCHEMATIC:
t=2mm

1 < = 6mm+‘

T,=250°C ———

w=Finwidth | ; 4200\;\>lc/:m2 <
ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional conduction, (3) Constant properties,
(4) Negligible radiation and base contact resistance, (5) Uniform convection coefficient.
PROPERTIES: Table A-1, Aluminum, pure (T =400 K): k=240 W/mK.
ANALYSIS: (a) WithL.=L =0.006 m, find
Ap =Lt/2=(0.006m)(0.002m)/2 =6x10"° m?

/2
320 4ow/m?K )
—~—H =007
40W/m[K x6x10 °m

L%’Z(h/kAp) = (0.006m)

and from Fig. 3.18, thefin efficiency is

nf =0.99. <
From Eq. 3.86 and Table 3.5, the fin heat rate is

/2
2 2
df =Nt Amax =1f NAf (riYPb = 2s hw% +(t/2) 51 Oy
From Eq. 3.81, the fin effectivenessis

1/2
o  2whwHE(y2)°H 232, 2:7,:5@ (24
& =
hAc by g(wt)ey, t
/2
2x0.99 {0.006)” +(0.002/ 2)251 m
& = =6.02 <

0.002m

(b) The heat dissipation per unit width is
2
’ 2
af = (o /W)=2'7fh§2 +(t/2) g 6
/2
o =2x0.99x40W/m? [K H0.006)" +(o.002/2)zéTl m x(250 ~20)° C =1108W/m. <

COMMENTS: Thetriangular profile is known to provide the maximum heat dissipation per unit fin
mass.



PROBLEM 3.144

KNOWN: Dimensions and base temperature of an annular, aluminum fin of rectangular profile.
Ambient air conditions.

FIND: (a) Fin heat loss, (b) Heat loss per unit length of tube with 200 fins spaced at 5 mm increments.
SCHEMATIC:

Aluminum

I—t=1mm

——Fry =12.5mm h'=25 Wim=K

ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional conduction, (3) Constant properties,
(4) Negligible radiation and contact resistance, (5) Uniform convection coefficient.

PROPERTIES: Table A-1, Aluminum, pure (T =400 K): k=240 W/mK.
ANALYSIS: (@) Thefin parameters for use with Figure 3.19 are

Tp = 250°C]

N'=200 fins/m |

foc =rp +1/2 =(125mm +10mm) +0.5mm =23mm =0.023m

roc/f =1.84 Lc =L +t/2 =10.5mm =0.0105m

Ap =Lt =0.0105m x0.001m =1.05 x10"> m?

)1/2 _ )3/2 O 25W/m2 [K DUZ

3/2
13/2 (h/kA =0.15.
(Ve AOW/mK ><1.05><10_5m2@

(0.0105m

Hence, the fin effectivenessis n: = 0.97, and from Eq. 3.86 and Fig. 3.5, the fin heat rate is
- - _ 2 2
df =NfAmax =Nf WAt (ann)Pb =217 h(fg,c - )9b

gr =2x0.97 x25W/m? K x{0.023m)? ~(0.0125m)’F225°C =128W. <

(b) Recognizing that there are N = 200 fins per meter length of the tube, the total heat rate considering
contributions due to the fin and base (unfinned surfacesis

g =Ngs +h (l— Nt) 21 G,
q = 200m 1 x12.8W +25W/m? (K (1 ~200m~1 xo.001m) x21t ¥(0.0125m) 225°C

g = (2560W +353W)/m = 2.91KW/m. <

COMMENTS: Note that, while covering only 20% of the tube surface area, the tubes account for more
than 85% of the total heat dissipation.



PROBLEM 3.145

KNOWN: Dimensions and base temperature of aluminum fins of rectangular profile. Ambient air
conditions.

