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Introduction and History

15-1C The invention of vacuum diode started the electronic age. The invention of the transistor marked the
beginning of a revolution in that age since the transistors performed the functions of the vacuum tubes with
greater reliability while occupying negligible space and consuming negligible power compared to the
vacuum tubes.

15-2C Integrated circuits are semiconductor devices in which several components such as diodes,
transistors, resistors and capacitors are housed together. The initials MSI, LSI, and VVLSI stand for medium
scale integration, large scale integration, and very large scale integration, respectively.

15-3C The electrical resistance R is a measure of resistance against current flow, and the friction between
the electrons and the material causes heating. The amount of the heat generated can be determined from

ohm’s law, W = 12R .

15-4C The electrical energy consumed by the TV is eventually converted to heat, and the blanket wrapped
around the TV prevents the heat from escaping. Then the temperature of the TV set will have to start rising
as a result of heat build up. The TV set will have to burn up if operated this way for a long time. However,
for short time periods, the temperature rise will not reach destructive levels.

15-5C Since the heat generated in the incandescent light bulb which is completely wrapped can not escape,
the temperature of the light bulb will increase, and will possibly start a fire by igniting the towel.

15-6C When the air flow to the radiator is blocked, the hot water coming off the engine cannot be cooled,
and thus the engine will overheat and fail, and possible catch fire.

15-7C A car is much more likely to break since it has more moving parts thana TV.

15-8C Diffusion in semi-conductor materials, chemical reactions and creep in the bending materials cause
electronic components to fail under prolonged use at high temperatures.
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15-9 The case temperature of a power transistor and the
junction-to-case resistance are given. The junction Q
temperature is to be determined. Case 1 Tease

. . - . nction
Assumptions Steady operating conditions exist. N | J.llj._ ct_o
junction
Analysis The rate of heat transfer between the |_‘ ’-l

junction and the case in steady operation is

o-[(4 -

R j junction—case R junction—case

Rjunction-case

Tjunction case

Then the junction temperature is determined to be
Tjunction =Tease + QR junction—case — 60°C + (12 W)(5°C/W) =120°C

15-10 The power dissipated by an electronic component
as well as the junction and case temperatures are Q R
measured. The junction-to-case resistance is to be Case 1 Tease ) junction-case

determined. \4\ I Junction
Assumptions Steady operating conditions exist. % ]: Tiunction
Analysis The rate of heat transfer from the component is |—| ’-l

W, =Q=VI=(12V)(0.15A)=1.8W

Then the junction-to-case thermal resistance of this
component becomes

_ Tjunction _Tcase _ (80 —55)°C

RJunction—case = o 18w =13.9°C/W

15-11 A logic chip dissipates 6 W power. The amount of heat this chip dissipates during a 10-h period and
the heat flux on the surface of the chip are to be determined.

Assumptions 1 Steady operating conditions exist. 2 Heat transfer from the surface is uniform.
Analysis (a) The amount of heat this chip dissipates

during an eight-hour workday is Q
Q = QAt = (0.006 kW)(8h) = 0.048 kWh ”
(b) The heat flux on the surface of the chip is Chip
' e A=0.32cm’
=9=6—W2=18.8 Wicm?
A 0.32cm
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15-12 A circuit board houses 90 closely spaced logic chips, each dissipating 0.1 W. The amount of heat
this chip dissipates in 10 h and the heat flux on the surface of the circuit board are to be determined.

Assumptions 1 Steady operating conditions exist. 2 The heat
transfer from the back surface of the board is negligible.

Analysis (a) The rate of heat transfer and the amount of heat this

circuit board dissipates during a ten-hour period are
Quotar = (90)(0.1W) =9 W
Qtotal = Qtotal At = (0.009 kW)(10h) = 0.09 kWh

(b) The average heat flux on the surface of the circuit board is

_Qua _ 9W

= =0.03W/cm?
A (15cm)(20cm)

q

15-13E The total thermal resistance and the temperature of
a resistor are given. The power at which it can operate
safely in a particular environment is to be determined.

Assumptions Steady operating conditions exist.

Analysis The power at which this resistor can be operate

safely is determined from

Tresistor _Tambient _ (360_120)OF
Riotal 130°F/W

Q= =1.85W

Resistor

15-14 The surface-to-ambient thermal resistance and the surface temperature of a resistor are given. The
power at which it can operate safely in a particular environment is to be determined.

Assumptions Steady operating conditions exist.

Analysis The power at which this resistor can operate
safely is determined from

Tresistor _Tambient _ (150_30)OC _

Q= 0.4W
Riotal 300°C/W
At specified conditions, the resistor dissipates
2 2
§=Y_ SV _ 5605w
R (100Q)

of power. Therefore, the current operation is not safe.

Resistor

Tresistor

Rtotal
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15-15 EES Prob. 15-14 is reconsidered. The power at which the resistor can operate safely as a function of
the ambient temperature is to be plotted.

Analysis The problem is solved using EES, and the solution is given below.

"GIVEN"

R_electric=100 [ohm]
R_thermal=300 [C/W]

V=7.5 [volt]

T_resistor=150 [C]
T_ambient=30 [C]

"ANALYSIS"

Q_dot_safe=(T_resistor-T_ambient)/R_thermal

Tambient [C] Qsafe [W]
20 0.4333
21 0.43
22 0.4267
23 0.4233
24 0.42
25 0.4167
26 0.4133
27 0.41
28 0.4067
29 0.4033
30 0.4
31 0.3967
32 0.3933
33 0.39
34 0.3867
35 0.3833
36 0.38
37 0.3767
38 0.3733
39 0.37
40 0.3667

Qsafe [W]

0.44

0.43-
0.42-
0.41-

0.4-
0.39-
0.38-

0.37

0.36

24

28

Tambient

32 36 40
[C]
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Manufacturing of Electronic Equipment

15-16C The thermal expansion coefficient of the plastic is about 20 times that of silicon. Therefore,
bonding the silicon directly to the plastic case will result in such large thermal stresses that the reliability
would be seriously jeopardized. To avoid this problem, a lead frame made of a copper alloy with a thermal
expansion coefficient close to that of silicon is used as the bonding surface.

15-17C The schematic of chip carrier is given

B . . S Lid Junction
in the figure. Heat generated at the junction is . .
. A B
transferred through the chip to the led frame, Ir 9ap \ /[ ond\eres Case
then through the case to the leads. From the | | ¥
leads heat is transferred to the ambient or to the Leads

medium the leads are connected to.

Lead frame —/ }

Bond

15-18C The cavity of the chip carrier is filled with a gas which is a poor conductor of heat. Also, the case
is often made of materials which are also poor conductors of heat. This results in a relatively large thermal
resistance between the chip and the case, called the junction-to-case thermal resistance. It depends on the
geometry and the size of the chip carrier as well as the material properties of the bonding material and the
case.

15-19C A hybrid chip carrier houses several chips, individual electronic components, and ordinary circuit
elements connected to each other. The result is improved performance due to the shortening of the wiring
lengths, and enhanced reliability. Lower cost would be an added benefit of multi-chip packages if they are
produced in sufficiently large quantities.

15-20C A printed circuit board (PCB) is a properly wired plane board on which various electronic
components such as the ICs, diodes, transistors, resistors, and capacitors are mounted to perform a certain
task. The board of a PCB is made of polymers and glass epoxy materials. The thermal resistance between a
device on the board and edge of the board is called as device-to-PCB edge thermal resistance. This
resistance is usually high (about 20 to 60 °C /W) because of the low thickness of the board and the low
thermal conductivity of the board material.

15-21C The three types of circuit boards are the single-sided, double-sided, and multi-layer boards. The
single-sided PCBs have circuitry lines on one side of the board only, and are suitable for low density
electronic devices (10-20 components). The double-sided PCBs have circuitry on both sides, and are best
suited for intermediate density devices. Multi-layer PCBs contain several layers of circuitry, and they are
suitable for high density devices. They are equivalent to several PCBs sandwiched together.

15-22C The desirable characteristics of the materials used in the fabrication of circuit boards are: (1) being
an effective electrical insulator to prevent electrical breakdown, (2) being a good heat conductor to conduct
the heat generated away, (3) having high material strength to withstand the forces and to maintain
dimensional stability, (4) having a thermal expansion coefficient which closely matches to that of copper to
prevent cracking in the copper cladding during thermal cycling, (5) having a high resistance to moisture
absorption since moisture can effect both mechanical and electrical properties and degrade performance,
(6) stability in properties at temperature levels encountered in electronic applications, (7) ready availability
and manufacturability, and, of course (8) low cost.
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15-23C An electronic enclosure (a case or a cabinet) house the circuit boards and the necessary peripheral
equipment and connectors. It protects them from the detrimental effects of the environment, and may
provide a cooling path. An electronic enclosure can simply be made of sheet metals such as thin gauge
aluminum or steel.

Cooling Load of Electronic Equipment and Thermal Environment

15-24C The heating load of an electronic box which consumes 120 W of power is simply 120 W because
of the conservation of energy principle.

15-25C Superconductor materials will generate hardly any heat and as a result, more components can be
packed into a smaller volume, resulting in enhanced speed and reliability without having to resort to some
exotic cooling techniques.

15-26C The actual power dissipated by a device can be considerably less than its rated power, depending
on its duty cycle (the fraction of time it is on). A5 W power transistor, for example, will dissipate an
average of 2 W of power if it is active only 40 percent of the time. Then we can treat this transistor as a 2-
W device when designing a cooling system. This may allow the selection of a simpler and cheaper cooling
mechanism.

15-27C The cyclic variation of temperature of an electronic device during operation is called the
temperature cycling. The thermal stresses caused by temperature cycling undermines the reliability of
electronic devices. The failure rate of electronic devices subjected to deliberate temperature cycling of
more than 20 °C is observed to increase by eight-fold.

15-28C The ultimate heat sink for a TV is the room air with a temperature range of about 10 to 30°C. For
an airplane it is the ambient air with a temperature range of about -50°C to 50°C. The ultimate heat sink for
a ship is the sea water with a temperature range of 0°C to 30°C.

15-29C The ultimate heat sink for a DVD payer is the room air with a temperature range of about 10 to
30°C. For a spacecraft it is the ambient air or space with a temperature range of about -273°C to 50°C. The
ultimate heat sink for a communication system on top of a mountain is the ambient air with a temperature
range of about -20°C to 50°C.

Electronics Cooling in Different Applications

15-30C The electronics of short-range missiles do not need any cooling because of their short cruising
times. The missiles reach their destinations before the electronics reach unsafe temperatures. The long-
range missiles must be cooled because of their long cruise times (several hours). The electronics in this
case are cooled by passing the liquid fuel they carry through the cold plate of the electronics enclosure as it
flows towards the combustion chamber.

15-31C Dynamic temperature is the rise in the temperature of a fluid as a result of the ramming effect or
the stagnation process. This is due to the conversion of Kinetic energy to internal energy which is

significant at high velocities. It is determined from Ty =V 2 /(2c,,) where V is the velocity and ¢, is
the specific heat of the fluid. It is significant at velocities above 100 m/s.
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15-32C The electronic equipment in ships and submarines are usually housed in rugged cabinets to protect
them from vibrations and shock during stormy weather. Because of easy access to water, water cooled heat
exchangers are commonly used to cool sea-born electronics. Often air in a closed or open loop is cooled in
an air-to-water heat exchanger, and is forced to the electronic cabinet by a fan.

15-33C The electronics of communication systems operate for long periods of time under adverse
conditions such as rain, snow, high winds, solar radiation, high altitude, high humidity, and too high or too
low temperatures. Large communication systems are housed in specially built shelters. Sometimes it is
necessary to air-condition these shelters to safely dissipate the large quantities of heat generated by the
electronics of communication systems.

15-34C The electronic components used in the high power microwave equipment such as radars generate
enormous amounts of heat because of the low conversion efficiency of electrical energy to microwave
energy. The klystron tubes of high power radar systems where radio frequency (RF) energy is generated
can yield local heat fluxes as high as 2000 W/cm? . The safe and reliable dissipation of such high heat
fluxes usually require the immersion of such equipment into a suitable dielectric fluid which can remove
large quantities of heat by boiling.

15-35C The electronic equipment in space vehicles are usually cooled by a liquid circulated through the
components where heat is picked up, and then through a space radiator where the waste heat is radiated
into deep space at 0 K. In such systems it may be necessary to run a fan in the box to circulate the air since
there is no natural convection currents in space because of the absence of a gravity field.

15-36 An airplane cruising in the air at a temperature of
-25°C at a velocity of 850 km/h is considered. The V=850 km/h
temperature rise of air is to be determined.

Assumptions Steady operating conditions exist.
Analysis The temperature rise of air (dynamic
temperature) at this speed is

V2 (850x1000/3600 m/s)2 ( 1J/kg

T L=
Yrame T 2c,  (2)(1003J/kg.°C)  \1m?2/s?

J: 27.8°C

15-37 The temperature of air in the wind at a wind velocity of 90 km/h is

)

measured to be 12°C. The true temperature of air is to be determined.

Assumptions Steady operating conditions exist. ]
Analysis The temperature rise of air (dynamic temperature) at this speed is =
Wind =
V2 (90x1000/3600m/s)? ( 1J/kg ) _ o V=90km/mh |3
Tamanic = 50— = ) (1005 Jkg.°C 27 )~ 03¢ E
Cp (2)( g.°C)  1m?®/s — 3

Therefore, the true temperature of air is §

—

Ttrue = Tmeasured _Tdynamic =(12-03)°C=11.7°C
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15-38 EES Prob. 15-37 is reconsidered. The true temperature of air as a function of the wind velocity is to

be plotted.

Analysis The problem is solved using EES, and the solution is given below.

"GIVEN"

T_measured=12 [C]

Vel=90 [km/h]
"PROPERTIES"

¢_p=CP(air, T=T_measured)*Convert(kJ/kg-C, J/kg-C)

"ANALYSIS"

T_dynamic=(Vel*Convert(km/h, m/s))*2/(2*c_p)*Convert(m”~2/s"2, J/kg)

T true=T_measured-T_dynamic

Vel [km/h] | Twe [C]
20 11.98
25 11.98
30 11.97
35 11.95
40 11.94
45 11.92
50 11.9
55 11.88
60 11.86
65 11.84
70 11.81
75 11.78
80 11.75
85 11.72
90 11.69
95 11.65
100 11.62
105 11.58
110 11.54
115 11.49
120 11.45

Ttrue [C]

12

11.9

11.8

11.7

11.6

11.5

11.4

20

60 80 100 120
Vel [km/h]
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15-39 Aiir at 25°C is flowing in a channel. The temperature a stationary probe inserted into the channel will
read is to be determined for different air velocities.

Assumptions Steady operating conditions exist.
Analysis (a) The temperature rise of air (dynamic temperature) for an air velocity of 1 m/s is
T Vi o (1mis)? 1J/kg
wmamie " o¢ . (2)(1005J/kg.°C) | 1m2/s?

J =0.0005°C
p

Then the temperature which a stationary probe will read becomes
T =25+0.0005 = 25.0005°C

measured — Ttrue +Tdynamic

(b) For an air velocity of 10 m/s the temperature rise is

v? (10 m/s)? 1J/kg .
Tdynamic = = ° 2 2 |- 0.05°C
2c, (2)(1005J/kg.°C) \1m*/s
Then, Tmeasured :Ttrue +Tdynamic =25+0.05=25.05°C — Air, V [ J Thermocouple
(c) For an air velocity of 100 m/s the temperature rise is %3 Tie = 25°C Trmeasured

V2 (100m/s)? ( 1J/kg

T _ =4.98°C
dynamic = 2¢ 7 (2)(1005 J/kg.°C) 1m2/52j

p
Then,  Teasured = Tirve +Tdynamic =25+4.98=29.98°C

(d) For an air velocity of 1000 m/s the temperature rise is

1. _Vv?_ @ooomis)® ( 1lkg
dynamic — 2% (2)(1005 J/kg.°C) 1m?/s?

j =497.5°C
p

Then,  Treasured = Tirue + Taynamic = 25 +497.5="522.5°C

15-40 Power dissipated by an electronic device as well as its surface area and surface temperature are
given. A suitable cooling technique for this device is to be determined.

