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Chapter 15 Cooling of Electronic Equipment

15-140 A multilayer circuit board consisting of four layers of copper and three layers of glass-epoxy
sandwiched together is considered. The magnitude and location of the maximum temperature that occurs in
the PCB are to be determined.

Assumptions 1 Steady operating conditions exist 2 Thermal properties are constant. 3 There is no direct
heat dissipation from the surface of the PCB, and thus all the heat generated is conducted by the PCB to the
heat sink.

11.25W 105W IW 75W 6W 45W 3w 15W
Heat -« -« - - -~ - -—
sink Center
0.5cm
| lcm | 1cm
Glass-epoxy

Analysis The effective thermal conductivity of
the board is determined from Copper

(Kyt1) copper = 4[(386 W/m.°C)(0.0001m)] = 0.1544W/°C
(K2t2 ) epoxy = 3[(0.:26 W/m.°C)(0.0005m)] = 0.00039W/°C

o (K1t1) copper + (Kot2)epoxy  (0.1544-+0.00039)W/°C
ef t, +t, 4(0.0001m) +3(0.0005m)
=815W/m.°C

15¢cm

The maximum temperature will occur in the middle of the board which is farthest away from the heat sink.

We consider half of the board because of symmetry, and divide the region in 1-cm thick strips, starting at
the mid-plane. Then from Fourier’s law, the temperature difference across a strip can be determined from

. L
Q:keﬁA£ — AT = Q

L Kt A

where L =1 cm = 0.01 m (except it is 0.5 cm for the strip attached to the heat sink), and the heat transfer
area for all the strips is

A = (015 m)[4(0.0001 m) +3(0.0005 m)] = 0.000285 m?
Then the temperature at the center of the board is determined by adding the temperature differences across

all the strips as
A heat sink = 2 —(g'l 32 3.3 Q'4 Q.S Q'6 Q7 JrQ'8/2)|-
ter —heat = E =
center —heat sin keff : keff

_ (15+3+45+6+75+9+105+1125/2 W)(0.01 m)
(815 W/ m.°C)(0.000285 m?)

and Tcenter = Theat sink T A-I—center—heat sink — 35°C+205°C=55.5°C

=205°C

Discussion This problem can also be solved approximately by using the “average” heat transfer rate for the
entire half board, and treating it as a constant. The heat transfer rate in each half changes from 0 at the
center to 22.5/2 = 11.25 W at the heat sink, with an average of 11.25/2 = 5.625 W. Then the center
temperature becomes

Tl _TZ

. Quel oo (5.625 W)(0.075 m) .
ave = keff AT—_frcenter = Theatsink + FE—-=35°C+ =53.2°C

Ky A (81.5 W/ m.°C)(0.000285 m®)
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Chapter 15 Cooling of Electronic Equipment

15-141 A circuit board consisting of a single layer of glass-epoxy is considered. The magnitude and
location of the maximum temperature that occurs in the PCB are to be determined.

Assumptions 1 Steady operating conditions exist 2 Thermal properties are constant. 3 There is no direct
heat dissipation from the surface of the PCB, and thus all the heat generated is conducted by the PCB to the
heat sink.

Glass-epoxy

11.25W  105W 9w 75W
Heat P - -—

sink Center

| lcm

Analysis In this case the board consists of a 1.5-mm thick layer of epoxy. Again the maximum temperature
will occur in the middle of the board which is farthest away from the heat sink. We consider half of the
board because of symmetry, and divide the region in 1-cm thick strips, starting at the mid-plane. Then from
Fourier’s law, the temperature difference across a strip can be determined from

0.5cm

Q:keﬁAA—T oAt
L Kot A

where L =1 cm = 0.01 m (except it is 0.5 cm for the strip attached to the heat sink), and the heat transfer
area for all the strips is

A = (015 m)(0.0015 m) = 0.000225 m?

Then the temperature at the center of the board is determined by adding the temperature differences across
all the strips as

AT _Z QL _(Q1+Q2+Q3+Q4+Q5+Q6+Q7+Q8/2)L
center—heat sink — k i A - keff A
e

_ (15+3+45+6+75+9+105+1125/2 W)(0.01 m)
(0.26 W/ m.°C)(0.000225 m?)