FIND: (a) Fin efficiency and effectiveness, (b) Rate of heat transfer per unit length of tube.
SCHEMATIC:

T
| <L =15 mm»‘ i
Tj = 200°C —'——’:IT_
i t=4mm
N = 125m [
uminum tins '
| F w1

ry =25mm "

ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional radial conduction infins, (3)
Constant properties, (4) Negligible radiation, (5) Negligible base contact resistance, (6) Uniform
convection coefficient.

PROPERTIES: Table A-1, Aluminum, pure (T =400 K): k =240 W/mK.
ANALYSIS: (a) Thefin parameters for use with Figure 3.19 are

fye =TI +t/2 =40mm +2mm =0.042m Le =L +t/2=15mm +2mm =0.017m

foc/f =0.042m/0.025m =1.68 Ap =Lt =0.017mx0.004m =68 X10 > m*
1/2 _ /2

132 (h/kap )" = (0017m)*' 2 %Ow/mz (K / 240W/m K x6.8x10 5m2E1 =0.11

Thefin efficiency isn¢ = 0.97. From Eqg. 3.86 and Fig. 3.5,
2 _2
O =Nt Amax =11t hAf (@) = 27Tk h e~ 6
qr = 2x0.97 x40W/m? K §0.042)° ~(0.025)’Hm® x180°C =50W <

From Eq. 3.81, the fin effectivenessis
. S 5 SOW =11.05 <
AcKfh  40W/m? K 21(0.025m)(0.004m)180°C

£
(b) Therate of heat transfer per unit lengthis

g =N'gs +h(1-Nt)(2m) 6,

¢ =125x50W/m +40W/ m? (K (1-125 x0.004) (21 x0.025m) x180°C

q = (6250 +565) W/m =6.82kW/m <

COMMENTS: Note the dominant contribution made by the finsto the total heat transfer.



PROBLEM 3.146

KNOWN: Dimensions, base temperature, and contact resistance for an annular, aluminum fin. Ambient
fluid conditions.

FIND: Fin heat transfer with and without base contact resistance.

SCHEMATIC:
ry =15mm —f«—
T, Ty T, TW=1OOOCA;_\\.<—L=15 mm-| ,t=2mm
R, ;= 2x104m2-K/W t% N h= 75 Wim>K

ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional conduction, (3) Constant properties,
(4) Negligible radiation, (5) Uniform convection coefficient.

PROPERTIES: Table A-1, Aluminum, pure (T =350 K): k=240 W/mK.

. . . . Tw =T,
ANALYSIS: With the contact resistance, the fin heat lossis g¢ =W—|;° where
t,c T Rf

Ric = Ri¢/Ap = 2x10™* m? K/W/27(0.015m) (0.002m) =1.06K /W .

From Egs. 3.83 and 3.86, the fin resistance is
Re=b_ & _ & _ 1
f=—= = = .
G MfAmax  NthABy  2mhry (rﬁc—rlz)

Evaluating parameters,
c=h +t/2 =30mm +1mm =0.031m Lo =L +t/2=0.016m

fe/1 = 0.031/0.015=2.07Z Ap =Lt =32x10°m?

2
132 (njkap )% = (0.016m)*2 %75W/ m? K/ 240W/m (K x32x107° ng =0.20

find the fin efficiency from Figure 3.19 as n; = 0.94. Hence,
1

Rf = 5 o =307 K/W

2n(75w/ mZEK)O.94g0.031m) ~(cotsm)’F
100-25)°C

ar = ( ) =18.2W. <

(1.06+3.07)K/W
Without the contact resistance, Ty, = T, and

Of :G_b:L:MA\N_ <

R 3.07K/W

COMMENTS: To maximize fin performance, every effort should be made to minimize contact
resistance.



PROBLEM 3.147

KNOWN: Dimensions and materials of afinned (annular) cylinder wall. Heat flux and
ambient air conditions. Contact resistance.

FIND: Surface and interface temperatures (a) without and (b) with an interface contact
resistance.