Assumptions Steady operating conditions exist. Q
Analysis The heat flux on the surface of this electronic device is
4=2-2W 4 4wiecm? chip
As  5cm? A=5cm

For an allowable temperature rise of 50°C, the suitable cooling technique for this device is determined from
Fig. 15-17 to be forced convection with direct air.
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15-41E Power dissipated by a circuit board as well as its surface area —
and surface temperature are given. A suitable cooling mechanism is to

be selected. j\
1 Board
]

Assumptions Steady operating conditions exist. h .
. . . - 6inx8in
Analysis The heat flux on the surface of this electronic device is

Q _ 20w
A, (6inx2.54 cm/in)(8inx 2.54 cm/in)

Q=20w

4= =0.065 W/cm?

For an allowable temperature rise of 80°F, the suitable cooling
technique for this device is determined from Fig. 15-17 to be natural
convection with direct air. —

I_II_H_\<_II_I

Conduction Cooling

15-42C The major considerations in the selection of a cooling technique are the magnitude of the heat
generated, the reliability requirements, the environmental conditions, and the cost.

15-43C Thermal resistance is the resistance of a materiel or device against heat flow through it. It is
analogous to electrical resistance in electrical circuits, and the thermal resistance networks can be analyzed
like electrical circuits.

15-44C If the rate of heat conduction through a medium Q , and the thermal resistance R of the medium

are known, then the temperature difference across the medium can be determined from AT =QR.

15-45C The voltage drop across the wire is determined from AV = IR . The length of the wire is
proportional to the electrical resistance [ R = L /(pA) ], which is proportional to the voltage drop. Therefore,

doubling the wire length while the current | is held constant will double the voltage drop.

The temperature drop across the wire is determined from AT = QR . The length of the wire is
proportional to the thermal resistance [ R = L /(kA) ], which is proportional to the temperature drop.

Therefore, doubling the wire length while the heat flow Q is held constant will double the temperature
drop.

15-46C A heat frame is a thick metal plate attached to a circuit board. It enhances heat transfer by
providing a low resistance path for the heat flow from the circuit board to the heat sink. The thicker the
heat frame, the lower the thermal resistance and thus the smaller the temperature difference between the
center and the ends of the heat frame. The electronic components at the middle of a PCB operate at the
highest temperature since they are furthest away from the heat sink.
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15-47C Heat flow from the junction to the body of a chip is three-dimensional, but can be approximated as
being one-dimensional by adding a constriction thermal resistance to the thermal resistance network. For a
small heat generation area of diameter a on a considerably larger body, the constriction resistance is given

by R onstriction =1/(2+/ak) where k is the thermal conductivity of the larger body. The constriction

resistance is analogous to a partially closed valve in fluid flow, and a sudden drop in the cross-sectional
area of an wire in electric flow.

15-48C The junction-to-case thermal resistance of an electronic component is the overall thermal
resistance of all parts of the electronic component between the junction and case. In practice, this value is
determined experimentally. When the junction-to-case resistance, the power dissipation, and the case
temperature are known, the junction temperature of a component is determined from

Tjunctiion = Tcase + QR junction—case

15-49C The case-to-ambient thermal resistance of an electronic device is the total thermal resistance of all
parts of the electronic device between its outer surface and the ambient. In practice, this value is
determined experimentally. Usually, manufacturers list the total resistance between the junction and the
ambient for devices they manufacture for various configurations and ambient conditions likely to be
encountered. When the case-to-ambient resistance, the power dissipation, and the ambient temperature are

known, the junction temperature of the device is determined from T ;,ncqion = Tampient + QR junction—ambient

15-50C The junction temperature in this case is determined from
Tjunctiion = Tambient + Q(R junction—case + Rcase—ambient )

When R jyncion—case > Recase—amvient » the case temperature will be closer to the ambient temperature.

15-51C The PCBs are made of electrically insulating materials such as glass-epoxy laminates which are
poor conductors of heat. Therefore, the rate of heat conduction along a PCB is very low. Heat conduction
from the mid parts of a PCB to its outer edges can be improved by attaching heat frames or clamping cold
plates to it. Heat conduction across the thickness of the PCB can be improved by planting copper or
aluminum pins across the thickness of the PCB to serve as thermal bridges.

15-52C The thermal expansion coefficients of aluminum and copper are about twice as large as that of the
epoxy-glass. This large difference in the thermal expansion coefficients can cause warping on the PCBs if
the epoxy and the metal are not bonded properly. Warping is a major concern because it decreases
reliability. One way of avoiding warping is to use PCBs with components on both sides.

15-53C The thermal conduction module received a lot of attention from thermal designers because the
thermal design was incorporated at the initial stages of electrical design. The TCM was different from
previous chip designs in that it incorporated both electrical and thermal considerations in early stages of
design. The cavity in the TCM is filled with helium (instead of air) because of its very high thermal
conductivity (about six times that of air).
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15-54 The dimensions and power dissipation of a chip are given. The junction temperature of the chip is to
be determined.

Assumptions 1 Steady operating conditions exist. 2 Heat transfer through various components is one-
dimensional. 3 Heat transfer through the air gap and the lid on top of the chip is negligible because of the
very large thermal resistance involved along this path.

Analysis The various thermal resistances on the path of primary heat flow are

1 1
R P = = = 4.7OC/W
constrietion =) [rak  2+/7 (0.5x107% m)(120 W/m.C)
-3
Rupp = = 05107 m = 0.26°CIW
KA (120 W/m.°C)(0.004 x 0.004)m .
3 Junction
Ruona =0 = 0.05-10"_m —=0.011°C/W/
KA (296 W/m.°C)(0.004 x 0.004)m R constriction
-3
- == 0.25-10_m —=0.04°C/W
frame KA (386 W/m.°C)(0.004 % 0.004)m
L 0.3x10° m
plastic = 7 4 = - > = 66.67°C/W Rehip
KA (1W/m.°C)(18x0.001x 0.00025)m
-3
RIeads = L = 6107 m 7= 3.45°C/W
KA (386 W/m.°C)(18x0.001x 0.00025)m Rbond
Since all resistances are in series, the total thermal resistance between
the junction and the leads is determined by simply adding them up
RIead frame
Riotal = Rjunction—lead
= Rconstriction + Rchip + Rbond + RIead +R plastic + RIeads
frame
=4.7+0.26+0.011+0.04 + 66.67 +3.45 Roplastic
=75.13°C/W
Knowing the junction-to-leads thermal
resistance, the junction temperature is
determined from Ricads
Q _ Tjunction _Tleads

R junction—case

Tjunction = Tleads + QR junction—case = SOOC + (08 W)(7513OC/W) = 1101°C
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15-55 A plastic DIP with 16 leads is cooled by forced air. Using data supplied by the manufacturer, the
junction temperature is to be determined.

Assumptions Steady operating conditions exist.

Air
Analysis The junction-to-ambient thermal resistance of 250C
the device with 16 leads corresponding to an air velocity 300 m/min \
of 300 m/min is determined from Fig.15-23 to be
Rjunction—ambient =50°C/W \ 2W

Then the junction temperature becomes

Q _ Tjunction _Tambient
Rjunction—ambient
Tjunction = Tambient + QRjunction—ambient =25°C+ (2 W)(SOOC/W) =125°C
When the fan fails the total thermal resistance is determined from Fig.15-23 by reading the value for zero
air velocity (the intersection point of the curve with the vertical axis) to be
R =70°C/W

junction—ambient

which yields

T

. -T
Q=

junction ambient

R junction—ambient

Tjunction = Tambient + QRjunction—ambient =25°C + (2 W)(70°C/W) = 165°C

15-56 A PCB with copper cladding is given. The percentages of heat conduction along the copper and
epoxy layers as well as the effective thermal conductivity of the PCB are to be determined.

Assumptions 1 Steady operating conditions exist. 2 Heat conduction along the PCB is one-dimensional
since heat transfer from side surfaces is negligible. 3 The thermal properties of epoxy and copper layers are
constant.

Analysis Heat conduction along a layer is proportional to
the thermal conductivity-thickness product (kt) which is
determined for each layer and the entire PCB to be

(Kt) copper = (386 W/m.°C)(0.06x10™ m) = 0.02316 W/°C Q
(Kt) epory = (0.26 W/m.°C)(0.5x10™° m) = 0.00013 W/°C
(kt) s = (KE) copper + (KE) gpoxy = 0.02316+0.00013 = 0.02329 W/°C

Therefore the percentages of heat conduction along the
epoxy board are

t=0. 06 mm
¢ (k) epory _ 0.00013W/°C _ 0.0056 = 0.6%
P (kt)peg  0.02316W/C
and feopper = (100—0.6)% = 99.4%
Then the effective thermal conductivity becomes
(., = (kt) epory + (KU copper _ (0.02316+0.00013) W/°C _ 416 WM °C

tepoxy + t(;opper (0.06 +0.5) x 103 m
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15-57 EES Prob. 15-56 is reconsidered. The effect of the thickness of the copper layer on the percentage
of heat conducted along the copper layer and the effective thermal conductivity of the PCB is to be
investigated.

Analysis The problem is solved using EES, and the solution is given below.

"GIVEN"

length=0.12 [m]
width=0.12 [m]
t_copper=0.06 [mm]
t_epoxy=0.5 [mm]
k_copper=386 [W/m-C]
k_epoxy=0.26 [W/m-C]

"ANALYSIS"

kt_copper=k_copper*t_copper*Convert(mm, m)
kt_epoxy=k_epoxy*t_epoxy*Convert(mm, m)

kt PCB=kt_copper+kt_epoxy

f_copper=kt_copper/kt_ PCB*Convert(, %)

f_epoxy=100-f_copper
k_eff=(kt_epoxy+kt_copper)/((t_epoxy+t_copper)*Convert(mm, m))

Tcopper fcopper Keft 99.8 oo T 70
[mm] [%%6] [W/]mC 99 6l . N
002 | 9834 | 151 ool ot

0025 | 9867 | 1863 _ lso
003 | 9889 | 22.09 99.2

0035 | 9905 | 255 |— . —
0.04 99.17 | 2883 |& 99 {40 Q
0.045 | 9926 | 8211 | . | £
005 | 99.33 | 3533 | = 988 lao 3
0055 | 99.39 | 3849 | 8 .| .
006 | 99.44 | 4159 7l N
0.065 | 99.48 | 44.64 98.4 120
007 | 9952 | 47.63 . -
0.075 | 9955 | 5057 ogol . . . . . . ... . Do
0.08 99.58 53.47 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 01
0085 | 9961 | 56.31 Leopper [MM]

009 | 99.63 | 59.1

0.095 | 99.65 | 6185

0.1 99.66 | 64.55
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15-58 The heat generated in a silicon chip is conducted )
to a ceramic substrate to which it is attached. The Q
temperature difference between the front and back ’
surfaces of the chip is to be determined.

Assumptions 1 Steady operating conditions exist. 2 Heat

conduction along the chip is one-dimensional. Chip
Analysis The thermal resistance of silicon chip is | 6><6><_0.5 mm
3 Ceramic
L 0.5x10” m substrate

=0.1068°C/W

Rchip =TA 2
kA (130 W/m.°C)(0.006 x 0.006)m
Then the temperature difference across the chip becomes
AT = QRchip = (3W)(0.1068°C/W) = 0.32°C

15-59E The dimensions of an epoxy glass laminate are given. The
thermal resistances for heat flow along the layers and across the Qtenath
thickness are to be determined. T ‘

Assumptions 1 Heat conduction in the laminate is one-dimensional in
either case. 2 Thermal properties of the laminate are constant.

Analysis The thermal resistances of the PCB along the 7 in long side
and across its thickness are 7in

Raong = ﬁ Quthickness
length
(@) _ (7112) ft
(0.15 Btu/h.ft.°F)(6/12 ft)(0.05/12 ft)
=1867 h.°F/Btu
L
(b) far::i'éi%sess B m 0.05 in

(0.05/12) ft

= = 0.095 h.°F/Btu
(0.15 Btu/h.ft.°F)(7/12 ft)(6/12 ft)
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15-60 Cylindrical copper fillings are
planted throughout an epoxy glass 3mm

board. The thermal resistance of the
board across its thickness is to be
determined.
Assumptions 1 Heat conduction along gﬁﬁper \
the board is one-dimensional. 2 g
Thermal properties of the board are
constant. 3mm
Analysis The number of copper Enox
fillings on the board is Poxy
board —
_ Areaof board
Area of one square
_ (250 mm)(180 mm) 3000
(3mm)(3mm)
The surface areas of the copper fillings and the remaining part of the epoxy layer are
aD? 7(0.001m)?

Acopper =N - (3000) =0.002356 m?

Aoiar = (Iength)(width) = (0.15m)(0.18 m) = 0.027 m 2
Acpoxy = Protal — Acopper = 0.027 —0.002356 = 0.024644 m 2

The thermal resistance of each material is

omper = = 0.0014m = 0.00154°C/W
kA~ (386 W/m.°C)(0.002356 m?)
L 0.0014m 02185 e

R - =
PP KA (0.26 W/m.°C)(0.024644 m?)

Since these two resistances are in parallel, the equivalent thermal resistance of the entire board is
1 1 1 1 1

Rygarg = 0.00153°C/W

+ = +
Rooard  Repoyy Reopper  0-2185°C/W  0.00154°C/W
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15-61 EES Prob. 15-60 is reconsidered. The effects of the thermal conductivity and the diameter of the
filling material on the thermal resistance of the epoxy board are to be investigated.

Analysis The problem is solved using EES, and the solution is given below.

"GIVEN"

length=0.18 [m]
width=0.15 [m]

k_epoxy=0.26 [W/m-C]
t_board=(1.4/1000) [m]
k_filling=386 [W/m-C]
D_filling=1 [mm]

$=(3/1000) [m]

"ANALYSIS"

A_board=length*width
n_filling=A_board/s"2
A_filling=n_{filling*pi*(D_filling*Convert(mm, m))"2/4

A_epoxy=A_board-A_filling

R_filling=t_board/(k_filling*A_filling)

R_epoxy=t_board/(k_epoxy*A_epoxy)

1/R_board=1/R_epoxy+1/R_filling

Kiilling Rupoard
Wim-c] | [C/W]
10 0.04671
29.5 0.01844
49 0.01149
68.5 0.008343
88 0.00655
107.5 0.005391
127 0.00458
146.5 0.003982
166 0.003522
185.5 0.003157
205 0.00286
224.5 0.002615
244 0.002408
263.5 0.002232
283 0.00208
302.5 0.001947
322 0.00183
341.5 0.001726
361 0.001634
380.5 0.00155
400 0.001475

Rboard [C/W]

0.05

0.04

0.03

0.02

0.01

50

100

150

kfiIIing

200

| 250
[W/m-C]

300

350

400
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DfiIIing Rboard
[mm] [C/W]
0.5 0.005977
0.6 0.004189
0.7 0.003095
0.8 0.002378
0.9 0.001884
1 0.001529
1.1 0.001265
1.2 0.001064
13 0.0009073
14 0.0007828
15 0.0006823
1.6 0.0005999
1.7 0.0005316
1.8 0.0004743
1.9 0.0004258
2 0.0003843

Rboard [C/W]

0.006

15-19

0.005

0.004

0.003

0.002

0.001

I:)filling

1.4
[mm]

1.7
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15-62 A circuit board with uniform heat generation is to be conduction cooled by a copper heat frame.
Temperature distribution along the heat frame and the maximum temperature in the PCB are to be
determined.