=8141°C

and Tcenter = Theat sink T A-I—center—heat sink = 35°C+8141°C=8176°C

Discussion This problem can also be solved approximately by using the “average” heat transfer rate for the
entire half board, and treating it as a constant. The heat transfer rate in each half changes from 0 at the
center to 22.5/2 = 11.25 W at the heat sink, with an average of 11.25/2 = 5.625 W. Then the center
temperature becomes

T,-T Quel oC+ (5.625 W)(0.075 m)

2
—>T =T e + =35 =7247°C
center = Theatsink =y ¢ A (0.26 W/ m.°C)(0.000225 m?)

Qave = keff A
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Chapter 15 Cooling of Electronic Equipment

15-142 The components of an electronic system located in a horizontal duct of rectangular cross-section
are cooled by forced air flowing through the duct. The heat transfer from the outer surfaces of the duct by
natural convection, the average temperature of the duct and the highest component surface temperature in
the duct are to be determined.

Assumptions 1 Steady operating conditions exist. 2 Air is an ideal gas. 3 The local atmospheric pressure is
1 atm.

Properties We use the properties of air at Air
(30+45)/2 = 37.5°C are (Table A-15) Airduct | S0°C

p=1136kgm® ¢ Cm 45°C
C, =1007J/kg.°C |
Pr=0.726 AT \

k =0.0264W/m.°C

Im
v=1.68x10"m?/s Air
; 30°C
Analysis (a) The volume and the mass 50 m/min

flow rates of air are
V = A,V = (0.1m)(0.1m)(50/60m/s) = 0.008333m°/s
M= pV = (1.136kg/m*)(0.008333m°/s) = 0.009466kg/s

The rate of heat transfer to the air flowing through the duct is
Q forcedcony = MC p (Tin = Tour) = (0.009466kg/s) (1007 J/kg. °C)(45-30)°C = 143.0W

Then the rate of heat loss from the outer surfaces of the duct to the ambient air by natural convection
becomes

Qconv = Qtotal _Qforced conv — 150W-143W =57 W

(b) The average surface temperature can be determined from
Qconv = hAs (Ts,duct _Tambient)

air

But we first need to determine convection heat transfer coefficient. Using the Nusselt number relation from
Table 15-2,

A =(4)(0.1m)(Am) =0.4m?
VD,  (50/60m/s)(0.1m)
v 1.68x107° m?/s
Nu = 0.102Re®" Prt/3 = (0.102)(4960)*¢7°(0.726)'° = 28.6

Re = =4960

ho X Ny = 20264WMC o0 6y 7 56 Wim? .oC
D, 0.1m
Then the average surface temperature of the duct becomes
: Q ) 57W
Qconv = hAs (rs _Tambient) —> T =Tampient + hC,Z:v =30°C+ (7.56W/m2.°C)(0.4m2) =48.9°C

(c) The highest component surface temperature will occur at the exit of the duct. From Newton's law
relation at the exit,

; Qeony ! As 57W
Geony = N(Ts max = Tair exit) — Ts max = Tair exit + ——— = 45°C + =
conv s,max air,exit s,max air,exit h (7.56W/m2.°C)(0.4m2)

63.8°C
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Chapter 15 Cooling of Electronic Equipment

15-143 Two power transistors are cooled by mounting them on the two sides of an aluminum bracket that
is attached to a liquid-cooled plate. The temperature of the transistor case and the fraction of heat
dissipation to the ambient air by natural convection and to the cold plate by conduction are to be
determined.

Assumptions 1 Steady operating conditions exist 2 Conduction heat transfer is one-dimensional. 3 We
assume the ambient temperature is 25°C.

Analysis The rate of heat transfer by conduction is

Qconduction =(080)(12 W) =9.6 W

Assuming heat conduction in the plate to be one-dimensional for simplicity, the thermal resistance of the
aluminum plate and epoxy adhesive are

L 0.02m
Ratuminum = — = =0938°C/W
aluminum = A (237 W/ m.°C)(0.003 m)(0.03 m)
R, . == 0.0002 m ~1235°C/W
KA (1.8 W/m.°C)(0.003 m)(0.03m)

The total thermal resistance of the plate and the epoxy is
Rplate+epoxy = Repoxy + Rplate =1235+0.938=2173°C/W

Heat generated by the transistors is conducted to the plate, and then it is dissipated to the cold plate by
conduction, and to the ambient air by convection. Denoting the plate temperature where the transistors are
connected as Tsmax and using the heat transfer coefficient relation from Table 15-1 for a vertical plate, the
total heat transfer from the plate can be expressed as