SCHEMATIC:
| T Ty _—k=50W[m-K

L
+—r;=60mm > ¥ t=2wrm T TT =320K
y=66mm &=2mm h=100W/m?-K
' ry=70mm J Aluminum,
1= @5 mrm k=240W/m-K
Ry
T Tij Lo 7 7o
s >
Z=t0°Wfmz R, R, R, %

ASSUMPTIONS: (1) One-dimensional, steady-state conditions, (2) Constant properties, (3)
Uniform h over surfaces, (4) Negligible radiation.

ANALYSIS: The analysis may be performed per unit length of cylinder or for a4 mm long
section. The following calculations are based on a unit length. The inner surface temperature

may be obtained from
q= TR—T = (271 r,) =10° W/m? x27rx0.06 m =37,700 W/m
tot

where Riot = R¢ +Rtc +Rw +Requivi  Requiv =(1/Rf +1/ |:Qb)_1

R, Conduction resistance of cylinder wall:

= In(n/1) _ In(66/60)
" 2mk  2m(50 W/mIK)

Rt ¢, Contact resistance:

=3.034 x10~4 m K/W

Rt =Ric/2mn =107% m? (K/W/2 1x0.066 m =2.411x10~% m K/W
R\y, Conduction resistance of aluminum base:
- In(ny /1) _ In(70/66)
W 2mk  2mx240 WimIK
R}, Resistance of prime or unfinned surface:

b= Lo 1 =454.7 x107% m K/W

hAb 100 W/m? (K x0.5x277(0.07 m)

=3.902 x10™° m [K/W

Rf, Resistance of fins: The fin resistance may be determined from
Th-To _ 1
g nfhAt
The fin efficiency may be obtained from Fig. 3.19,
e =lp +1/2=0.096 m L =L+t/2 =0.026 m

R =

Continued .....



PROBLEM 3.147 (Cont.)

Ap=Lct=52x10"m? rpc/n =145 L¥?(hkA,

)1/ 2 20375

Fig. 3.19 - ns=0.88.
Thetotal fin surface area per meter length

. 2_ .2\, 0. -0 2 20 2 _
A} =250 (r ~r )x =250 m 271(0.096 -0.07 gm =6.78 m.
=250 {t6 ~1y | <2 5
, 2 ik Wi
Hence R; = g).ssnoo W/m® K x6.78mg ~ =16.8>10"" m K/W

1/ Reguiy = (1/16.8x10‘4 +1/454.7 ><1o‘4)W/m K =617.2 W/m K
equiv =16.2x10% mK/W.
Neglecting the contact resistance,

Riot =(3.034+0.390 +16.2)10~% m K/W =19.6 x10~* m K/W
T =Rt +Teo =37,700 W/m x19.6 x10% m B/W+320K =3939K <
T =Ti —gR,, =393.9 K —37,700 W/m x3.034 x10™* m K/W =3825K <

Tp =T1 —qRp =382.5 K -37,700 W/m x3.902 10 m K/W =380 K. <
Including the contact resistance,
Riot = (19.6 x10~4 +2.411 x10‘4)m K/W =22.0 x10™* m K/W

T; =37,700 W/imx22.0x10% m [K/W+320 K =402.9 K <

Ty =402.9 K -37,700 W/mx3.034 x10°4 m [K/W =39L5 K <
Tp o =3915 K —37,700 W/m x2.411x10* m [K/W =382.4 K <
Tpp =382.4 K —37,700 W/m x3.902 x10™> m /W =380.9 K. <

COMMENTS: (1) The effect of the contact resistance is small.

(2) The effect of including the aluminum fins may be determined by computing T; without the

fins. Inthiscase Rigt = R +Rcony, Where
' 1 1

conv = = 5 =241.1x10~% m E/W.
h2rr 100 W/m® K 27(0.066 m)

Hence, Rygt = 244.1x10~4 m K/W, and
Ti =qRigt +Teo =37,700 W/m x244.1x10% m B/W+320 K =1240 K.