Assumptions 1 Steady operating conditions exist 2 /‘15 cm x 18 em
Thermal properties are constant. 3 There is no direct T AL T T 101
heat dissipation from the surface of the PCB, and I L |
thus all the heat generated is conducted by the heat <— <R <« | — —
frame to the heat sink. \
Analysis The properties and dimensions of various C%?gt Ir;r:e agr?é)s)%e
section of the PCB are summarized below as P
Section and material Thermal Thickness Heat transfer surface
conductivity area
Epoxy board 0.26 W/m.°C 2mm 10 mm x 120 mm
Epoxy adhesive 1.8 W/m.°C 0.12 mm 10 mm x 120 mm
Copper heat frame 386 W/m.°C 1.5mm 10 mm x 120 mm
(normal to frame)
Copper heat frame 386 W/m.°C 10 mm 15 mm x 120 mm
(along the frame)

Using the values in the table, the various thermal resistances are determined to be
L 0.002m

Repoxy == =6.41°C/W
kA (0.26 W/m.°C)(0.01mx0.12 m) To
L 0.00012 m
R = = 0.056°C/W
e KA (1.8 W/m.°C)(0.01m x0.12 m) JURE
Rcopper 1= L = 0.0015m =0.0032°C/W
KA (386 W/m.°C)(0.00m x0.12 m)
L 0.01m I:Qadhesive
R, _R LI = 0.144°C/W
frame = copper parallel =y A ™ (386 \W/m.°C)(0.0015x 0.12 m)
225W 195W 16.5 W 135W 105W 7.5W 45W 15W

R«

The combined resistance between the electronic components on each strip and the heat frame can be
determined by adding the three thermal resistances in series to be
Rvertical = Repoxy + Radhesive + RCOPPEI’,J_ = 641+ 0056+ 00032 = 646900/W

The temperatures along the heat frame can be determined from the relation AT =T, — Ty, = QR . Then,
T, =T +Q, oRy_o =30°C +(22.5 W)(0.144°C/W) = 33.24°C
T, =T, +Q, 4R, ; =33.24°C +(19.5 W)(0.144°C/W) = 36.05°C
T, =T, +Q3 ,R; , = 36.05°C + (16.5 W)(0.144°C/W) = 38.42°C
T, =T5+Q, 3R, 5 =38.42°C +(13.5 W)(0.144°C/W) = 40.36°C
Ty =T, + Qs 4Re_, = 40.36°C +(10.5 W)(0.144°C/W) = 41.87°C
Te =Ts + Qg sRg s = 41.87°C + (7.5 W)(0.144°C/W) = 42.95°C
T, =T +Q, R, ¢ = 42.95°C + (4.5 W)(0.144°C/W) = 43.60°C
Tg =T, +Qg_7Rg ; = 43.88°C + (1.5 W)(0.144°C/W) = 43.81°C
The maximum surface temperature on the PCB is
Tmax = To = Tg + Quertical Rvertical = 43-81°C + (3 W)(6.469°C/W) = 63.2°C
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15-63 A circuit board with uniform heat generation is to be conduction cooled by aluminum wires inserted
into it. The magnitude and location of the maximum temperature in 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.

Analysis The number of wires in the board is

Double sided
150 mm PCB
n= > mm =175 12 cm x 15 cm
i L]
The surface areas of the aluminum wires and the AI%VT::“m/\O@ O
remaining part of the epoxy layer are !
Ining p poxy lay D=1mm [ % 2 mm
2 2
Aty i =N ”'Z _ (75)7Q00IM” _; 5500589 m? [ Q O
A = (length)(width) = (0.003 m)(0.15 m) = 0.00045 m> Q
Acpoxy = Atotal — Aatuminum = 0.00045-0.0000589 = 0.0003911 m 2 :|
Considering only half of the circuit board because of symmetry, the d O _|:|
thermal resistance of each material per 1-cm length is determined to be
3 mm
1B5W 135W  12W  105W 9w 7.5W 6W 45W  3W 15W
< < - S e - - -~ - - -
YWWM=
30°C Trnax
\ lcm
Rboard |
L 0.01m
aluminum =7~ = N 0.716°C/W
kA (237 W/m.°C)(0.0000589 m?)
L 0.01m = 98.34°C/W

R = —=
P KA (0.26 W/m.°C)(0.0003911m?)

Since these two resistances are in parallel, the equivalent thermal resistance per cm is determined from
1 1 1 1 1

= + = +
Rooard  Repoyy Rauminum  0-716°C/W  98.34°C/W

Rooarg = 0.711°C/W

Maximum temperature occurs in the middle of the plate along the 20 cm length, which is determined to be

Trmax = Tend +AThoard total = Tend +2Qi Rboard 1-cm = Tend + Rboard,l—cmZQi
=30°C+(0.711°C/W)(15+13.5+12+10.5+9+7.5+6+4.5+3+1.5)W = 88.7°C
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15-64 A circuit board with uniform heat generation is to be conduction cooled by copper wires inserted in
it. The magnitude and location of the maximum temperature in 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.

Analysis The number of wires in the circuit board is Double sided
150 mm PCB
n= 5 =75 12 cm x 15 cm
mm 5
The surface areas of the copper wires and the remaining Cv?l'iorzer /\C@ O
part of the epoxy layer are D=1 n’1m E= B 2 mm
2 2 £
Acopper =N ”% _ (7570001 M” 5000589 m? [ O ®
At = (Iength)(width) = (0.003 m)(0.15 m) = 0.00045 m? Q
Acpoxy = Atotal — Acopper = 0.00045-0.0000589 = 0.0003911 m? :|
Considering only half of the circuit board because of symmetry, the - O _|:|
thermal resistance of each material per 1-cm length is determined to be O
3mm
15W 135W 12W  105W 9w 75W 6W 45W  3W 15W
< -« - < -« - - - - -
SOOC Tmax
\ lcm
I:Qboard |<—>I
copper = L = 0.01m = 0.440°C/W
kA (386 W/m.°C)(0.0000589 m )
L 0.01m

Repoyy = — = —=98.34°C/W
KA (0.26 W/m.°C)(0.0003911m?)

Since these two resistances are in parallel, the equivalent thermal resistance is determined from
1 1 1 1 1
= +

= +
Roard  Repoyy Roopper  0-440°C/W  98.34°C/W

Ruoarg = 0.438°C/W

Maximum temperature occurs in the middle of the plate along the 20 cm length which is determined to be

Tmax = lend +ATboard total = Tend + ZQI Rboard 1-cm = lend t Rboard ,1—cmZQi
=30°C+(0.438°C/W)(15+13.5+12+10.5+9+7.5+6+4.5+3+1.5W=66.1°C
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15-65 A circuit board with uniform heat generation is to be conduction cooled by aluminum wires inserted
into it. The magnitude and location of the maximum temperature in 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.

Analysis The number of wires in the board is Double sided
PCB
nzliomm:37 12 cm x 15 cm F\
mm ) []
Aluminum ®
The surface areas of the aluminum wires and the wire, /\C@
remaining part of the epoxy layer are D=1mm [ | % 4 mm
2 2
Aguminum =N ”'z =(37) ”(O'Oglm) =0.000029 m? [ O &
Ayt = (length)(width) = (0.003 m)(0.15m) = 0.00045 m? O
Aspoxy = Arotal = Aatuminum = 0.00045-0.000029 = 0.000421 m? = O :|:|
Considering only half of the circuit board because of symmetry, the q ]
thermal resistance of each material per 1-cm length is determined to be 3mm
15W  135W  12W  105W 9W  75W 6W 45W  3W 1.5W
< < < e - - - - - -
Tmax

e \
lcm
Rboard |<——>I

L 0.01m

alu minum == 2 = 145500/W
KA (237 W/m.°C)(0.000029 m?)
L 0.01m = 91.36°C/W

R = e—=
Y KA (0.26 W/m.°C)(0.000421 m?)
Since these two resistances are in parallel, the equivalent thermal resistance is determined from
1 1 1 1 1
+

= S + S Rboard :1.4320C/W
Rboard Repoxy Ralu minum 1.455°C/W  91.36°C/W

Maximum temperature occurs in the middle of the plate along the 20 cm length which is determined to be

Trax = Teng + A-I—board,total =Teng + Z Qi Ryoard l-cm — Tend + Rpoard J1-cm z Qi
=30°C +(1.432°C/W)(15+13.5+12+10.5+9+7.5+6+4.5+3+1.5)W =148.1°C
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15-66 A thermal conduction module with 80 chips is cooled by water.

The junction temperature of the chip is to be determined. Junction

Assumptions 1 Steady operating conditions exist 2 Heat transfer R

through various components is one-dimensional. chip

Analysis The total thermal resistance between the junction and 4w

cooling water is R
internal

Riotal = Rjunction—water = Rchip +Rinternal + Rexternal =1.2+9+7=17.2°C
Then the junction temperature becomes Rexternal

Tjunction = Twater + QRjunction—water =18°C+ (4 W)(l7'2OC/W) =86.8°C Cooling water

15-67 A layer of copper is attached to the back surface of an epoxy board. The effective thermal
conductivity of the board and the fraction of heat conducted through copper are to be determined.

Assumptions 1 Steady operating conditions exist 2 Heat

transfer is one-dimensional. PCB

. . . . 15cm
Analysis Heat conduction along a layer is proportional 20 cm

to the thermal conductivity-thickness product (kt) which

is determined for each layer and the entire PCB to be Q e i
ﬁ e
(Kt) copper = (386 W/m.°C)(0.0001m) = 0.0386 W/°C B R
(Kt gpoxy = (0.26 W/m.°C)(0.0003 m) = 0.000078 W/°C
(k) pcp = (Kt) gopper + (KU gpoxy = 0.0386+0.000078 = 0.038678 W/°C \ Epoxy,
. . . Copper, t=0.3mm
The effective thermal conductivity can be determined from t=0.1mm
Ky = (KE) epory + (KE) copper _ (0.0386 +0.000078) W/°C _ 96.7 Wim.cC
tepoxy * teopper (0.0003 m +0.0001 m)

Then the fraction of the heat conducted along the copper becomes

(Kt copper ~ 0.0386 W/°C
(kt)pcg  0.038678 W/°C

Discussion Note that heat is transferred almost entirely through the copper layer.

=0.998 =99.8%
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15-68 A copper plate is sandwiched between two epoxy boards. The effective thermal conductivity of the
board and the fraction of heat conducted through copper are to be determined.

Assumptions 1 Steady operating conditions exist 2 Heat

transfer is one-dimensional. Copper,

Analysis Heat conduction along a layer is proportional t=05mm

to the thermal conductivity-thickness product (kt) which 12cm
is determined for each layer and the entire PCB to be s e
..;‘_':I' f"d’p‘""
(KE) copper = (386 W/m.>C)(0.0005 m) = 0.193 W/°C B W /7
(Kt) epory = (2)(0.26 W/m.°C)(0.003m) = 0.00156 W/°C g r?
(Kt) pes = (KE)copper + (k) gpoyy = 0.193+0.00156 = 0.19456 W/°C e
W
The effective thermal conductivity can be determined from n ok
k k o 5 -'1.: :'_;:. l
k= (kt) epory + (KO copper _ (0.00156+0.193) W/°C _ 20 9 Wim.cC I
tepoxy + teopper [(2x0.003 m) +0.0005 m| Ry My
Then the fraction of the heat conducted along the copper becomes
kt o Epoxy,
g2 Woomer | 018BWIC__ 0y _ g 5y t=3mm

 (kt)pcg  0.19456 W/°C

15-69E A copper heat frame is used to conduct heat generated in a PCB. The temperature difference
between the mid section and either end of the heat frame is to be determined.

Assumptions 1 Steady operating conditions exist 2 Heat PCB
transfer is one-dimensional. / 6in = 8in
Analysis We assume heat is generated uniformly on the
6 in x 8 in board, and all the heat generated is
conducted by the heat frame along the 8-in side. Noting l l ; ;
that the rate of heat transfer along the heat frame is TS
variable, we consider 1 in x 8 in strips of the board. The I« - l
rate of heat generation in each strip is (20 W)/8 = 2.5 Heat 8in
W, and the thermal resistance along each strip of the Cold pl
. plate
heat frame is
L
Rframe:ﬂ mnow 75W 5W 2.5
_ (1/12) ft b « c By
(223 Btu/h.ft.°F)(6/12 ft)(0.06/12 ft) Teng o T
~ 0,149 h.°F/Btu |
Maximum temperature occurs in the middle of the plate Rooard

along the 20 cm length. Then the temperature difference
between the mid section and either end of the heat
frame becomes

ATmax = ATmid section - edge of frame — Z Qi R frame,1-in — R frame,1-in Z Qi
=(0.149°F.h/Btu)(10+7.5+5+ 2.5 W)(3.4121 Btu/h.W) =12.8°F
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15-70 A power transistor is cooled by mounting it on an aluminum bracket that is attached to a liquid-
cooled plate. The temperature of the transistor case is to be determined.

Assumptions 1 Steady operating conditions exist

2 Conduction heat transfer is one-dimensional. Liquid
Analysis The rate of heat transfer by conduction is channels .
. Transistor
Qconduction = (0'80)(12 W) =9.6 W \ D 2 em
The thermal resistance of aluminum bracket and epoxy adhesive are
LJ
Ratuminum = L = ooLm =0.703°C/wW U 2 em
kKA (237 W/m.°C)(0.003m)(0.02 m)
O .
Repoxy = - 0.0002 m =1.852°C/W 0 Aluminum
kA (1.8 W/m.°C)(0.003m)(0.02m) bracket

The total thermal resistance between the transistor and the cold plate is
Riotal = Rease—cold plate = Rplastic + Repoxy +Raminum =2.5+1.852+0.703 = 5.055°C/W

Then the temperature of the transistor case is determined from
Tease = Toold + QRease_cold plate = 50°C + (9.6 W)(5.055°C/W) = 98.5°C

plate
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Air Cooling: Natural Convection and Radiation

15-71C As the student watches the movie, the temperature of the electronic components in the DVD player
will keep increasing because of the blocked air passages. The DVD player eventually may overheat and
fail.

15-72C There is no natural convection in space because of the absence of gravity (and because of the
absence of a medium outside). However, it can be cooled by radiation since radiation does not need a
medium.

15-73C The openings on the side surfaces of a TV, DVD player or other electronic enclosures provide
passage ways for the cold air to enter and warm air to leave. If a TV or DVD player is enclosed in a cabinet
with no free space around, and if there is no other cooling process involved, the temperature of device will
keep rising due to the heat generation in device, which may cause the device to fail eventually.

15-74C The magnitude of radiation, in general, is comparable to the magnitude of natural convection.
Therefore, radiation heat transfer should be always considered in the analysis of natural convection cooled
electronic equipment.

15-75C The effect of atmospheric pressure to heat transfer coefficient can be written as
Neonv.patm = Neonv.1atm JP (W/m?2.°C) where P is the air pressure in atmosphere. Therefore, the greater the

air pressure, the greater the heat transfer coefficient. The best and the worst orientation for heat transfer
from a square surface are vertical and horizontal, respectively, since the former maximizes and the latter
minimizes natural convection.

15-76C The view factor from surface 1 to surface 2 is the fraction of radiation which leaves surface 1 and
strikes surface 2 directly. The magnitude of radiation heat transfer between two surfaces is proportional to
the view factor. The larger the view factor, the larger the radiation exchange between the two surfaces.

15-77C Emissivity of a surface is the ratio of the radiation emitted by a surface at a specified temperature
to the radiation emitted by a blackbody (which is the maximum amount) at the same temperature. The
magnitude of radiation heat transfer between a surfaces and it surrounding surfaces is proportional to the
emissivity. The larger the emissivity, the larger the radiation heat exchange between the two surfaces.

15-78C For most effective natural convection cooling of a PCB array, the PCB should be placed vertically
to take advantage of natural convection currents which tend to rise naturally, and to minimize trapped air
pockets. Placing the PCBs too close to each other tends to choke the flow because of the increased
resistance. Therefore, the PCBs should be placed far from each other for effective heat transfer (A distance
of about 2 cm between the PCBs turns out to be adequate for effective natural convection cooling.)

15-79C Radiation heat transfer from the components on the PCBs in an enclosure is negligible since the
view of the components is largely blocked by other heat generating components at about the same
temperature, and hot components face other hot surfaces instead of cooler surfaces.

PROPRIETARY MATERIAL. © 2011 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and
educators for course preparation. If you are a student using this Manual, you are using it without permission.




15-28

15-80 The surface temperature of a sealed electronic box placed on top of a stand is not to exceed 65°C. It
is to be determined if this box can be cooled by natural convection and radiation alone.