. . . ATpIate
Qtotal = Qcond + Qconv =+ hAside (Ts,ave _Tair)
plate-+epoxy Liquid cooled
plate

R

0.25
T max—T, ~T,
_ _s,max cold plate +1.42[ (rs,aveL alr)J Aside (rs,max_Tair)

Rplate+epoxy

where Ts ave — (Ts max t Tcold plate )/2 L 0.03 m
and Agge = 2(0.03 m)(0.03 m) = 0.00018 m?
Substituting the known quantities gives

Transistor \

Ty max — 40 +40) /2 25]"%
20 W = —2% .+ 142(0.00018) L(%s i + 40) ]
2173 CIW (0.03)°%

Solving for T, max gives
Ts, max = 83.3°C

Then the rate of heat transfer by natural convection becomes

Plastic o
washer
[(833+40) /2 —25]*%

=0.055W
(003) 0.25

Qeony = 142(0.00018)

which is 0.055/20 = 0.00275 or 0.3% of the total heat dissipated. The remaining 99.7% of the heat is
transferred by conduction. Therefore, heat transfer by natural convection is negligible. Then the surface
temperature of the transistor case becomes

Tease = Tsmax + QRpIastic washer = 833°C +(10 W)(2°C/W) =103.3°C

case
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Chapter 15 Cooling of Electronic Equipment

15-144E A plastic DIP with 24 leads is cooled by forced air. Using data supplied by the manufacturer, the
junction temperature is to be determined for two cases.

Assumptions Steady operating conditions exist.

Air
Analysis The junction-to-ambient thermal resistance of the device 70°F \
with 24 leads corresponding to an air velocity of 500 x 0.3048 = 500 ft/min \\
152.4 m/min is determined from Fig. 15-23 to be \\
Rjunction—ambient =50°C/W=(50x1.8)+32=122°F/W 15W

Then the junction temperature becomes
T rction — T .
junction ambient
Q= R Tjunction = Tambient + QRjunction—ambiem
junction—ambient

= 70°F + (1.5W)(122°F/W) = 253°F

When the fan fails the total thermal resistance is determined from Fig. 15-23 by reading the value at the
intersection of the curve at the vertical axis to be

R junction-ambient = 66 °C/W = (66x1.8) +32 =150.8 °F/ W
which yields
Tjunction _Tambient

Q = R TJUHCtiOn = Tambient + QRjunction—ambient
junction—ambient

= 70°F + (1.5W)(150.8°F/W) = 296°F
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Chapter 15 Cooling of Electronic Equipment

15-145 A circuit board is to be conduction-cooled by aluminum core plate sandwiched between two epoxy
laminates. The maximum temperature rise between the center and the sides of the PCB is to be determined.

Assumptions 1 Steady operating conditions exist 2 Thermal properties are constant. 3 There is no direct
heat dissipation from the surface of the PCB., and thus all the heat generated is conducted by the PCB to
the heat sink.

Epoxy PCB To

adhesive 15cm x 18 cm

Aluminum /
Vﬁfﬁl—lh A

1w l Repoxy

: Radhesive

A A A
Cold plate T OO T T T
9w 8w TW 6WwW 5W 4W 3W 2W 1w Ratuminum 1
-~ -« S arere S rere S e - - -— -
Cold plate Center

Analysis Using the half thickness of the aluminum frame because of symmetry, the thermal resistances
against heat flow in the vertical direction for a 1-cm wide strip are

L 00006 m
Ry == ~ 000169 °C/W
aluminum, LA T (237 W/ m.°C)(0.01 m)(0.15 m)
Repory = — = 00005 m 128205 °C/W
kA~ (026 W/m.>C)(0.01 m)(05 m)

L 0.0001 m =0.03703°C/W

R, . ==
adhesive = (18 W/ m.°C)(0.01 m)(0.15 m)
Ruertical = Ratuminum, 1 + Repoxy T Raghesive = 0.00169 +128205+0.03704 =1321°C/W

We assume heat conduction along the epoxy and adhesive in the horizontal direction to be negligible, and
heat to be conduction to the heat sink along the aluminum frame. The thermal resistance of the aluminum
frame against heat conduction in the horizontal direction for a 1-cm long strip is

Rframe = Ratuminum I = L = ooLm
T kA (237 W/ m.°C)(0.0012 m)(0.18 m)
The temperature difference across a strip is determined from
AT = QRaIuminum,"