Hence, the fins have a significant effect on reducing the cylinder temperature.

(3) The overall surface efficiency is
No =1-(Af /A})(1-ns ) =1-6.78 m/7.00 m(1 -0.88) =0.884.

It follows that q'=nghgA'tfp = 37,700 W/m, which agrees with the prescribed value.



PROBLEM 3.148

KNOWN: Dimensions and materials of afinned (annular) cylinder wall. Combustion gas and ambient
air conditions. Contact resistance.

FIND: (a) Heat rate per unit length and surface and interface temperatures, (b) Effect of increasing the
fin thickness.

SCHEMATIC:

=50 W/im-K
| Ti T1/

_ T r—60mm—> _
Ty = 1100 K |_ e %t 2 mm = 320K
I §=2mm h'= 100 W/m2-K

hg =150 W/m2-K
— ry =70 mm
!_ b - 95 ~ Aluminum
[~ fo=9omm k =240 W/m-K
Tg Tj T1i T Th o
—) q
ng RIW th’ C Rlb th’ O

ASSUMPTIONS: (1) One-dimensional, steady-state conditions, (2) Constant properties, (3) Uniform h
over surfaces, (4) Negligible radiation.

ANALYSIS: (@) The heat rate per unit length is

q=—
Rtot

where Riqt = R'g +Ryy +Rt,c +Rp +Rt,0, and
2 -1
Ry = (hgzm.) (150W/ m? K x2nx0.06m) =0.0177m B /W ,

ry, = (W) o In(86/60) ;e W
omky,,  2m(50W/mIK)

Ric = (Rtc/2m) =10 m* /W /27x0.086m =241x10™ m K/W

|n(rb/r1): '”(70/66) :3_9ox10‘5m[K/W
ok 27 240W/m K ’

= (nohA't )_1’

I

-1—%( ).
Ag :271(rgC —rg)
At =NAf +(1-Nt)2m,
_ (2ry/m) Kyq(mry )13 (mroe) =11 (mn) Ky (mroc)

. (fozc - rb) 1o (mr)Ka (mroe ) +Ko (mp ) 11 (miroc )

Rp =

oc =To +(1/2), m =(2h/kt)t' 2
Continued...



PROBLEM 3.148 (Cont.)

Once the heat rate is determined from the foregoing expressions, the desired interface temperatures may
be obtained from

Ti =Ty —q'Ry
L IC
For the specified conditionswe obtain Ay =7.00m, s =0.902, 1y = 0.906 and R} , = 0.00158
mK/W. It follows that
q' =39,300W/m <
Tj =405K, Ty =393K, Ty, =384K, Tp =382K <

(b) The Performance Calculation, Extended Surface Model for the Circular Fin Array may be used to
assess the effects of fin thickness and spacing. Increasing the fin thicknessto t = 3 mm, with & = 2 mm,
reduces the number of fins per unit length to 200. Hence, although the fin efficiency increases (n; =

0.930), the reduction in the total surface area (A} =5.72 m) yields an increase in the resistance of the fin
array (R;{, = 0.00188 mK/W), and hence areduction in the heat rate (q' = 38,700 W/m) and an increase
in the interface temperatures (T = 415K, Tpj =404 K, T; o =394 K, and Ty, =393 K).

COMMENTS: Because the gas convection resistance exceeds all other resistances by at |east an order
of magnitude, incremental changesin Ry o will not have asignificant effect on " or the interface

temperatures.



PROBLEM 3.149

KNOWN: Dimensions of finned aluminum sleeve inserted over transistor. Contact resistance and
convection conditions.

FIND: Measuresfor increasing heat dissipation.
SCHEMATIC: See Example 3.10.

ASSUMPTIONS: (1) Steady-state conditions, (2) Negligible heat transfer from top and bottom of
transistor, (3) One-dimensional radial heat transfer, (4) Constant properties, (5) Negligible radiation.

