3.99 Copper tubing is joined to the absorber of a flat-plate
solar collector as shown.
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The aluminum alloy (2024-T6) absorber plate is 6 mm
thick and well insulated on its bottom. The top surface
of the plate is separated from a transparent cover plate
by an evacuated space. The tubes are spaced a distance
L of 0.20 m from each other, and water 1s circulated
through the tubes to remove the collected energy. The
water may be assumed to be at a uniform temperature
of T,, = 60°C. Under steady-state operating conditions
for which the net radiation heat flux to the surface is
g" = 800 W/m?, what is the maximum temperature on
the plate and the heat transfer rate per unit length of
tube? Note that g, represents the net effect of solar ra-
diation absorption by the absorber plate and radiation
exchange between the absorber and cover plates. You
may assume the temperature of the absorber plate di-
rectly above a tube to be equal to that of the water.
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3.120

A carbon nanotube is suspended across a trench of width
s = 5 pm that separates two 1slands, each at 7, = 300 K.
A focused laser beam irradiates the nanotube at a dis-
tance ¢ from the left island, delivering g = 10 uW
of energy to the nanotube. The nanotube temperature
1s measured at the midpoint of the trench using a
point probe. The measured nanotube temperature is
T,=3245K for £, =15 pum and 7, = 3264K for
& = 3.5 um.

Temperature measurement

f Laser irradiation

Determine the two contact resistances, R,.; and R, .
at the left and right ends of the nanotube, respec-
tively. The experiment is performed in a vacuum with
T, = 300 K. The nanotube thermal conductivity and
diameter are k., =3100W/m-+K and D = 14 nm,
respectively.



3.116 Turbine blades mounted to a rotating disc in a gas
turbine engine are exposed to a gas stream that 1s at

T., = 1200°C and maintains a convection coefficient
of h = 250 W/m? - K over the blade.

Blade tip

P
",

T, h J
| /7 //4/'

Rotating
disk

Air coolant

The blades, which are fabricated from Inconel,
k = 20 W/m 'K, have a length of L = 50 mm. The
blade profile has a uniform cross-sectional area of
A, =6 X 107" m? and a perimeter of P = 110 mm. A
proposed blade-cooling scheme, which involves rout-
ing air through the supporting disc, is able to maintain
the base of each blade at a temperature of 7, = 300°C.

(a) If the maximum allowable blade temperature is
1050°C and the blade tip may be assumed to be adi-
abatic, is the proposed cooling scheme satisfactory?

(b) For the proposed cooling scheme, what is the rate
at which heat is transferred from each blade to the

coolant?
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3.130 Finned passages are frequently formed between paral-
lel plates to enhance convection heat transfer in com-
pact heat exchanger cores. An important application is
in electronic equipment cooling, where one or more
air-cooled stacks are placed between heat-dissipating
electrical components. Consider a single stack of rec-
tangular fins of length L and thickness ¢, with convec-
tion conditions corresponding to h and T.,.

le——200 mm N—

wmn E (AL b LA

7/ 7 /]

T ,h

(a) Obtain expressions for the fin heat transfer rates,

dro, and gy, in terms of the base temperatures, 7,
and 7.

(b) In a specific application, a stack that is 200 mm
wide and 100 mm deep contains 50 fins, each of
length L = 12 mm. The entire stack 1s made from
aluminum, which is everywhere 1.0 mm thick. If
temperature limitations associated with electrical
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components joined to opposite plates dictate max-
imum allowable plate temperatures of 7, = 400 K
and T; = 350 K, what are the corresponding max-
imum power dissipations if &= 150 W/m*-K
and T,, = 300 K?

Scanned by CamScanner



3.134 As more and more components are placed on a single
integrated circuit (chip), the amount of heat that is dis-
sipated continues to increase. However, this increase
is limited by the maximum allowable chip operating
temperature, which is approximately 75°C. To maxi-
mize heat dissipation, it is proposed that a 4 X 4 array
of copper pin fins be metallurgically joined to the outer
surface of a square chip that 1s 12.7 mm on a side.

. Top view  —— Pin fins, D, ﬁ. Sideview
e o e i Wt
—
O O O O ol —> Ly || — chip,
W > 9o T
o o o o Chip , y
L,
e o o o \
Y
—
l—W=12.7 mm—> Air — Contact
| T .h) — resistance,
—> R; JA,
Board, &,

(a) Sketch the equivalent thermal circuit for the pin—
chip-board assembly, assuming one-dimensional,
steady-state conditions and negligible contact re-
sistance between the pins and the chip. In variable
form, label appropriate resistances, temperatures,
and heat rates.