The maximum temperature rise across the 9 cm distance between the center and the sides of the board is
determined by adding the temperature differences across all the strips as

AThorizontal = ZQRaluminum,H = (Ql + QZ + Q3 + Q4 + QS + QG + Q7 + QS 2) Raluminum,"
=(1+2+3+4+5+6+7+8+9 W)(0.1953°C/W)=8.8°C

The temperature difference between the center of the aluminum core and the outer surface of the PCB is
determined similarly to be

ATyerica = D QRuericat,1. = (1 W)(1.321 °C/W) =1.3°C

Then the maximum temperature rise across the 9-cm distance between the center and the sides of the PCB
becomes

ATmax = AThorizontal + ATvertical =88+13=10.1°C

=01953°C/W
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Chapter 15 Cooling of Electronic Equipment

15-146 Ten power transistors attached to an aluminum plate are cooled from two sides of the plate by

liquid. The temperature rise between the transistors and the heat sink is to be determined.

Assumptions 1 Steady operating conditions exist 2 Thermal properties are constant.

Analysis We consider only half of the plate
because of symmetry. It is stated that 70% of
the heat generated is conducted through the
aluminum plate, and this heat will be
conducted across the 1-cm wide section
between the transistors and the cooled edge
of the plate. (Note that the mid section of the
plate will essentially be isothermal and thus
there will be no significant heat transfer
towards the midsection). The rate of heat
conduction to each side is of the plate is

Qcond,l—side =0.70x(10W) =7W

Then the temperature rise across the 1-cm
wide section of the plate can be determined
from

(AT) plate
L

Solving for (AT) e and substituting gives

Qcond. 1-side — kA

_ Qcond.l—side L _

Transistor /Aluminum

plate

1cm|

14

Cut-out
section
4cmx4cm

9’9’9’9’&

5cm

40°C

(7 W)(0.01m)

(AT) plate —

- =2.
kA (237W/m.°C)(0.07x0.002m?)
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Chapter 15 Cooling of Electronic Equipment

15-147 The components of an electronic system located in a horizontal duct are cooled by air flowing over
the duct. The total power rating of the electronic devices that can be mounted in the duct is to be
determined for two cases.

Assumptions 1 Steady operating conditions exist 2 Thermal properties of air are constant. 3 The local
atmospheric pressure is 1 atm.

Properties The properties of air at the film temperature of (30+60)/2 = 45°C are (Table A-15)

Pr=0.724
k =0.0270W/m.°C
v=1.75x10"° m? /s Air —
. . 0°C —»
Analysis The surface area of the duct is 250 m/min

A, = 2{[(1.2m)(0.1m)] +[(L.2 m)(0.2m)]} = 0.72m?

The duct is oriented such that air strikes the 10 cm high
side normally. Using the Nusselt number relation from
Table 15-2 for a 10-cm by 10-cm cross-section square Air duct
as an approximation, the heat transfer coefficient is 10 cm x 20 cm
determined to be

_VD _ (250/60m/s)(0.1m)
v 1.75x107° m?/s

Re =23810

Nu = 0.102Re®" Prt/3 = (0.102)(23810)675(0.724)"/ = 82.4

b K g = 0-0270W/m.C

-2 (82.4) =22.3W/m? .°C
Dy, 0.1m

Then the heat transfer rate (and thus the power rating of the components inside) in this orientation is
determined from

Q =hA (T, T ) = (22.3W/m?.°C)(0.72m?)(60-30)°C = 481 W

We now consider the duct oriented such that air strikes the 20 cm high side normally. Using the Nusselt
number relation from Table 15-2 for a 20-cm by 20-cm cross-section square as an approximation, the heat
transfer coefficient is determined to be

VD _ (250/60m/s)(0.2m)

Re S
v 1.75x107°> m*“/s

=47,619

Nu = 0.102Re®®™ prt/3 = (0.102)(47,619)°¢7°(0.724)"/® = 131.6

Kk 0.0270W/m.°C
Nu=——"—""~

h=—
D, 02m

(131.6) =17.8 W/m?.°C

Then the heat transfer rate (and thus the power rating of the components inside) in this orientation is
determined from

Q =hA (Ty —Tguig ) = (17.8W/m?.°C)(0.72m?)(60-30)°C = 384 W
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Chapter 15 Cooling of Electronic Equipment

15-148 The components of an electronic system located in a horizontal duct are cooled by air flowing over
the duct. The total power rating of the electronic devices that can be mounted in the duct is to be
determined for two cases.