ANALYSIS: With 2mr, = 0.0188 m and Nt = 0.0084 m, the existing gap between finsis extremely small
(0.87 mm). Hence, by increasing N and/or t, it would become even more difficult to maintain

satisfactory airflow between the fins, and this option is not particularly attractive.

Because the fin efficiency for the prescribed conditions is close to unity (175 = 0.998), thereislittle
advantage to replacing the aluminum with a material of higher thermal conductivity (e.g. Cu with k ~ 400
W/mK). However, the large value of s suggests that significant benefit could be gained by increasing
thefinlength,L = r;—r,.

It is aso evident that the thermal contact resistanceislarge, and from Table 3.2, it’s clear that a

significant reduction could be effected by using indium foil or a conducting grease in the contact zone.
Specifically, areduction of R} ¢ from 10° to 10" or even 10° m’K/W is certainly feasible.

Table 1.1 suggests that, by increasing the velocity of air flowing over the fins, alarger convection
coefficient may be achieved. A value of h = 100 W/m?K would not be unreasonable.

As options for enhancing hest transfer, we therefore use the IHT Performance Calculation, Extended
Surface Model for the Straight Fin Array to explore the effect of parameter variations over the ranges 10

<L <20mm, 10°< R} ¢ < 10° m*K/W and 25 < h < 100 W/nP[K. As shown below, thereisa
significant enhancement in heat transfer associated with reducing R} ¢ from 10° to 10 m’[K/W, for

which Ry ¢ decreases from 13.26 to 1.326 K/W. At thisvalueof Rt ¢, thereductionin Ry o from

23.45to0 12.57 K/W which accompanies an increase in L from 10 to 20 mm becomes significant, yielding
aheat rate of g, =4.30 W for R} ¢ = 10" m’[K/W and L = 20 mm. However, since Rt o >>Ry ¢, little

benefit is gained by further reducing R} ¢ to 10° m*K/W.

5

. 4 | | —A
B Ry
T —
- 3 i

% /A/E'
= 2 —e—9
ks | —o—

1

0

0.01 0.012 0.014 0.016 0.018 0.02
Fin length, L(m)

—6— h=25W/m"2.K, R"t,c = E-3 m"2.KIW
—&— h=25W/m"2.K, R"t,c = E-4 m"2.K/W
—H&— h=25W/m"2.K, R"t,c = E-bm"2.K/W

Continued...



PROBLEM 3.149 (Cont.)

To derive benefit from areduction in R} ¢ to 10° mPK/W, an additional reductionin Ry o must be
made. This can be achieved by increasing h, and for L = 20 mm and h = 100 W/m’K, Rt,0 =3.56 K/W.
With R} ¢ = 10° m’K/W, avalue of gy = 16.04 W may be achieved.

20

g 16 | __o—
% | —
s 12 o
£ -
T 8 A —1
% A_____’_,_—/——ﬁi"_"

4 ] I P -

e £
0
0.01 0.012 0.014 0.016 0.018 0.02

Fin length, L(m)

25 W/im"2 K, R"t,c = E-5 m"2.K/W
0 W/m"2 K, R"t,c = E-5 m"2.K/W

_E_ h
—&— h=5
—6— h =100 Wm"2.K, R"t,c = E-5 m"2.K/W

COMMENTS: In assessing options for enhancing heat transfer, the limiting (largest) resistance(s)
should be identified and efforts directed at their reduction.



PROBLEM 3.150

KNOWN: Diameter and internal fin configuration of copper tubes submerged in water. Tube wall
temperature and temperature and convection coefficient of gas flow through the tube.

FIND: Rate of heat transfer per tube length.
SCHEMATIC:

h T ,
\9 Copper fin (k = 400 W/m-K)

[ —D=50mm t=5mm
Tg=750K _—— \_> < ~ ~

L=25mm
k2

h = 30 W/m2-K \<
b—W=aD— Ts
T4 =350K
ASSUMPTIONS: (1) Steady-state, (2) One-dimensional fin conduction, (3) Constant properties, (4)

Negligible radiation, (5) Uniform convection coefficient, (6) Tube wall may be unfolded and represented
as aplane wall with four straight, rectangular fins, each with an adiabatic tip.