Assumptions 1 Steady operating conditions exist. 2 The local atmospheric pressure is 1 atm.

Analysis Using Table 15-1, the heat transfer coefficient and the natural

convection heat transfer from side surfaces are determined to be )
Electronic box

L=02m 35 x 50 x 20 cm

Agge = (2)(0.5m+0.35m)(0.2m) =0.34m? 7

0.25 _ 0.25 /

hconv,side = 1-42(£] = 1.42[ 65 30) =5.16 W/m.°C

. L 0.2 100 W
Qconv,side = hconv,side Aside (rs _Tfluid ) £=0.85
T, =65°C

= (5.16 W/m.°C)(0.34 m?)(65—30)°C = 61.5 W °

The heat transfer from the horizontal top surface by natural convection is

_AAg,  4(0.5m)(0.35m)
~p (2(05m+0.35m)
Arp = (0.5m)(0.35m) =0.175m?

0.25 0.25
Pconv,top =1-32(%) = 1.32[ 62250) =4.01W/m.°C

Qconv,top = hconv,top Atop (Ts _Tﬂuid ) = (4.01W/m.°C)(0.175 m 2)(65_ SO)OC =246 W

=0.41m

The rate of heat transfer from the box by radiation is determined from
Qrad = gAsO-(TSA _Tsurr4)
=(0.85)(0.34m? +0.175m?)(5.67x10 8 W/m? K*)[(65+273K)* — (30+273K)*]1=114.7 W
Then the total rate of heat transfer from the box becomes

Qtotal = Qconv,side + Qconv,top + Qrad =61.5+24.6+114.7=200.8 W

which is greater than 100 W. Therefore, this box can be cooled by combined natural convection and
radiation.
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15-81 The surface temperature of a sealed electronic box placed on top of a stand is not to exceed 65°C. It
is to be determined if this box can be cooled by natural convection and radiation alone.

Assumptions 1 Steady operating conditions exist. 2 The local atmospheric pressure is 1 atm.

Analysis In given orientation, two side surfaces and the top surface will be vertical and other two side
surfaces will be horizontal. Using Table 15-1, the heat transfer coefficient and the natural convection heat
transfer from the vertical surfaces are determined to be

L=05m
Aertical = (2x0.2x0.5+0.5%0.35) = 0.375m?
hCOhV

0.25 0.25
= 1.42(£) = 1.42( 65— 30) =4.107 W/m.°C
vertical L 0.5

Qconv = hcon\_/ Aertical (rs =T fyid )

vertical vertical

Electronic box
35 x50 x 20 cm

= (4.107 W/m.°C)(0.375 m? (65— 30)°C = 53.9 W

The heat transfer from the horizontal top surface by
natural convection is

Arp = (0.2m)(0.35m) =0.07 m?

L 4Agp  (4)(0.07m?)
 p  (4)(0.2m+0.35m)

AT 65-30

0.25 0.25
Noony = 1.32(-} = 1.32(—j =5.4W/m.°C
o L 0.1273

Qconv = heonv Arop (Ts =T g ) = (5.4 W/m.>C)(0.07 mz)(65—30)°C =13.2W
top top

=0.1273m

The heat transfer from the horizontal top surface by natural convection is

0.25 0.25
hegny = 0.59 AT 059 2300 L awimec
bottom L 0.1273
Qconv = hconv Abottom (rs _Tfluid ) = (2-4 W/m.°C)(0.07 mz)(GS_SO)OC =59WwW
bottom bottom

The rate of heat transfer from the box by radiation is determined from
Qrad = A (Ts* ~Tourr*)
=(0.85)(0.34 m? +0.175m?)(5.67x10 ™8 W/m? K*)[(65+273K)* — (30+273K)*1=114.7W
Then the total rate of heat transfer from the box becomes
Qutal =Qconv +Qconv +Qeony +Qrag =53.9+13.2+5.9+114.7=187.7W

vertical top bottom

which is greater than 100 W. Therefore, this box can be cooled by combined natural convection and
radiation.
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15-82E A small cylindrical resistor mounted on a PCB is being cooled by natural convection and radiation.
The surface temperature of the resistor is to be determined.

Assumptions 1 Steady operating conditions exist. 2 The local atmospheric pressure is 1 atm. 3 Radiation is
negligible in this case since the resistor is surrounded by surfaces which are at about the same temperature,
and the radiation heat transfer between two surfaces at the same temperature is zero. This leaves natural
convection as the only mechanism of heat transfer from the resistor.

Analysis For components on a circuit board, the heat transfer coefficient relation from Table 15-1 is
0.25
Te =T
heonv = O-SO[STMJ (L=D)

Substituting it into the heat transfer relation to get )
Resistor

Qconv =heony As (Ts = Tigig ) D=0.15in

T _Tﬂ . 0.25 L=05in Tiid
s ui
= OBO{T\J A (Ts =T fia )

_ 0.5OAS ( S fImd)
D0.25
Calculating surface area and substituting it into above equation for the surface temperature yields
2 2
A, - 2{”‘%};& - 2{%} + 7(0.15/12 ft)(0.5/12 ft) = 0.00188 ft2

(T, —130)"*
(0.15/12 ft)*%

(0.15 W x 3.41214 Btu/h.W) = (0.50)(0.00188 ft2) T, =194°F
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15-83 The surface temperature of a PCB is not to exceed 90°C. The maximum environment temperatures
for safe operation at sea level and at 3,000 m altitude are to be determined.

Assumptions 1 Steady operating conditions exist. 2 Radiation heat transfer is negligible since the PCB is
surrounded by other PCBs at about the same temperature. 3 Heat transfer from the back surface of the PCB
will be very small and thus negligible.

Analysis Using the simplified relation for a vertical orientation from Table 15-1, the natural convection
heat transfer coefficient is determined to be

0.25
h =142 Ts =T fuig
conv — - L PCB
5W
Substituting it into the heat transfer relation to get 14 cm x 20 c;]-']\
Qconv =heony As (Ts =T fia ) @)
0.25
Ts =T fig =]
= 142{# As (Ts ~ T fluid ) :|
i 4lcm O
(s =T puia) % Tia
=1.42A, —Lo.zs
Calculating surface area and characteristic length and substituting :|
them into above equation for the surface temperature yields _|:|

L=0.14m

A, = (0.14m)(0.2m) = 0.028 m?

(90-T i )**°
(0.14 m)%%

At an altitude of 3000 m, the atmospheric pressure is 70.12 kPa which is equivalent to

5W = (1.42)(0.028 m?) T g =57.7°C

P = (70.12 kPa) —&™ __ _ 0 692 atm
101325 kPa

Modifying the heat transfer relation for this pressure (by multiplying by the square root of it) yields

(90-T g )1'25
0

m)0.25 bV 0692 _)Tfluid = 5260C

5W = (1.42)(0.028 m?)
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15-84 A cylindrical electronic component is mounted on a board with its axis in the vertical direction. The
average surface temperature of the component is to be determined.

Assumptions 1 Steady operating conditions exist. 2 The local atmospheric pressure is 1 atm.

Analysis The natural convection heat transfer coefficient for vertical orientation using Table 15-1 can be
determined from

0.25
L P
hconv 21.42[ s fluid ]

L
Substituting it into the heat transfer relation gives Q
: Resistor “
Qconv = hconv As (Ts _Tfluid ) D =2cm
025 L=4cm Thiuid

Ts =T fuid 3IW T

= 1-42{% As(Ts =T fgig ) €=0.8 s
(Te =T i )2
=1.42A, —Lo.zs

The rate of heat transfer from the cylinder by radiation is

3 4 4
Qrag = gASG(TS ~Tsurr )
Then the total rate of heat transfer can be written as

: : : (Ts =T fid )1'25 4 4
Quotal = Qconv +Qrag =1.42A T"” gAsGUs —Tsurr )

We will calculate total surface area of the cylindrical component including top and bottom surfaces, and
assume the natural heat transfer coefficient to be the same throughout all surfaces of the component

2 2
A, = 2{”%} +7DL = 2{@} +7(0.02m)(0.04m) = 0.00314 m?
Substituting
[T, - (30+273K)**
(0.04 m)%%
+(0.8)(0.00314 m?)(5.67x10~8 W/m2K*)[T,* - (20+273K)*]

3W = (1.42)(0.00314 m?)

Solving for the surface temperature gives
T, =363K =90°C
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15-85 A cylindrical electronic component is mounted on a board with its axis in horizontal direction. The
average surface temperature of the component is to be determined.

Assumptions 1 Steady operating conditions exist. 2 The local atmospheric pressure is 1 atm.

Analysis Since atmospheric pressure is not given, we assume it to be 1 atm. The natural convection heat
transfer coefficient for horizontal orientation using Table 15-1 can be determined from

0.25
Ts _Tﬂ id
Noon :1.32[T”'

Resistor
Substituting it into the heat transfer relation to get D=2cm Ttiuid
Qconv = hconv As (Ts _Tfluid ) L =_4 cm
0.25 e=08
Ts —Thuig | 3W
= 1-32{% As(Ts =T fgig )
Ts
(Te =T i )2 :

The rate of heat transfer from the cylinder by radiation is

3 4 4
Qrag = gASG(TS ~Tsurr )
Then the total heat transfer can be written as

: : : (Ts =T fid )1'25 4 4
Quotal = Qconv +Qrag =1.32A, ————+ 8AO-(TS —Tourr )
D0.25

We will calculate total surface area of the cylindrical component
including top and bottom surfaces, and assume the natural heat
transfer coefficient to be the same throughout all surfaces of the
component

2 2
A, = 2[”2 J+ DL = 2{@}”(0.02 m)(0.04 m) = 0.00314 m?

Substituting,
[T, — (30+273) K**
(0.02m)%%
+(0.8)(0.00314 m?)(5.67x10~8 W/m2K*)[T,* - (20+273K)*]

3W = (1.32)(0.00314 m?)

Solving for the surface temperature gives
T, =361K =88°C
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15-86 EES Prob. 15-84 is reconsidered. The effects of surface emissivity and ambient temperature on the
average surface temperature of the component are to be investigated.

Analysis The problem is solved using EES, and the solution is given below.

"GIVEN"

D=0.02 [m]

L=0.04 [m]

Q_dot=3 [W]
epsilon=0.8
T_ambient=30+273 “[K]”
T surr=T_ambient-10

"ANALYSIS"

Q_dot=Q_dot_conv+Q _dot rad
Q_dot_conv=h*A*(T_s-T_ambient)
h=1.42*((T_s-T_ambient)/L)"0.25
A=2*(pi*D"2)/4+pi*D*L
Q_dot_rad=epsilon*A*sigma*(T_s"4-T_surr™4)
sigma=5.67E-8 [W/m"2-K"4]

8 TS[K] 395 T T T T T T T T T T T T T T T T
0.1 391.6 -
0.15 388.4 390
0.2 385.4 -
0.25 382.6 385
0.3 380.1 :
0.35 377.7 380
0.4 375.5 ” :
0.45 373.4 = 375
05 3714 o i
0.55 369.5 370
0.6 367.8 -
0.65 366.1 365
0.7 364.5 i
0.75 363 360
08 3615 355- 1 1 1 1 1 1 1 1
06.895 ggg:g 01 02 03 04 05 06 07 08 09 1
0.95 357.6 &
1 356.4
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Tambient Ts [K]
[K]
288 349.6
289 350.4
290 351.2
291 352
292 352.8
293 353.6
294 354.4
295 355.2
296 356
297 356.8
298 357.6
299 358.4
300 359.2
301 360
302 360.7
303 361.5
304 362.3
305 363.1
306 363.9
307 364.7
308 365.5

Ts [K]

367.5

15-35

363.5+

359.5+

355.5+

351.5¢+

347.5

287.5

292

296.5

ambient

301
[K]

305.5

310
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15-87 A power transistor dissipating 0.1 W of power is considered. The heat flux on the surface of the
transistor and the surface temperature of the transistor are to be determined.

Assumptions 1 Steady operating conditions exist. 2 Heat is transferred uniformly from all surfaces of the
transistor.

Analysis (a) The heat flux on the surface of the transistor is Air

2 0
AS:Z(MZ J+7zDL 30°C

2
- 2{@} + (0.4 cm)(0.4 cm) = 0.754 cm?

Power
Transistor
0.1wW
q= Q 01w
As  0.754cm?
(b) The surface temperature of the transistor is
determined from Newton's law of cooling to be

q = hcombined (rs _Tfluid )

=0.1326 W/cm?

. 2
Ts =T g +—3__30C +_1326 lem -=103.7°C
hcombined 18 W/m~.°C
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15-88 The components of an electronic equipment located in a horizontal duct with rectangular cross-
section are cooled by forced air. The heat transfer from the outer surfaces of the duct by natural convection
and the average temperature of the duct are to be determined.

Assumptions 1 Steady operating conditions exist. 2 Radiation heat transfer from the outer surfaces is
negligible.

Analysis (a) Using air properties at 300 K and 1 atm, the mass flow rate of air and the heat transfer rate by
forced convection are determined to be

m = pV = (1.177 kg/m*)(0.4 / 60 m*/s) = 0.00785 kg/s
Qorces = MC,AT = (0.00785 kg/s)(1005 J/kg.°C)(45—30)°C = 118.3 W

convection
Noting that radiation heat transfer is negligible, the Air
rest of the 150 W heat generated must be dissipated 250C

by natural convection, Air duct
Qnatral = Qrotal ~Qforces  =150-118.3=31.7 W 15¢cm X
convection convection

(b) The natural convection heat transfer from the
vertical side surfaces of the duct is

Ayge = 2x(0.15m)(1m) = 0.3m? im
0.25 Air
AT
hconv,side = 1-42(Tj 30°C

0.25 1.25
2 (T _Tfl 'd) (T _Tﬂ 'd)
Qconv,side = hconv,sideAside (Ts _Tﬂuid) = 1'42[ : L = Asige (Ts _Tfluid) =1.42Age : Lo,;é

Natural convection from the top and bottom surfaces of the duct is
LMo _ (9015 m)Am)
p (2)(0.15m+1m)

0.25
AT
hconv,top :1'32( L j

Qconv,top = hconv,top Atop (rs _Tfluid )

0.26 m, Aygp = (0.15m)(Lm) =0.15m?

0.25 1.25
(Ts = Tia) (Ts =T fiuia )
:1.32[% Avop (Ts =T iuig ) =1.32A, —— LO';;

0.25
AT
hconv,bottom = 0-59[Tj

Qconv,bottom = hconv,bot AIop (rs _Tfluid )

(Ts =T fi )1'25

0.25
Ts —Tuia)
= 0.59(% Anot (Ts =T ia ) = 0.59Ap, 025

Then the total heat transfer by natural convection becomes

Qtotal,conv = Qconv,side + Qconv,top + Qconv,bottom

‘ T L35 T )L LT )25
Qtotal,conv =1.42Ag4e (I-SI_+?)+1'32A10;) (rsl_+;d)+ 0.59 Agotiom (I-SL+?)

Substituting all known quantities with proper units gives the average temperature of the duct to be

(-I—S _ 25)1.25 (-I—S _ 25)1.25 (T _ 25)1.25

B S
3L7 = (L42)(03) 7 0.26°% 0.26°%

+(1.32)(0.15) +(0.59)(0.15)

31.7 = (1.086)(T, — 25)*% — T, = 40°C
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15-89 The components of an electronic equipment located in a circular horizontal duct are cooled by forced
air. The heat transfer from the outer surfaces of the duct by natural convection and the average temperature
of the duct are to be determined.

Assumptions 1 Steady operating conditions exist. 2 Radiation heat transfer from the outer surfaces is
negligible.

Analysis (a) Using air properties at 300 K and 1 atm, the mass flow rate of air and the heat transfer rate by
forced convection are determined to be
M= pV = (1.177 kg/m*®)(0.4/60 m®/s) = 0.00785 kg/s
Q fored = MC,AT =(0.00785 kg/s)(1005 J/kg.°C)(45-30)°C =118.3W

convection

Noting that radiation heat transfer is negligible, Air
the rest of the 150 W heat generated must be
dissipated by natural convection,

Qnatural = Qtotal - Q forced =150-118.3=31.7W

convection convection

(b) The natural convection heat transfer from the
circular duct is

L=D=0.1m

A = 2(7222 ]+7zDL = Z{W}E(O.lm)am) =0.33m?