Assumptions 1 Steady operating conditions exist 2 Thermal properties of air are constant. 3 The local
atmospheric pressure is 1 atm.

Properties The properties of air at the film temperature of (30+60)/2 = 45°C and 54.05 kPa are (Table A-
15)

Pr=0.724
k =0.0270W/m.°C
—_—

-5 2 . —_—
V:1.75><10 m /823,28X1075 mZ/S 3€:rc —_—
54.05/101325 N
250 m/min
150 W

Analysis The surface area of the duct is T, <60°

A, =2{[(1.2m)(0.1m)]+[(.2 m)(0.2m)]} = 0.72m? “Lom

The duct is oriented such that air strikes the 10 cm high
side normally. Using the Nusselt number relation from
Table 15-2 for a 10-cm by 10-cm cross-section square
as an approximation, the heat transfer coefficient is
determined to be

_VD _ (250/60m/s)(0.1m)
v 3.28x107° m?/s

Air duct
10 cm x 20 cm

Re =12,703

Nu = 0.102Re®®™ prt/3 = (0.102)(12,703)*75(0.724)"/% = 53.9

Nu =0'027001w(53.9) ~14.6 W/m?.°C
Am

LS
h

Then the heat transfer rate (and thus the power rating of the components inside) in this orientation is
determined from

Q =hA (T, Ty ) = (14.6W/m?.°C)(0.72m?)(60-30)°C = 315 W

We now consider the duct oriented such that air strikes the 20 cm high side normally. Using the Nusselt
number relation from Table 15-2 for a 20-cm by 20-cm cross-section square as an approximation, the heat
transfer coefficient is determined to be

_VD _ (250/60m/s)(0.2m)

Re
v 3.28x107° m?/s

= 25,407

Nu = 0.102Re®® P2 = (0.102)(25,407)%67°(0.724)"'® = 86.1

Ny = L0Z7OWIMC g 1y 116 Wim? oC
0.2m

LS
h

Then the heat transfer rate (and thus the power rating of the components inside) in this orientation is
determined from

Q =hA (T, —Tpuig ) = (11.6W/m?.°C)(0.72m?)(60-30)°C = 251 W
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Chapter 15 Cooling of Electronic Equipment

15-149E A computer is cooled by a fan blowing air into the computer enclosure. The fraction of heat lost
from the outer surfaces of the computer case is to be determined.

Assumptions 1 Steady operating conditions exist 2 Thermal properties of air are constant. 3 The local
atmospheric pressure is 1 atm.

Analysis Using the proper relation from Table 15-1, the heat transfer coefficient and the rate of natural
convection heat transfer from the vertical side surfaces are determined to be
6

L=—ft
12

Agige = (2)(— ft+— 24 ft)(% ft] =3.67ft?

0.25 0.25
heonv.sige =1- 42( ALT j _1.42(95_80) =3.32 Btuh.ft? .°F

6/12
Qconvside = Neonvside Aside (Ts — T g ) = (3.32 Btwh.ft>.°F)(3.67ft*)(95—80)°F = 182.9Btu/h

Similarly, the rate of heat transfer from the horizontal top surface by natural convection is determined to be

20\ 24
ft | = ft _
_ Ao (12 )(12 j 180t 8,31:: 95°F

P ( ft] (24 ftj
12 12 Ay
20 24 2
ft ft | =3.33ft
Ap = (12 j(l j \ Computer

0.25 0.25 case
Peonvop =1- SZ(ALT ) =1.32(%] =2.24Btu/h.ft? °F

Qconvtop = Neonvtop Aop (Ts = T i ) = (2.24 Btu/h.ft? °F)(3.33ft* ) (95-80)°F = 111.7Btu/h

The rate of heat transfer from the outer surfaces of the computer case by radiation is
Qrad = gAsU(Ts4 _Tsurr4)
= (0.85)(3.67 ft? +3.33ft%)(0.1714 Btuh.ft>.R*)[(95+ 460R) * — (80+273R)*]
=100.4 Btuh
Then the total rate of heat transfer from the outer surfaces of the computer case becomes
Quotal = Qeonv,side + Qeonv top + Qrag =182.9+1117 +1004 =395 Btu/ h

Therefore, the fraction of the heat loss from the outer surfaces of the computer case is

(395/341214) W
170 W

f = =068=68%

15-150 ... 15-152 Design and Essay Problems
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