ANALYSIS: Therate of heat transfer per unit tube length is:
qt =NohAt (Tg _Ts)

I

NA¢
=1-—1(1-
No AL (1-nf)
NA} =4x2L =8(0.025m) =0.20m
A} =NA§ +A} =0.20m +(rD -4t) =0.20m +( 77x0.05m —4 >0.005m) =0.337m

For an adiabatic fin tip,
Of M tanh mL

M G h(2Lm)(Tg - Ts)
M =[h2(tm +t)k (i xt)] 2 (T, -T) = %aow/m2 K (2m)400W/m [K (O.OOsz)EUZ (400K ) =4382W
/2

Lo 1/2 ~S 30W/m2[IK(2m) 0 ~
mL ={[h2(1m +t)] /[k (@ xt)} 7L = 5 O 0025m =0.137

F00W/m K (o.oo&smz)E

Hence, tanh mL = 0.136, and
4382w (0.136) 595W
N = = =0

30w/ m? K (0.05m2)(400K) eoow

0.20
=1-—2"(1-0.992) =0.995
To 0.337( )

o = o.995(30w/ m? EH()0.337m (400K ) = 4025W/m

COMMENTS: Alternatively, of = 4c +h(Ay ~Ay )(Tg ~Ts). Hence, q' = 4(595 W/m) + 30
W/mZK (0.137 m)(400 K) = (2380 + 1644) W/m = 4024 W/m.



PROBLEM 3.151

KNOWN: Internal and external convection conditions for an internally finned tube. Fin/tube
dimensions and contact resistance.

FIND: Heat rate per unit tube length and corresponding effects of the contact resistance, number of fins,
and fin/tube material.

SCHEMATIC:
N fins (t=5 mm)
_ 5 777/ 7774 7774
e [
’ / ry{ =25 mm
ry =30 mm

R't o= 10 m®K/ W—rp,
hyy = 2000 W/m?-K
//" 350K

ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional heat transfer, (3) Constant
properties, (4) Negligible radiation, (5) Uniform convection coefficient on finned surfaces, (6) Tube wall
may be unfolded and approximated as a plane surface with N straight rectangular fins.

PROPERTIES: Copper: k=400 W/mK; St.St.: k=20W/mK.
ANALYSIS: The heat rate per unit length may be expressed as

Rt,o(c) * Reond +Reonv,0
where
, NA;c O I]f [l , . ,
Rto(c) =\Mo(c)NgAt): Moc) =1-——— A -0 Ci=1+nshgAt (Rtc/Acb)
© =(ohght). Mooy === A= oAt (Ric/Acp)
I I I 1/2 I}
A} =NA} +(2mm =Nt),  Af =2, n =tanhmrg/mr, m=(2hg/kt) Acp=t,
. In(ro/n , -1
Rcond :%’ and  Reonv,o =(2”T2hw) .

Using the IHT Performance Calculation, Extended Surface Model for the Sraight Fin Array, the
following results were obtained. For the base case, q' = 3857 W/m, where R't,o(c) =0.101 mK/W,

Riond = 7-25 x 10° mK/W and Riggny, o = 0.00265 mK/W. If the contact resistance is eliminated
(Rtc =0), q" =3922 W/m, where R} 5 = 0.0993 mK/W. If the number of finsisincreasedto N = 8,
q =5799 W/m, with Rt o(c) =0.063 mIK/W. If the material is changed to stainless steel, g = 3591
W/m, with R} o) = 0.107 mIK/W and Rigng = 0.00145 mIK/W.

COMMENTS: Thesmall reductionin q” associated with use of stainless steel is perhaps surprising, in
view of the large reduction in k. However, because hg issmall, the reduction in k does not significantly

reduce the fin efficiency (s changesfrom 0.994 to 0.891). Hence, the heat rate remainslarge. The
influence of k would become more pronounced with increasing hg .