(b) For the conditions prescribed in Problem 3.27,
what is the maximum rate at which heat can be
dissipated in the chip when the pins are in place?
That is, what is the value of g for T. = 75°C? The
pin diameter and length are D, = 1.5 mm and
L,=15mm.
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5.7 The heat transfer coefficient for air flowing over a sphere
1s to be determined by observing the temperature—time
history of a sphere fabricated from pure copper. The
sphere, which is 12.7 mm in diameter, is at 66°C before
it is inserted into an airstream having a temperature of
27°C. A thermocouple on the outer surface of the sphere
indicates 55°C 69 s after the sphere is inserted in the
airstream. Assume, and then justify, that the sphere
behaves as a spacewise isothermal object and calculate
the heat transfer coefficient.
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5.13 A tool used for fabricating semiconductor devices
consists of a chuck (thick metallic, cylindrical disk)
onto which a very thin silicon wafer {p = 2700 kg/m’,
c =875 kg K, k=177W/m+K) is placed by a
robotic arm. Once in position, an clectric ficld in the
chuck is energized, creating an electrostatic force that
holds the wafer firmly to the chuck. To ensure a repro-
ducible thermal contact resistance between the chuck
and the wafer from cycle to cycle, pressunzed helium
gas 15 introduced at the center of the chuck and flows
(very slowly) radially outward between the aspenties of
the interface region.

Wafer, T, {ﬂ
ri0y=T7,,=100°C
w=0.758 mm

- e ]_""i

_h. 1 - ..-'--_ '-.
Helium gas
\ purge

Interface region, Chuck, T, = 23°C
greatly exaggerated

An experiment has been performed under conditions for
which the wafer, initially at a uniform temperature
T,.; = 100°C, is suddenly placed on the chuck, which is at
a uniform and constant tlemperature 7. = 23°C. With the
wafer in place, the electrostatic force and the helium gas
flow are applied. After 15 s, the temperature of the wafer
is determined to be 33°C. What is the thermal contact
resistance R (m**K/W) between the wafer and chuck?
Will the value of K. increase, decrease, or remain the

same 1if air, instead of helium, is used as the purge gas?
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.20 An electronic device, such as a power transistor mounted
on a finned heat sink, can be modeled as a spatially
isothermal object with internal heat generation and an
external convection resistance.

(0) Consider such a system of mass M, specific heat c,
and surface area A,, which is initially in equilib-
rium with the environment at T... Suddenly, the
electronic device is energized such that a constant
heat generation E (W) occurs. Show that the tem-
perature response of the device is

0, SP\7RC

where 8 =T = T(%) and T(=) is the steady-state
temperature comresponding tor— ©; 8, = T, — T(=);
T, = initial temperature of device; R = thermal
resistance 1/hA,; and C = thermal capacitance Mc.

(b) An electronic device, which generates 60 W of
heat, is mounted on an aluminum heat sink weigh-
ing (.31 kg and reaches a temperature of 100°C in
ambient air at 20°C under steady-state conditions.
If the device is initially at 20°C, what temperature
will it reach 5 min after the power is switched on?
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5.27 A chip that is of length L = 5 mm on a side and thick-
ness f = 1 mm 18 encased in a ceramic substrate, and its

exposed surface 1s convectively cooled by a dielectric
liquid for which 2 = 150 W/m?+-K and 7., = 20°C.

Tm, h ._r}' T,‘r P Cp

17 ' It Substrate
/ /1

I |17

o o e e e ¥

In the off-mode the chip is in thermal equilibrium with
the coolant (T; = T..). When the chip 1s energized, how-
ever, its temperature increases until a new steady state
is established. For purposes of analysis, the energized
chip 1s characterized by uniform volumetric heating
with ¢ =9 X 10° W/m®. Assuming an infinite contact
resistance between the chip and substrate and negligible
conduction resistance within the chip, determine the
steady-state chip temperature 7. Following activation
of the chip, how long does it take to come within 1°C of
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this temperature? The chip density and specific heat are
p = 2000 kg/m’ and ¢ = 700 J/kg - K, respectively.
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