0.25
AT
hconv = 132(3)

(T T ) 0.25
: ! fluid
Qeonv = Neony AT = Tyig ) = 1.32[5—D“'J As (Ts =T i)

(s =T fuia )1'25

=1.32A D025

Substituting all known quantities with proper units gives the average temperature of the duct to be

(Ts — 25)1'25
(0.1 m)o.zs

31.7 W = (1.32)(0.33m?) T, =44°C
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15-90 EES Prob. 15-88 is reconsidered. The effects of the volume flow rate of air and the side-length of
the duct on heat transfer by natural convection and the average temperature of the duct are to be
investigated.

Analysis The problem is solved using EES, and the solution is given below.

"GIVEN"
Q_dot_total=150 [W]
L=1[m]

side=0.15 [m]
T_in=30 [C]
T_out=45 [C]
V_dot=0.4 [m”3/min]
T_ambient=25 [C]

"PROPERTIES"

rho=Density(air, T=T_ave, P=101.3)
¢_p=CP(air, T=T_ave)*Convert(kJ/kg-C, J/kg-C)
T _ave=1/2*(T_in+T_out)

"ANALYSIS"

"(a)"

m_dot=rho*V_dot*Convert(m”3/min, m”3/s)
Q_dot_ForcedConv=m_dot*c_p*(T_out-T_in)
Q_dot_NaturalConv=Q_dot_total-Q_dot ForcedConv

"(b)"

A_side=2*side*L
h_conv_side=1.42*((T_s-T_ambient)/L)"0.25
Q_dot_conv_side=h_conv_side*A_side*(T_s-T_ambient)
L_top=(4*A_top)/p_top

A_top=side*L

p_top=2*(side+L)
h_conv_top=1.32*((T_s-T_ambient)/L_top)"0.25
Q_dot_conv_top=h_conv_top*A_top*(T_s-T_ambient)
h_conv_bottom=0.59*((T_s-T_ambient)/L_top)"0.25
Q_dot_conv_bottom=h_conv_bottom*A_top*(T_s-T_ambient)
Q_dot_NaturalConv=Q_dot_conv_side+Q_dot_conv_top+Q_dot_conv_bottom

V [m3/min] Qnaturalconv Ts [C]
[W]
0.1 121.4 79.13
0.15 107.1 73.97
0.2 92.81 68.66
0.25 7851 63.10
0.3 64.21 57.52
0.35 49.92 51.58
0.4 35.62 45.29
0.45 21.32 38.46
0.5 7.023 30.54
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°

QNaturaIConv [W]

QNaturaIConv [W]

side [m] Qnaturalcony [W] Ts [C]
0.1 35.62 52.08
0.11 35.62 50.31
0.12 35.62 48.8
0.13 35.62 47.48
0.14 35.62 46.32
0.15 35.62 45.29
0.16 35.62 44.38
0.17 35.62 43.55
0.18 35.62 42.81
0.19 35.62 42.13
0.2 35.62 415

140

80

120

100

temperature

8ol 60
60+ 50
401
- 40
20+
0 1 L 1 L 1 L 1 L 1 1 L 1 30
0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5
. 3 .
V [m /min]

36 . : : ; . 54
152

35.81 |
heat 150
35.6F las
35.41 146
44

temperature

35.2} 1
42
35 L L . L L 40
0.1 0.12 0.14 0.16 0.18 0.2

side [m]

T. ICI

T. ICI]

15-40
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15-91 The components of an electronic equipment located in a horizontal duct with rectangular cross-
section are cooled by forced air. The heat transfer from the outer surfaces of the duct by natural convection
and the average temperature of the duct are to be determined.
Assumptions 1 Steady operating conditions exist. 2 Radiation heat transfer from the outer surfaces is
negligible.
Analysis In this case the entire 150 W must be dissipated by natural convection from the outer surface of
the duct. Natural convection from the vertical side surfaces of the duct can be expressed as

L=0.15m

Agge =2x(0.15m)(1m) =0.3m?

0.25
AT
hconv,side =1-42( L j

: (Ts _Tﬂuid )
Qconv,side = hconv,side Asige (Ts =T fiyig )= 142[#

0.25
j Aside (Ts _Tﬂuid )

1.25
=1.42Aq & _Ioﬂ;;d ! 2'\:‘(');:
Natural convection from the top surface of the duct is Air duct
L 4Agp _ (H)(0.15m)Am) _ 0.26mm 15 cm x
p (2)(0.15m+1m)
Agp = (0.15m)(Im) = 0.15m? |‘i

0.25
AT
hconv,top :1'32[ L j

Qconv,top = hconv,topAtop (Ts = Thuig) =1.32

“T. 1.25
— 1.32A0p (rs LJI;;d)

Natural convection from the bottom surface of the duct is

0.25
AT
hconv,bottom = 0-59(Tj

T 0.25
(wj Atop (Ts _Tfluid)

: (Ts =T fig ) oz
Qconv,bottom = hconv,bottom Atop (rs =T fyig )=0.59 f Avottom (Ts =T fyig )

(Te =T i )2

=0.59 Abottom LO.25

Then the total heat transfer by natural convection becomes

Qtotal,conv = Qconv,side + Qconv,top + Qconv,bottom
: (Ts =T i ) (Ts =T fiuig )H° (Ts =T fiuig )
Quotal,conv = 1.42Ai4e T+1'32Atop T+ 0.59 Apottom T
Substituting all known quantities with proper units gives the average temperature of the duct to be

1.25 1.25 1.25
- - -25
150 = (1.42)(0.3) M+ (1.32)(0.15) M+ (0.59)(0.15) M
0.15%% 0.26%% 0.26%%

150 = (1.086)(T, — 25)*° — T, =77°C
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15-92 A wall-mounted circuit board containing 81 square chips is cooled by combined natural convection
and radiation. The surface temperature of the chips is to be determined.

Assumptions 1 Steady operating conditions exist. 2 Heat transfer from the back side of the circuit board is
negligible. 3 Temperature of surrounding surfaces is the same as the air temperature. 3 The local
atmospheric pressure is 1 atm.

Analysis The natural convection heat transfer coefficient for the vertical orientation of board can be
determined from (Table 15-1)

0.25
T —Thui

heony = 1-“(%} Insulation
Substituting it relation into the heat transfer relation gives Y PCB, T,
Qeonv = NeonvAs (Ts = Tria ) 6'480\/(;/5

e=V.

0.25 1.25
T, _Tfl id (T _Tfl 'd)
:1.42[%} AT ~Thuig) = 1.42A% L=02

The rate of heat transfer from the board by radiation is Air

S T, =25°C
Qrag = gAsO-(Ts4 _Tsurr4)

Then the total heat transfer can be expressed as .

: : : (Ts ~T i) 4 4
Quotat = Qconv +Qrag =1.42A, T"' Ao (Ts" —Tgyr )

where Q. = (0.08 W)x81=6.48 W . Noting that the characteristic length is L = 0.2 m, calculating the

surface area and substituting the known quantities into the above equation, the surface temperature is
determined to be

L=02m
A, =(0.2m)(0.2m) = 0.04 m?
- 2\ [T, = (25+ 273 K)*
ST =2 AD00 M)  amp

+(0ﬁ5xao4m2x567x10%VWnFK4ﬁg4—(25+273KV]
T, =312.3K =39.3°C
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15-93 A horizontal circuit board containing 81 square chips is cooled by combined natural convection and
radiation. The surface temperature of the chips is to be determined for two cases.

Assumptions 1 Steady operating conditions exist. 2 Heat transfer from the back side of the circuit board is
negligible. 3 Temperature of surrounding surfaces is the same as the air temperature. 3 The local
atmospheric pressure is 1 atm.

Analysis (a) The natural convection heat transfer

coefficient for the horizontal orientation of board with PCB, Ts )
chips facing up can be determined from (Table 15-1) 6.48 W f"zr oc
T T 03 Insulation &3 0.65 T =25
heonv = 1'32[S—ﬂmdj =D Ol
L A
| |
Substituting it into the heat transfer relation gives | L=02m |

Qconv = hconvAs(Ts _Tfluid)
0.25 1.25
Ts —Thuig (Ts —Ttia)
:1-32[—5 L = j A(Ts = Thgig) =1.32A — s LO';;’

The rate of heat transfer from the board by radiation is

; 4 4
Qrad = EAsU(rs _Tsurr )
Then the total heat transfer can be written as

: : : (Ts ~Trig)"*° 4 4
Quotat = Qconv +Qrag =1.32A, T"' Ao (Ts" —Tgyr )

where Q1 = (0.08 W)x81=6.48 W . Noting that the characteristic length is L = 0.2 m, calculating the

surface area and substituting the known quantities into the above equation, the surface temperature is
determined to be

_4A;  (4)(0.2m)(0.2m)
“Tp @02m)
A, =(0.2m)(0.2m) = 0.04 m?
(T, —(25+273)K)"*®
(0.2 m)%%
+(065)(0.04m?)(5.67x10°° Wim K )[T,* ~(25+273K)*]

—> T, =317.2K =44.2°C

0.2m

6.48 W = (1.32)(0.04 m?)

(b) The solution in this case (the chips are facing down instead of up) is identical to the one above, except
we must replace the constant 1.32 in the heat transfer coefficient relation by 0.59. Then the surface
temperature in this case becomes

(T, —(25+273)K)*®
(0.2 m)o.25
+(0.65)(0.04m?)(5.67x1078 W/m2K*)[T,* - (25+273K)*]
— T, =323.3K =50.3°C

6.48 W = (0.59)(0.04 m?)
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Air Cooling: Forced Convection

15-94C Radiation heat transfer in forced air cooled systems is usually disregarded with no significant error
since the forced convection heat transfer coefficient is usually much larger than the radiation heat transfer
coefficient.

15-95C We would definitely prefer natural convection cooling whenever it is adequate in order to avoid all
the problems associated with the fans such as cost, power consumption, noise, complexity, maintenance,
and possible failure.

15-96C The convection heat transfer coefficient depends strongly on the average fluid velocity. Forced
convection usually involves much higher fluid velocities, and thus much higher heat transfer coefficients.
Consequently, forced convection cooling is much more effective.

15-97C Increasing the flow rate of air will increase the heat transfer coefficient. Then from Newton's law
of cooling Q.o = hA (T — Tpuiq) » it becomes obvious that for a fixed amount of power, the temperature

difference between the surface and the air will decrease. Therefore, the surface temperature will decrease.
The exit temperature of the air will also decrease since Q. = Mair € (Tout —Tin) @nd the flow rate of air is

increased.

15-98C Fluid flow over a body is called external flow, and flow through a confined space such as a tube
or the parallel passage area between two circuit boards in an enclosure is called internal flow. A fan cooled
personal computer left in windy area involves both types of flow.

15-99C For a specified power dissipation and air inlet temperature, increasing the heat transfer coefficient
will decrease the surface temperature of the electronic components since, from Newton's law of cooling,

Qconv = hAs (Ts — T fia )

15-100C A fan at a fixed speed (or fixed rpm) will deliver a fixed volume of air regardless of the altitude
and pressure. But the mass flow rate of air will be less at high altitude as a result of the lower density of air.
This may create serious reliability problems and catastrophic failures of electronic equipment if proper
precautions are not taken. Variable speed fans which automatically increase the speed when the air density
decreases are available to avoid such problems.

15-101C A fan placed at the inlet draws the air in and pressurizes the electronic box, and prevents air
infiltration into the box through the cracks or other openings. Having only one location for air inlet makes
it practical to install a filter at the inlet to catch all the dust and dirt before they enter the box. This allows
the electronic system to operate in a clean environment. Also, the fan placed at the inlet handles cooler and
thus denser air which results in a higher mass flow rate for the same volume flow rate or rpm. Being
subjected to cool air has the added benefit that it increases the reliability and extends the life of the fan. The
major disadvantage associated with the fan mounted at the inlet is that the heat generated by the fan and its
motor is picked up by air on its way into the box, which adds to the heat load of the system.

When the fan is placed at the exit, the heat generated by the fan and its motor is immediately
discarded to the atmosphere without getting blown first into the electronic box. However, the fan at the exit
creates a vacuum inside the box, which draws air into the box through inlet vents as well as any cracks and
openings. Therefore, the air is difficult to filter, and the dirt and dust which collects on the components
undermine the reliability of the system.

15-102C The volume flow rate of air in a forced-air-cooled electronic system that has a constant speed fan
is established at point where the fan static head curve and the system resistance curve intersects. Therefore,
a fan will deliver a higher flow rate through a system which offers a lower flow resistance. A few PCBs
added into an electronic box will increase the flow resistance and thus decrease the flow rate of air.
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15-103C An undersized fan may cause the electronic system to overheat and fail. An oversized fan will
definitely provide adequate cooling but it will needlessly be larger, noisier, more expensive, and will
consume more power.

15-104 A hollow core PCB is cooled by forced air. The outlet temperature of the air and the highest surface
temperature are to be determined.

Assumptions 1 Steady operating conditions exist. 2 The inner surfaces of the duct are smooth. 3 Air is an
ideal gas. 4 The local atmospheric pressure is 1 atm. 5 The entire heat generated in electronic components
is removed by the air flowing through the hollow core.

Properties The air properties at the anticipated average Electronic components,
temperature of 40°C and 1 atm (Table A-15) are 30W T
_— out
=1.127kg/m® ¢, =1007 J/kg.°C , =S
P g p Y _ \
Pr=0.7255 k =0.02662 W/m.°C Air — Ak
30°C -

1L/s  Air channel |
0.25cm x 15

v=1702x10"m? /s

Analysis (a) The cross-sectional area of
the channel and its hydraulic diameter are

A. = (height)(width) = (0.15 m)(0.0025 m) = 3.75x10™* m?
4A,  (4)(3.75x107 m?)
p  (2)(0.15m +0.0025 m)
The average velocity and the mass flow rate of air are
V10t mis o
A, 3.75x107* m?
m=pV = (1.127 kg/m3)(1x102 m® /s) =1.127x103 kg / s
Then the temperature of air at the exit of the hollow core becomes
Q= mc, (Tout = Tin)
0 30W

Ty =Ti) +——=30°C+ - =
me, (1.127x10°® kg/s)(1007 J/kg.°C)

b= =0.00492m

56.4°C

(b) The highest surface temperature in the channel will occur near the exit, and the
surface temperature there can be determined from

Aeonv = h(Ts = Trgia)
To determine heat transfer coefficient, we first need to calculate the Reynolds number,
VD,  (2.67 m/s)(0.00492 m)
Vo 1.702x107° m?/s

Therefore the flow is laminar. Assuming fully developed flow, the Nusselt number for the air flow in this
rectangular cross-section corresponding to the aspect ratio of a/b = height / width =15/0.25=60~ o is

determined from Table 15-3 to be Nu =8.24. Then,
ko e 0.02662 W/m.°C
Dy, 0.00492 m
The surface temperature of the hollow core near the exit is determined to be
=Tout + a =56.4°C+ (30 W)/(0.06 m 2)
h (44.58 W/m? .°C)

Re = =771.8<2300

h= (8.24) = 44.58 W/m? .°C

T =67.6°C

S,max
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15-105 A hollow core PCB is cooled by forced air. The outlet temperature of the air and the highest surface
temperature are to be determined.

Assumptions 1 Steady operating conditions exist. 2 The inner surfaces of the duct are smooth. 3 Air is an
ideal gas. 4 The local atmospheric pressure is 1 atm. 5 The entire heat generated in electronic components
is removed by the air flowing through the hollow core.

Properties The air properties at the anticipated average Electronic components,
temperature of 40°C and 1 atm (Table A-15) are

p=1.127kg/m? ¢, =1007 J/kg.°C

—
Pr=0.7255 k =0.02662 W/m.°C -
v=1.702x105m? /s 3@(‘)2
Analysis (a) The cross-sectional area of 1L/s  Airchannel ! !

the channel and its hydraulic diameter are 0.25 cmx15 cm
A. = (height)(width) = (0.15 m)(0.0025 m) = 3.75x10* m?