PROBLEM 3.152
KNOWN: Design and operating conditions of atubular, air/water heater.

FIND: (a) Expressionsfor heat rate per unit length at inner and outer surfaces, (b) Expressions for inner
and outer surface temperatures, (c) Surface heat rates and temperatures as a function of volumetric
heating ¢ for prescribed conditions. Upper limitto (.

SCHEMATIC:
ho = 100 W/m?-K
T ,=300K
Aluminum ul ri =25 mm
r,=30 mm
R"t,c=10-4m2‘K/W §=2mm —jelo—t=2mm r¢=955mm
Ts,o
<250°C
S_tainless steel — (= T
(g, ks =15 Wim-K) (WaeD—= i~ 2000 Wim2K (\T ; rT B
—»T ;=300 K <1000c | o't
e T N =R B

ASSUMPTIONS: (1) Steady-state, (2) Constant properties, (3) One-dimensional heat transfer.
PROPERTIES: Table A-1: Aluminum, T = 300K, kg =237 W/mIK.

ANALYSIS: (a) Applying Equation C.8 to the inner and outer surfaces, it follows that

2
q (1) =am? - - ro/srl)gflr( % ﬁ@ Tso Ts,|D]E <
() - |n2?:/srl)§4rk2% ﬁ% Tso TS.DJE <
(b) From Equations C.16 and C.17, energy balances at the inner and outer surfaces are of the form
k %% r'ZD +(Tso TSID];
hy (Tany ~To ) =2 - riln(ro/ri) )
k %ﬁl rIZD +(Tso TSI
Uo (Tso~Tw0) = q;o ro|n(r0/ri) )

Accounting for the fin array and the contact resistance, Equation 3.104 may be used to cast the overall
heat transfer coefficient Ug in the form

q (%) _ 1 _ At
AW (Ts,o _Too,o) A;NRII,O(C) A'w
where ]q(c) is determined from Equations 3.105a,b and Ay, = 271, .

Ug = No(c)No

Continued...



PROBLEM 3.152 (Cont.)

(c) For the prescribed conditions and a representative range of 10’ < ¢ < 10° W/m®, use of the relations

of part (b) with the capabilities of the IHT Performance Calculation Extended Surface Model for a
Circular Fin Array yields the following graphical results.

500

460

420

380

Surface temperatures, Ts(K)

340

=

300

1E7 2E7 3E7 4E7 5E7 6E7 7E7 8E7 9E7 1E8
Heat generation, qdot(W/m"3)

—©— Inner surface temperature, Ts,i
—=&— Outer surface temperature, Ts,0

Itisin this range that the upper limit of Tg; =373 K isexceeded for § = 4.9 x 10° W/m®, while the

corresponding value of Tg o =379 K iswell below the prescribed upper limit. The expressions of part

(a) yield the following results for the surface heat rates, where heat transfer in the negative r direction
correspondsto ¢ (1) < 0.

£ 50000

) —

ey 30000

[%2]

b

©

g 10000

S ]

£ 10000

S .

@ -30000 — —~——
50000 B

For ¢ =4.9x 10' W/m®, ¢ (fj) =-2.30 x 10* W/mand ¢ (rp) = 1.93 x 10° W/m.

COMMENTS: The foregoing design provides for comparable heat transfer to the air and water streams.
Thisresult is a consequence of the nearly equivalent thermal resistances associated with heat transfer
from the inner and outer surfaces. Specifically, Rigony,i = (hj 27m; )_1 = 0.00318 mK/W is slightly
smaller than R} () =0.00411 miK/W, inwhich case |qf (1 )| isslightly larger than ¢ (1), while Tg;

isslightly smaller than Ts,o . Note that the solution must satisfy the energy conservation requirement,

(2 -r2)a=la (1) +d (o).
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