_4A,  (#)(3.75x10™ m?)
" T (2)(0.15m +0.0025m)

=0.00492 m

The average velocity and the mass flow rate of air are

y -3 3
Vv :iz—lxm nl /52 =2.67m/s
A, 3.75x10°m

m=pV = (1.127 kg/m3)(1x1073 m® /s) =1.127x10° kg / s
Then the temperature of air at the exit of the hollow core becomes
Q = mcp (rout _Tin)
Q 45 W

=T, +——=30°C+

3 =69.7°C
mc (1.127x107° kg/s)(1007 J/kg.°C)

T

out

(b) The highest surface temperature in the channel will occur near the exit, and the
surface temperature there can be determined from

qconv = h(Ts _Tfluid)
To determine heat transfer coefficient, we first need to calculate the Reynolds number,
VD,  (2.67 m/s)(0.00492 m)
Vo 1702x107° m?/s

Therefore the flow is laminar. Assuming fully developed flow, the Nusselt number for the air flow in this
rectangular cross-section corresponding to the aspect ratio of a/b = height / width =15/0.25=60~ o is

determined from Table 15-3 to be Nu =8.24. Then,

K gy = 0-02662 Wim.=C
D, 0.00492m

Re = =771.8<2300

h= (8.24) = 4458 W/m?.°C

The surface temperature of the hollow core near the exit is determined to be

] 2
Tomax = Tout L _ g9 70c 4 (45W)(0.06m")

=86.5°C
h (44.58 W/m? .°C)
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15-106 EES Prob. 15-104 is reconsidered. The effects of the power rating of the PCB and the volume flow
rate of the air on the exit temperature of the air and the maximum temperature on the inner surface of the
core are to be investigated.

Analysis The problem is solved using EES, and the solution is given below.

"GIVEN"
height=(15/100) [m]
length=(20/100) [m]
width=(0.25/100) [m]
Q_dot_total=30 [W]
T_in=30 [C]
V_dot=1 [L/s]

"PROPERTIES"

Fluid$="air'

rho=Density(Fluid$, T=T_ave, P=101.3)
¢_p=CP(Fluid$, T=T_ave)*Convert(kJ/kg-C, J/kg-C)
k=Conductivity(Fluid$, T=T_ave)

Pr=Prandtl(Fluid$, T=T_ave)

mu=Viscosity(Fluid$, T=T_ave)

nu=mu/rho

T _ave=1/2*((T_in+T_out)/2+T_s_max)

"ANALYSIS"

"(a)"

A_c=height*width

p=2*(height+width)

D_h=(4*A_c/p)
Vel=(V_dot*Convert(L/s, m"3/s))/A_c
m_dot=rho*V_dot*Convert(L/s, m"3/s)
Q_dot_total=m_dot*c_p*(T_out-T_in)
"(b)"

Re=(Vel*D_h)/nu

"Re is calculated to be smaller than 2300. Therefore, the flow is laminar. From Table 15-3 of the
text"

Nusselt=8.24

h=k/D_h*Nusselt

A=2*height*length
Q_dot_total=h*A*(T_s_max-T_out)
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Qtotal [VV] Tout [C] Ts, max [C]
20 48.03 55.36
22 49.94 57.96
24 51.87 60.58
26 53.83 63.22
28 55.8 65.87
30 57.8 68.53
32 59.82 71.21
34 61.86 73.9
36 63.92 76.61
38 66 79.34
40 68.11 82.08
42 70.24 84.83
44 72.39 87.61
46 74.57 90.4
48 76.76 93.2
50 78.98 96.03
52 81.23 98.87
54 83.5 101.7
56 85.79 104.6
58 88.11 107.5
60 90.45 110.4

V [L/s] Tt [C] Ts max [C]
0.5 89.52 99.63
0.6 78.46 88.78
0.7 70.87 81.34
0.8 65.33 75.91
0.9 61.12 71.78

1 57.8 68.53
11 55.12 65.91
1.2 52.91 63.75
13 51.06 61.94
14 49.49 60.4
15 48.13 59.07
16 46.96 57.92
17 45.92 56.91
18 45 56.01
19 44.19 55.21

2 43.46 54.49
2.1 42.8 53.85
2.2 42.2 53.26
23 41.65 52.73
2.4 41.15 52.24
25 40.7 51.8

15-48
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15-107E A transistor mounted on a circuit board is cooled by air flowing over it. The power dissipated
when its case temperature is 175°F is to be determined.

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

Properties The properties of air at 1 atm pressure and O°,

the film temperature of Ts = (Ts+Tryig)/2 = (175+140)/2 l l l l l 40%34ﬂ/F'

= 157.5°F are (Table A-15E) min
k = 0.0166 Btu/h.ft.°F D e
v=0.214x10"2ft* /s i Transistor

Pr=0.718 i ..' L=0.25in /30 w

Analysis The transistor is cooled by forced convection ; T. < 175°F

through its cylindrical surface as well as its flat top i i

surface. The characteristic length for flow over a

cylinder is the diameter D=0.2 in. Then,
_ VD _ (400/60 ft/s)(0.2/12ft)
v 0.214x1072 ft?/s

which falls into the range of 40-4000. Using the appropriate relation from Table 15-2, the Nusselt number
and the convection heat transfer coefficient are determined to be

Nu = 0.683Re%*% prl/3 = (0.683)(519) 4% (0.718)Y/% =11.3

Re =519

b Ky  0-0166 Btu/h.ftoF
D (0.2/12 ft)

(11.3) =11.2 Btu/h.ft* .°F

The transistor loses heat through its cylindrical surface as well as its circular top surface. For convenience,
we take the heat transfer coefficient at the top surfaces to be the same as that of the side surface. (The
alternative is to treat the top surface as a flat plate, but this will double the amount of calculations without
providing much improvement in accuracy since the area of the top surface is much smaller and it is circular
in shape rather than being rectangular). Then,

Ay =DL+7D? [ 4=7(0.2/12ft)(0.25/12 ft) + £(0.2/12 ft)* /4 = 0.00131 ft >
Quyt =hAg (T — T guig ) = (11.2 Btu/h.ft *.°F)(0.00131 ft *)(175 - 140)°F = 0.514 Btu/h = 0.15 W
since 1 W = 3.4121 Btu/h. Therefore, the transistor can dissipate 0.15 W safely.
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15-108 A desktop computer is to be cooled by a fan safely in hot environments and high elevations. The air
flow rate of the fan and the diameter of the casing are to be determined.

Assumptions 1 Steady operation under worst conditions is
considered. 2 Air is an ideal gas.

Properties The specific heat of air at the average
temperature of T, = (45+60)/2 = 52.5°C is ¢, = 1007
J/kg.°C (Table A-15)

60°C

Analysis The fan selected must be able to meet the L 10 m/min
. i Cooling air
cooling requirements of the computer at worst
conditions. Therefore, we assume air to enter the 45°C 75 W~ %
computer at 66.63 kPa and 45°C, and leave at 60°C. T
Then the required mass flow rate of air to absorb heat 66.63 kPa /E'E' EoE Eﬂk@
generated is determined to be
Q ~ 75W

Q:mcp(Tout _Tin)_)m:

= = 0.00497 kg/s = 0.298 kg/min

Cp(Tout —Tin) (1007 J/kg.°C)(60- 45)°C

The density of air entering the fan at the exit and its volume flow rate are
P 66.63 kPa

RT (0.287 kPa.m®/kg.K)(60 + 273)K

m  0.298 kg/min

= — == =0.427 m3/min
P 0.6972kg/m?®

p= =0.6972 kg/m®

For an average exit velocity of 110 m/min, the diameter of the casing of the fan is determined from

2 y 3 :
v-nv-""v_p- |2 (@427 m7/mMin) _ o 126 m =7.0cm
4 v (110 m/min)
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15-109 A desktop computer is to be cooled by a fan safely in hot environments and high elevations. The air
flow rate of the fan and the diameter of the casing are to be determined.

Assumptions 1 Steady operation under worst conditions is
considered. 2 Air is an ideal gas.

Properties The specific heat of air at the average
temperature of T, = (45+60)/2 = 52.5°C is ¢, = 1007

J/kg°C (Table A-15) 60°C
i -

Analysis The fan selected must be able to meet the Cooling air 110 m/min

cooling requirements of the computer at worst 5 ’_,

conditions. Therefore, we assume air to enter the 45°C 100 i_

computer at 66.63 kPa and 45°C, and leave at 60°C. 66.63 kPa [E’-@S T B o

Then the required mass flow rate of air to absorb heat — J\ =

generated is determined to be

Q ~ 100W

) =e, (Toy —Tin) = M= =
Q=mc, (Tou —Tin) = Cp(Tout —Tin) (1007 /kg.°C)(60- 45)°C

= 0.00662 kg/s = 0.397 kg/min

The density of air entering the fan at the exit and its volume flow rate are
P 66.63 kPa

RT (0.287 kPa.m®/kg.K)(60 + 273)K

m  0.397 kg/min

=— —_0.570m3/min
P 0.6972kg/m?®

p= =0.6972 kg/m®

For an average exit velocity of 110 m/min, the diameter of the casing of the fan is determined from

2 y 3 -
v-av="""y ,po [ _ [@OS0MIMIN 602 g g cm
4 ™ (110 m/min)

PROPRIETARY MATERIAL. © 2011 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and
educators for course preparation. If you are a student using this Manual, you are using it without permission.




15-53

15-110 A computer is cooled by a fan, and the temperature rise of air is limited to 15°C. The flow rate of
air, the fraction of the temperature rise of air caused by the fan and its motor, and maximum allowable air
inlet temperature are to be determined.

Assumptions 1 Steady operating conditions exist. 2 Air is an ideal gas. 3 The local atmospheric pressure is
1 atm. 4 The entire heat generated in electronic components is removed by the air flowing through the
opening between the PCBs. 5 The entire power consumed by the fan motor is transferred as heat to the
cooling air.

Properties We use air properties at 1 atm and 30°C since air
enters at room temperature, and the temperature rise is
limited to 15°C (Table A-15)

p=1.164kg/m?

¢, =1007 J/kg.°C e
Pr=0728 e
k = 0.0259 W/m.°C N

v=161x10"°m?/s
Analysis (a) Because of symmetry, we consider the flow area el
between the two adjacent PCBs only. We assume the flow rate
of air through all 8 channels to be identical, and to be equal to
one-eighth of the total flow rate. The total mass and volume
flow rates of air through the computer are determined from
Q [(8x12)+15]J/s

y=mc, (T, —T: m= = =0.00735kg/s
Q=MCp (Tout ~Tin) Cp(Touwr —Tin) (1007 J/kg.°C)(15°C) g

gom_ 0.00735 kg/s
P 1.164kg/m?

Noting that we have 8 PCBs and the flow area between the PCBs is 0.12 m and 0.003 m wide, the air
velocity is determined to be

y 3
_V _(0.006819m°/s)i8 _, oo

A.  (0.12m)(0.003m)
(b) The temperature rise of air due to the 15 W of power consumed by the fan is
I ki -20°C
mc,  (0.00735kg/s)(1007 J/kg.°C)
Then the fraction of temperature rise of air which is due to the heat generated by the fan becomes
2.0°C

[e]

=0.00631m?3/s

AT

f x100 =13.5%

(c) To determine the surface temperature, we need to evaluate the convection heat transfer coefficient,
A, = (height)(width) = (0.12 m)(0.003m) = 0.00036 m?

4A.  (4)(0.00036 m?)
p  (2)(0.12m+0.003m)
VD,  (2.37 m/s)(0.00585 m)
Vo 161x107° m?ss

Therefore, the flow is laminar. (Actually, the components will cause the flow to be turbulent. The laminar
assumption gives conservative results). Assuming fully developed flow, the Nusselt number for the air
flow through this rectangular channel corresponding to the aspect ratio a/b=12/0.3=40~=» is
determined from Table 15-3 to be Nu =8.24. Then the heat transfer coefficient becomes

=0.00585m

h:

Re = =861< 2300
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k 0.0259 W/m.°C

h=—Nu=—"——"—"—
Dy, 0.00585m

Disregarding the entrance effects, the temperature difference between the surface of the PCB and the air

anywhere along the channel is determined to be

Q 12w
TS _Tfluid =T = 2 2
hA;  (36.5W/m?.°C)(0.12x0.18 m*?)
The highest air and component temperatures will occur at the exit. Therefore, in the limiting case, the

component surface temperature at the exit will be 90°C. The air temperature at the exit in this case will be
=T max — ATyise =90°C —15.2°C = 74.8°C

Tout,max S,max
Noting that the air experiences a temperature rise of 15°C between the inlet and the exit, the inlet
temperature of air becomes

T =T —15°C =74.8°C-15°C =59.8°C

(8.24) =36.5W/m?.°C

=15.2°C

in,max out,max
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15-111 An array of power transistors is to be cooled by mounting them on a square aluminum plate and
blowing air over the plate. The number of transistors that can be placed on this plate is to be determined.

Assumptions 1 Steady operating conditions exist. 2 Air is an ideal gas. 3 The local atmospheric pressure is
1 atm. 4 The entire heat generated by transistors is removed by the air flowing over the plate. 5 The heat
transfer from the back side of the plate is negligible.

Properties The properties of air at the free stream temperature of 30°C are (Table A-15)
p =1.164 kg/m®

Cp =1007 J/kg.°C ]
Transistors,

Pr=0.728 Plate oW
k =0.0259 W/m.°C 20 cm x 20
v=1.61x10"m?/s 3’3‘:2:
Analysis The plate area and the convection heat transfer 3m/s
coefficient are determined to be (from Table 15-2) .

A, =(0.2m)(0.2m) = 0.04m? = T, = 60°C
VL (3m/s)(0.2m)

V161105 m?fs
Nu = 0.664 Re'’? Pr'/3 = (0.664)(37,267)*/2(0.728)"/® =115.3

hoX Ny = QO2OWIMTC 115 oy 14 9Wim2.oC
L 0.2m
The rate of heat transfer from the plate is

Qeony = DA (Ts —Tuig ) = 14.9 W/m?2.°C)(0.04 m?)(60 - 30)°C =17.9 W

Re = =37,267

Then the number of transistors that can be placed on this plate becomes
J_17ow
2W

=9 transistors
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15-112 An array of power transistors is to be cooled by mounting them on a square aluminum plate and
blowing air over the plate. The number of transistors that can be placed on this plate is to be determined.

Assumptions 1 Steady operating conditions exist. 2 Air is an ideal gas. 3 The local atmospheric pressure is
83.4 kPa. 4 The entire heat generated by transistors is removed by the air flowing over the plate. 5 The heat
transfer from the back side of the plate is negligible.

Properties At an elevation of 1610 m, the atmospheric pressure is 83.4 kPa or

P = (83.4kPa)—2M 0 g23atm Dlate Transistors,
101.325 kPa 2 W
20 cmx 20 cm
The properties of air at 30°C are (Table A-15) Air
p=1.164kg/m? 30°C
¢, =1007 J/kg.°C 3mis
Pr=0.728 § T e0C
.=
k =0.0259 W/m.°C -

v=1.61x10"" m? /s/0.823=1.96x10"° m? /s
Analysis The plate area and the convection heat transfer coefficient are determined to be (from Table 15-2)

A, =(0.2m)(0.2m) = 0.04m?

VL _ (3m/s)(0.2m)
Vo 1.96x107° m?/s

Nu = 0.664 Re'’? Prt/® = (0.664)(30,612)*/2(0.728)*'® =104.5

Re = =30,612

k 0.0259 W/m.°C
h=—Ny="—"—MM"—
L 0.2m

The rate of heat transfer from the plate is
Qeonv = DA (Ts = Tpuig ) = 3.5 W/m2.°C)(0.04 m?)(60 —30)°C =16.2 W

(104.5) =13.5W/m?.°C

Then the number of transistors that can be placed on this plate becomes

L _le2w
2W

=8 transistors
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15-113 EES Prob. 15-111 is reconsidered. The effects effects of air velocity and the maximum plate
temperature on the number of transistors are to be investigated.

Analysis The problem is solved using EES, and the solution is given below.

"GIVEN"
Q_dot=2 [W]
L=0.20 [m]
T_air=30 [C]
Vel=3 [m/s]
T_plate=60 [C]

"PROPERTIES"

Fluid$="air"

rho=Density(Fluid$, T=T_air, P=101.3)
k=Conductivity(Fluid$, T=T_air)
Pr=Prandtl(Fluid$, T=T_air)
mu=Viscosity(Fluid$, T=T_air)
nu=mu/rho

"ANALYSIS"

A=L"2

Re=(Vel*L)/nu
Nusselt=0.664*Re™0.5*Pr~(1/3)
h=k/L*Nusselt
Q_dot_conv=h*A*(T_plate-T_air)
n_transistor=Q_dot_conv/Q_dot

VE| [m/S] Niransistor 16 T T T T T T T T T T T T T
1 5.173 I ]
15 6.335
2 7.315
2.5 8.179
3 8.96
3.5 9.677
4 10.35
45 10.97 5
5 11.57 7
55 1213 c
6 12.67 g
6.5 13.19 c
7 13.69
7.5 14.17 4 i
8 14.63 I ]
2 L 1 L 1 L 1 L 1 L 1 L 1 L
1 2 3 4 5 6 7 8
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Tplate [C] Ntransistor
40 2.987
42.5 3.733
45 4.48
47.5 5.226
50 5.973
52.5 6.72
55 7.466
57.5 8.213
60 8.96
62.5 9.706
65 10.45
67.5 11.2
70 11.95
72.5 12.69
75 13.44
77.5 14.19
80 14.93

Ntransistor

16

15-58

45

50 55 60

plate

65 70 75 80
[C]
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15-114 An enclosure containing an array of circuit boards is cooled by forced air flowing through the
clearance between the tips of the components on the PCB and the back surface of the adjacent PCB. The
exit temperature of the air and the highest surface temperature of the chips are to be determined.

Assumptions 1 Steady operating conditions exist. 2 Air is an
ideal gas. 3 The local atmospheric pressure is 1 atm. 4 The
entire heat generated by the PCBs is removed by the air 75%0.15 7
flowing through the clearance inside the enclosure. 5 The heat ' ;
transfer from the back side of the circuit board is negligible.

Properties We use the properties of air at 1 atm
and 40°C (Table A-15)

=1.127 kg/m?
L g . Air
Cp =1007 J/kg C 40°C
Pr=0.726 300
k =0.0266 W/m.°C
v=17x10"m?/s
Analysis The volume and the mass flow rates of air are

o Q 3kJ/s
c,AT  (4.18kJ/kg.°C)(4°C)

NN

0.3cm

=0.1794kg/s

Q =rc,AT

Then the exit temperature of air is determined from

S Q (75x0.15)W
=mc -T,)— Ty =T;p +——=40°C+ =
Q=M (Tout ~Tin) T e (0.00255 kg/s)(1007 J/kg.°C)

44.4°C

To determine the surface temperature, we need to calculate the convection heat transfer coefficient first,

A, =(0.15m)(0.2m) = 0.03m?
A, =(0.15m)(0.003m) = 0.00045m?

4A, (4)(0.00045 m?)
" T T (2)(0.15m+0.003m)
VD, _ (300/60 m/s)(0.0059 m)
Vo 17x10° m%/s

Therefore, the flow is laminar. Assuming fully developed flow, the Nusselt number for the air flow in this
rectangular cross-section corresponding to the aspect ratio of a/b = height / width =15/0.3=50 ~ 0 is

determined from Table 15-3 to be Nu =8.24. Then,

b K gy _ 0:0266 W/m.oC
L 0.0059 m

The highest surface temperature of the chips then becomes
0 (75x0.15) W

Q = hAs (rs,max _Tfluid)—>Ts,max :Tair,out +K =44.4°C+ (37.1W/m2.°C)(0.03m2) =

=0.0059 m

Re = =1735< 2300

(8.24) =37.1W/m?.°C

54.5°C
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15-115 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 exit temperature of air 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 1 atm and 30°C (Table A-15)

p=1.164kg/m?
¢, =1007 J/kg.°C

Air duct
Pr=0.728 20cm x 20 cm
k =0.0259 W/m.°C
v=161x105m? /s :

Analysis (a) The rate of heat transfer from the Air
components to the forced air in the duct is 30°C

Q =(0.80)(120 W) = 96 W 0.5 m*/min

The mass flow rate of air is
m = pV = (1.164 kg/m*)(0.5/60m>/s) = 0.0097 kg/s
Then the exit temperature of air is determined from
Q 96 W

) =MC, (Tyy —Tin) ——> Ty =Ty +—— =30°C + =39.8°C
Q=M (Tout ~Tin) T e (0.0097 kg/s)(1007 J/kg.°C)

(b) The highest surface temperature can be determined from
Qconv = hAs (Ts _Tfluid )

But we first need to determine convection heat transfer coefficient,
A, = (4)(1m)(0.20m) = 0.8 m?

v _V _(05/60m°fs)

A, (0.20 m)?

VD,  (0.208 m/s)(0.20 m)
Vo 161x10° m?/s

From Table 15-2,
Nu = 0.102 Re®5 pr/3 = (0.102)(2588)*¢°(0.728)*/% =185

=0.208 m/s

Re = = 2588

b Ky - 0:0259 Wim.C

=—Nu (18.5) = 2.39 W/m?.°C
D, 0.20m

Then the highest component surface temperature in the duct becomes

' Q o 9%6 W
Q = hAs (rs,max _Tair,out)—>Ts,max :Tair,out +m =39.8°C+

=90.0°C
s (2.39 W/m?.°C)(0.8m?)
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15-116 The components of an electronic system located in a circular horizontal duct are cooled by forced
air flowing through the duct. The exit temperature of air 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 1 atm and 30°C (Table A-15)

p=1.164kg/m?
¢, =1007 J/kg.°C

Pr=0.728 Air
k =0.0259 W/m.°C °
v=161x10"°m? /s 0-53213;:““ ISR out
Analysis (a) The rate of heat transfer from the
components to the forced air in the duct is | L=1m |
Q =(0.80)(120 W) =96 W
The mass flow rate of air is
m = pV = (1.164 kg/m*)(0.5/60m>/s) = 0.0097 kg/s
Then the exit temperature of air is determined from
Q= 116y (T ~Ti) ——> T =Ty + 2 = 30°C + = ~30.8°C

) (0.0097 kg/s)(1007 J/kg.°C)

(b) The highest surface temperature can be determined from
Qconv = hAs (Ts _Tfluid )
But we first need to determine convection heat transfer coefficient,
A, = DL = 7(0.1m)(1m) = 0.314 m?
v _(05/60m°s)
A.  7(0.10m)2 /4
VD _ (1.061m/s)(0.10 m)
v 1.61x107° m?/s
From Table 15-2,

Nu =0.102 Re®¢™ pr'/® = (0.102)(6590) %7 (0.728)"/2 =34.7

=1.061m/s

Re =6590

b Ky = 0:0259 Wim.C

=—Nu (34.7) =8.99 W/m?2.°C
D, 0.10m

Then the highest component surface temperature in the duct becomes

) Q o 96 W
Q = hAs (rs,max _Tair,out)—>Ts,max :Tair,out +m =39.8°C+

=73.8°C
s (8.99 W/m?.°C)(0.314m?)
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Liquid Cooling

15-117C When both are adequate, we would prefer forced air cooling in order to avoid the potential risks
and problems associated with water cooling such as leakage, corrosion, extra weight, and condensation.

15-118C In direct cooling systems, the electronic components are in direct contact with the liquid, and thus
the heat generated in the components is transferred directly to the liquid. In indirect cooling systems,
however, there is no direct contact with the components. The heat generated in this case is first transferred
to a medium such as a cold plate before it is removed by the liquid.

15-119C In closed loop cooling systems the liquid is recirculated while in the open loop systems the liquid
is discarded after use. The heated liquid in closed loop systems is cooled in a heat exchanger, and it is
recirculated through the system. In open loop systems, liquid (usually tap water) flows through the cooling
system is discarded into a drain after it is heated.

15-120C The properties of a liquid ideally suited for cooling electronic equipment include high thermal
conductivity, high specific heat, low viscosity, high surface tension, high dielectric strength, chemical
inertness, chemical stability, being non toxic, having low freezing and high boiling points, and low cost.

15-121 A cold plate is to be cooled by water. The mass flow rate of water, the diameter of the pipe, and the
case temperature of the transistors are to be determined.

Assumptions 1 Steady operating conditions exist. 2 About 25 percent of the heat generated is dissipated
from the components to the surroundings by convection and radiation.

Properties The properties of water at room temperature are p = 1000 kg/m?® and C, = 4180 J/kg.°C (Table
A-9).

Analysis Noting that each of the 10 transistors dissipates 40 Water
W of power and 75% of this power is removed by the Cold plate inlet
water, the rate of heat transfer to the water is —

Q = (10 transistors)(40 W/transistor)(0.75) = 300 W !

In order to limit the temperature rise of water to 4°C, the
mass flow rate of water must be no less than
' 300 W
m= Q = =0.0179kg/s =1.08 kg/min
CpATise (4180 J/kg.°C)(4°C) \ .
Transistors

The diameter of the pipe to maintain the velocity under 0.5 m/s is determined from 40W

D= \/ am_ 4(0'01793 KOS) 00068 m=0.68cm
oV (1000 kg/m~)(0.5m/s)

Noting that the case-to-liquid thermal resistance is 0.04 °C/W, the case temperature of the transistors is
Tcase _Tliquid

Q = > T case :Tliquid +QRcase—quuid =25°C +(300 W)(0.04 °C/W) = 37°C
Rcase—liquid
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15-122 EES Prob. 15-121 is reconsidered. The effect of the maximum temperature rise of the water on the
mass flow rate of water, the diameter of the pipe, and the case temperature is to be investigated.

Analysis The problem is solved using EES, and the solution is given below.

"GIVEN"

n_transistor=10

Q_dot=40 [W]
DELTAT_water=4 [C]
Vel=0.5 [m/s]
f_ConvRad=0.25
f_water=0.75
R_Caseliquid=0.04 [C/W]
T water=25 [C]

"PROPERTIES"

Fluid$='water’

rho=Density(Fluid$, T=T_water, P=101.3)

c_p=CP(Fluid$, T=T_ water, P=101.3)*Convert(kJ/kg-C, J/kg-C)

"ANALYSIS"

Q_dot_total=n_transistor*Q_dot*f_water
m_dot=Q_dot_total/(c_p*DELTAT_water)*Convert(kg/s, kg/min)
m_dot*Convert(kg/min, kg/s)=rho*A*Vel

A=pi*(D*Convert(mm, m))"2/4
Q_dot_total=(T_case-T_water)/R_CaseLiquid

ATwater [C] m [kg/min] D [mm] Tease [C]
1 4.31 13.54 37
15 2.873 11.05 37
2 2.155 9.574 37
2.5 1.724 8.563 37
3 1.437 7.817 37
35 1.231 7.237 37
4 1.077 6.77 37
4.5 0.9578 6.382 37
5 0.862 6.055 37
5.5 0.7836 5.773 37
6 0.7183 5.527 37
6.5 0.6631 531 37
7 0.6157 5.117 37
7.5 0.5747 4.944 37
8 0.5387 4.787 37
8.5 0.507 4.644 37
9 0.4789 4.513 37
9.5 0.4537 4.393 37
10 0.431 4.281 37
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15-123E Electronic devices mounted on a cold plate is
cooled by water. The amount of heat generated by the

15-65

electronic devices is to be determined. Cold plate I I\/\:a;eé .
nlet, 95°
Assumptions 1 Steady operating conditions exist. 2 About — <
15 percent of the heat generated is dissipated from the 1
components to the surroundings by convection and
radiation.
Properties The properties of water at room temperature are M 2
p = 62.2 lom/ft’ and c, = 0.998 Btu/lbm.°F. L05°F
Analysis The mass flow rate of water and the rate of heat \
removal by the water are Transistor
2 2
m=pAV = p%v =(62.2 Ibm/fts)w(w ft/min) =1.272 Ibm/min = 76.33 1bm/h

Q=rc p (Tout —Tin) = (76.331bm/h)(0.998 Btu/lbm.°F)(105-95)°F = 761.8 Btu/h
which is 85 percent of the heat generated by the electronic devices. Then the total
amount of heat generated by the electronic devices becomes

3 =%= 896 Btu/h = 263 W

15-124 A sealed electronic box is to be cooled by tap water flowing

through channels on two of its sides. The mass flow rate of water and the Water
amount of water used per year are to be determined. 1nlet l
Assumptions 1 Steady operating conditions exist. 2 Entire heat generated [ ] [ ]
is dissipated by water. 1
Properties The specific heat of water at room temperature is c, = 4180
J/kg.°C. :
) ) ) Electronic
Analysis The mass flow rate of tap water flowing through the electronic hox
box is
. 3 2 kW
Q= ric, AT —>th=—2_ = 2K _ 5 1505kgls
C,AT  (4.18kJ/kg.°C)(3°C) Water
Therefore, 0.1595 kg water is needed per second to cool this electronic exit

box. Then the amount of cooling water used per year becomes
m = mAt = (0.1595 kg/s) (365 days/yrx 24 h/day x 3600 s/h)
=5,030,000 kg/yr = 5030 tons/yr

|

2

|
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15-125 A sealed electronic box is to be cooled by tap water flowing
through channels on two of its sides. The mass flow rate of water and the
amount of water used per year are to be determined.

Assumptions 1 Steady operating conditions exist. 2 Entire heat generated
is dissipated by water.

Properties The specific heat of water at room temperature is ¢, = 4180 J/kg.°C.
Analysis The mass flow rate of tap water flowing through the electronic box is

Q 3kl/s

Q =ric,AT m = = —
C,AT  (4.18k/kg.°C)(3°C)

=0.2392kg/s

Therefore, 0.2392 kg water is needed per second to cool this electronic
box. Then the amount of cooling water used per year becomes

m = mAt = (0.2392 kg/s)(365 days/yrx 24 h/day x 3600 s/h)
= 7,544,500 kg/yr = 7545 tons/yr

| <—

Water
Inlet

15-66

<

Electronic
box
3 kw

Water
exit
2

N |
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Immersion Cooling

15-126C The desirable characteristics of a dielectric liquid used in immersion cooling of electronic devices
are non-flammability, being chemically inert, compatibility with materials used in electronic equipment,
and low boiling and freezing points.

15-127C An open loop immersion cooling system involves an external reservoir which supplies liquid
continually to the electronic enclosure. The vapor generated inside is allowed to escape to the atmosphere.
A pressure relief valve on the vapor vent line keeps the pressure and thus the temperature inside the
enclosure at a preset value. In a closed loop immersion system, the vapor is condensed and returned to the
electronic enclosure instead of being purged into the atmosphere.

15-128C In external immersion cooling systems, the vapor is condensed outside the enclosure whereas in
internal immersion cooling systems the vapor is condensed inside the enclosure by circulating a cooling
fluid through the vapor. Therefore, in condenser is built into the enclosure in internal immersion cooling
systems whereas it is placed outside in external immersion cooling systems.

15-129C The heat transfer coefficient is much greater in the boiling heat transfer than it is in the forced air
or liquid cooling. Therefore, in the cooling of high-power electronic devices, boiling heat transfer is used
to achieve high cooling rates with minimal temperature differences.
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15-130 A logic chip is to be cooled by immersion in a dielectric fluid. The minimum heat transfer

coefficient and the type of cooling mechanism are to be determined.
Assumptions Steady operating conditions exist.

Analysis The average heat transfer coefficient over the surface
of the chip is determined from Newton's law of cooling to be

Q = hAs (Tchip _Tﬂuid )
9

As (Tenip =T fiuia )
3 4W

(0.3x10™* m?)(70-20)°C
which is rather high. An examination of Fig. 15-62 reveals that
we can obtain such heat transfer coefficients with the boiling of

fluorocarbon fluids. Therefore, a suitable cooling technique in
this case is immersion cooling in such a fluid.

h

=2667 W/m?.°C

15-131 A chip is cooled by boiling in a dielectric fluid. The surface temperature of the chip is to be

determined.

Assumptions The boiling curve in Fig. 15-63 is prepared for a
chip having a surface area of 0.457 cm? being cooled in FC86
maintained at 5°C. The chart can be used for similar cases with
reasonable accuracy.

Analysis The heat flux in this case is
0 6 W
) A ~05cm?
The temperature of the chip surface corresponding to this heat
flux is determined from Fig. 15-63 to be
Tenip — Twia =57°C > Tepip = (Tyig +57)°C = (25+57)°C = 82°C

=12 W/cm?

Chip
6W
25°C
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15-132 A logic chip is cooled by immersion in a dielectric fluid. The heat flux and the heat transfer
coefficient on the surface of the chip and the thermal resistance between the surface of the chip and the

cooling medium are to be determined.
Assumptions Steady operating conditions exist.
Analysis (a) The heat flux on the surface of the chip is

Q _35W
A;  0.8cm?
(b) The heat transfer coefficient on the surface of the
chip is
Q = hAs (Tchip _Tfluid )
hee 9
As (rchip _Tfluid )
3 35W
(0.8x10* m?)(95-50)°C

=4.375 W/cm?

=972 W/m?.°C

(c) The thermal resistance between the surface of the chip and the cooling medium is

Tenip = T fiuid _ (95-50)°C

chip — T fluid

T
Q= Rehip-fiuid = 3

Rchip—fluid

=12.9°C/W

Chip
T,=95°C

- 35W
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15-133 EES Prob. 15-132 is reconsidered. The effect of chip power on the heat flux, the heat transfer
coefficient, and the convection resistance on chip surface is to be investigated.

Analysis The problem is solved using EES, and the solution is given below.

"GIVEN"

Q_dot_total=3.5 [W]

T_ambient=50 [C]
T_chip=95 [C]
A=0.8 [cm"2]

"ANALYSIS"

g_dot=Q_dot_total/A

Q_dot_total=h*A*Convert(cm”2, m"2)*(T_chip-T_ambient)

Q_dot_total=(T_chip-T_ambient)/R_ChipFluid

Qrotal [W] q [Wicm?] h [W/m*-C] Rchipruid [C/W]
2 2.5 555.6 22.5
2.5 3.125 694.4 18
3 3.75 833.3 15
35 4.375 972.2 12.86
4 5 1111 11.25
4.5 5.625 1250 10
5 6.25 1389 9
5.5 6.875 1528 8.182
6 7.5 1667 7.5
6.5 8.125 1806 6.923
7 8.75 1944 6.429
7.5 9.375 2083 6
8 10 2222 5.625
8.5 10.63 2361 5.294
9 11.25 2500 5
9.5 11.88 2639 4.737
10 12.5 2778 4.5
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15-134 A computer chip is to be cooled by immersion in a dielectric fluid. The minimum heat transfer
coefficient and the appropriate type of cooling mechanism are to be determined.

Assumptions Steady operating conditions exist.

Analysis The average heat transfer coefficient over the surface

of the chip is determined from Newton's law of cooling to be
Q = hA (Tenip =T fia)

~ Q B 5W

T A (Teip ~Traig) (0.4x10* m2)(55—-10)°C

= 2778 W/im?2.°C

which is rather high. An examination of Fig. 15-62 reveals that
we can obtain such heat transfer coefficients with the boiling of
fluorocarbon fluids. Therefore, a suitable cooling technique in
this case is immersion cooling in such a fluid.

h

15-135 A chip is cooled by boiling in a dielectric fluid. The
surface temperature of the chip is to be determined.

Assumptions The boiling curve in Fig. 15-63 is prepared for a
chip having a surface area of 0.457 cm? being cooled in FC86
maintained at 5°C. The chart can be used for similar cases with
reasonable accuracy.
Analysis The heat flux in this case is
G- - _3W ~=15W/cm?
A;  0.2cm

The temperature of the chip surface corresponding to this value is
determined from Fig. 15-63 to be

Tchip _Tfluid = 630C —)Tchip = (Tflwd + 63)OC = (45+ 63)OC = 1080C
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15-136 A chip is cooled by boiling in a dielectric fluid. The maximum power that the chip can dissipate

safely is to be determined.

Assumptions The boiling curve in Fig. 15-63 is prepared for a
chip having a surface area of 0.457 cm? being cooled in FC86
maintained at 5°C. The chart can be used for similar cases with
reasonable accuracy.

Analysis The temperature difference between the chip surface
and the liquid is

Tchip _Tﬂuid = (60—35)OC = 250C
Using this value, the heat flux can be determined from Fig. 15-
63 to be

4 =3.3W/cm?

Then the maximum power that the chip can dissipate safely
becomes

Q =dA, = (3.3W/cm?)(0.3cm?) = 0.99W

15-137 An electronic device is to be cooled by immersion in a dielectric fluid. It is to be determined if the
heat generated inside can be dissipated to the ambient air by natural convection and radiation as well as the

heat transfer coefficient at the surface of the electronic device.
Assumptions Steady operating conditions exist.

Analysis Assuming the surfaces of the cubic enclosure to
be at the temperature of the boiling dielectric fluid at 60 °C,
the rate at which heat can be dissipated to the ambient air at
20°C by combined natural convection and radiation is
determined from

Q = hAs (rs _Tair) = h(GaZ)(Ts _Tair)
= (10 W/m?.°C)[6(1m)?](60- 20)°C = 2400 W = 2.4 kW

Therefore, the heat generated inside the cubic enclosure can
be dissipated by natural convection and radiation. The heat
transfer coefficient at the surface of the electronic device is

Q =hA (Ts — T qig) h=

Q 2000 W

=8333W/m?.°C

A (T —Tnaa)  (0.012m?)(80—60)°C

Tar = 20°C

2 kw
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Review Problems

15-138C For most effective cooling, (1) the transistors must be mounted directly over the cooling lines, (2)
the thermal contact resistance between the transistors and the cold plate must be minimized by attaching
them tightly with a thermal grease, and (3) the thickness of the plates and the tubes should be as small as
possible to minimize the thermal resistance between the transistors and the tubes.

15-139C There is no such thing as heat rising. Only heated fluid rises because of lower density due to
buoyancy. Heat conduction in a solid is due to the molecular vibrations and electron movement, and
gravitational force has no effect on it. Therefore, the orientation of the bar is irrelevant.
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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 9IW 7.5W 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

(Kyty) copper = 4[(386 W/m.°C)(0.0001m)] = 0.1544 W/°C
(K2t2)epoxy = 30(0.26 W/m.°C)(0.0005 m)] = 0.00039 W/°C

_ (kltl)copper +(k2t2)epoxy _ (0.1544+0.00039)W/°C
eff t, +t, 4(0.0001 m) +3(0.0005 m)
=81.5W/m.°C 15 cm

15cm

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

szeﬁA£ — AT = S
L Keit 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 = (0.15 m)[4(0.0001 m) +3(0.0005m)] = 0.000285m>

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

_ QL _(Q1+Q2+Q3+Q4+Q5+Q6+Q7 +Qg /2L
A-I—center—heatsink - Z k.. A - K. A
eff eff

_ (15+3+45+6+7.5+9+10.5+11.25/2W)(0.01m)
(81.5 W/m.°C)(0.000285 m?)

and Teenter = Theatsink + AT center—neatsink = 35°C+20.5°C =55.5°C

=20.5°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 dave L : .
: 2 > Teenter = Theatsink + Qave =35°C+ (5625 W)(0.075 m) 2N 53.2°C
L Keir A (81.5 W/m.°C)(0.000285 m“)

Qavg = keff A
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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.

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

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 ; 3

i e==f 15cm
can be determined from 15 cm

Q:keﬁA£ ATt
L Keit A

1.5 mm¢

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 = (0.15m)(0.0015m) = 0.000225m?

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

_ QL _(Q1+Q2+Q3+Q4+Q5+Q6+Q7+QB/2)L
ATcenter—heatsink - z K. A - k.. A
eff eff

_ (1.5+3+4.5+6+7.5+9+10.5+11.25/2 W)(0.01 m)
(0.26 W/m.°C)(0.000225 m?)

and Teenter = Theatsink + ATcenter—heatsink = 35°C +8141°C =8176°C

=8141°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

L-T QaglL _ - (5.625 W)(0.075 m)

=7247°C
Ket A (0.26 W/m.°C)(0.000225 m?)

Qavg = keff A

’Tcenter = Theatsink +
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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. Air

Properties We use the properties of air at 30°C

45)/2 = 37.5°C are (Table A-1 Alr duct
(30+45)/2 = 37.5°C are (Table A-15) 10 cm x 10 em
p=1.136kg/m®

¢, =1007 J/kg.°C

Pr=0.726
k =0.0264 W/m.°C : 1m
5 2 Air
v=168x10""m*/s 30°C
Analysis (a) The volume and the mass 50

flow rates of air are
V = AV = (0.1m)(0.1m)(50/60 m/s) = 0.008333m?/s
m = p¥ = (1.136 kg/m?>)(0.008333m>/s) = 0.009466 kg/s
The rate of heat transfer to the air flowing through the duct is
Q forced conv = MCp (T = Tou) = (0.009466 kg/s)(1007 J/kg.°C)(45 -30)°C =143.0 W

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

Qconv = Qtotal - Q forced conv = 150 W-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)(Lm) = 0.4m?
VD, (50/60m/s)(0.1m)
V. 168x10° m?ls
Nu = 0.102 Re®7 Pr/® = (0.102)(4960) 7 (0.726)/° = 28.6

Re = = 4960

h= X Ny 2 00264 WIMSC o0 6) 756 Wim? oC
Dy, 0.1m
Then the average surface temperature of the duct becomes
: Q 5 57 W B
Qeonv = hAs (Ts —Tambient) —>Ts = Tambient +ﬁ:v =30°C+ (7.56 W/m 2 °C)(0.4 m2) =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,

' Quom /A _ e 57W
Qconv = h(Ts,max _Tair,exit)—)Ts,max :Tair,exit +—M S = 45°C+

=63.8°C
h (7.56 W/m2.°C)(0.4m?)
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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 =(0.80)12W)=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
R, . - =0.938°C/W
aluminum = A (237 W/m.°C)(0.003 m)(0.03m)
Repoy = — = 0.0002m —~1.235°C/W
PN KA (1.8 W/m.°C)(0.003m)(0.03m)

The total thermal resistance of the plate and the epoxy is
R plate+epoxy = Repoxy + Rplate =1.235+0.938 = 2.173°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

A A A ATplatte
Qtotal = Qcond + Qconv =—+ hAside (Ts,ave _Tair)

plate-+epoxy

Liquid cooled
plate

0.25
Temax — T, ~Ty
_ _s,max cold plate +1.42( (Ts,aveL alr)j Aside (Ts,max _Tair)

I:zplateH-epoxy

where Ts, ave — (Ts, max + Tcold plate )/2' L 0.03 m,
and Agige = 2(0.03 m)(0.03 m) = 0.00018 m>.
Substituting the known quantities gives

N\

3

Lo Transistor -

T,y —40 T, . +40)/2-25]" ¥
20W = 2" 11.42(0.00018) [T mx +40) o ] \\ -
2.173°C/IW (0.03)™ 3cm I'__i
Solving for Ts max gives 5
T, max = 83.3°C “
Then the rate of heat transfer by natural convection becomes Plastic i

washer

=0.055W

, [(83.3+40)/ 2 25]%
Qeony =1.42(0.00018) (0.03)°%

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 = To max + QRp|asticwasher =83.3°C + (10 W)(2°C/W) = 103.3°C
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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 \
R junction-ambient =90 °C/W =50x1.8 =90 °F/W \ LEW

Then the junction temperature becomes

Tjunction _Tambient

Q= Tjunction = Tambient + QRjunction—ambient

R junction—ambient
=70°F + (1.5 W)(90°F/W) = 205°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

Rjunction—ambient =66 oC/W =66x1.8= 1188OF/W

which yields

Tjunction _Tambiem

7 Tjunction = Tambient + QR junction—ambient

R junction—ambient

= 70°F + (1.5 W)(118.8°F/W) = 248°F
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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 T9
adhesive 15¢cm x 18
. 1w i Repoxy
Aluminum
core
VA A0 T 1l
2 EIR?
: : Radhesive
A_A
RaIuminumL
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

Raluminum 1= L = 0.0006 m =0.00169 °C/W
kA~ (237 W/m.°C)(0.01m)(0.15m)
Repory = = = 0.0005m —1.28205°C/W
kA~ (0.26 W/m.°C)(0.01m)(0.15 m)
Rogneais = — = 0.0001m — 0.03703°C/W
KA (1.8 W/m.°C)(0.01m)(0.15m)
Ryertcal = Ratuminum... + Reposy + Rachesive = 0.00169 +1.28205+0.03704 =1.321°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

U 0.01m
frame = aluminuml A T (237 W/m.2C)(0.0012 m)(0.18 m)

The temperature difference across a strip is determined from

AT = QRaIuminum,H

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 = z QRaIuminum,H = (Ql + QZ + QS + Q4 + QS + Q6 + Q7 + QS 2) Raluminum,||
=(1+2+3+4+5+6+7+8+9W)(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

AT ertical = Z QRverticaI,J_ =(1W)(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

ATax = AThorizontal + ATvertica =8.8+1.3=10.1°C

=0.1953°C/W
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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 4
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 Cut-out
towards the midsection). The rate of heat 7cm section
conduction to each side is of the plate is 4.cmx 4.cm

Qcond,l—side =0.70x(10W)=7W

— Transistor Alumi
/

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

1cm| 5cm

(AT ) plate L
L 40°C

Qcond.l—side =kA
Solving for (AT) 4 and substituting gives

Qeond 1.side L 7 W)(0.01m
(AT)pIate: cond.1-side = _ ( )( )

- —=21°C
kA (237 W/m.°C)(0.07 x0.002 m?)
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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 =0.0270 W/m.°C S
. e
v=175x10"m? /s Air >
Analysis The surface area of the duct is 30°C . 150 W
250 m/min

A, = 2{[(1.2m)(0.1m)] +[(L.2m)(0.2m)]} = 0.72m? Ts <60°C

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

Nu = 0.102 Re®®™ pr/® = (0.102)(23,810) 7 (0.724)*'3 = 82.4

Re =23810

ho K Ny QO270WIMEC o) 4y~ 22 3Wim2.oC
D, 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, —Tpuig ) = (22.3W/m?.°C)(0.72 m?)(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 _ (250/60 m/s)(0.2 m)
v 1.75x107° m?/s

Nu =0.102 Re®¢™ Pr'/® = (0.102)(47,619)*7(0.724)'3 =131.6

Re =47,619

h=_—

K. Ny = Q0210WIM°C 151 6y 17 gWim?.oC
Dy, m

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

Q =hA (T —Tpuig) = (17.8 W/m?.°C)(0.72 m?)(60 - 30)°C = 384 W
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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 =0.0270 W/m.°C _ >
-5 2 Air —
_L75A0 T m7IS 598,107 m2 /s 300C —
54.05/101.325 i 150 W

Analysis The surface area of the duct is Ts<60°C

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

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

determined to be

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

Nu = 0.102Re%7 Pr¥/3 = (0.102)(12,703)°¢7°(0.724)*'3 =53.9

Re

=12,703

ho K Ny = QO270WIMC oo 014 6Wim?.oC
D, 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, —Tpuig) = (14.6 W/m?.°C)(0.72 m?)(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 _ (250/60 m/s)(0.2m)
v 3.28x107° m?/s

Nu = 0.102 Re®™ pr/® = (0.102)(25,407)*67°(0.724)Y/% = 86.1

Re

= 25,407

k00270 W/m.°C

h= u
Dy, 0.2m

(86.1) =11.6 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, (T, —Tpuig ) = (11.6 W/m?.°C)(0.72 m?)(60-30)°C = 251 W
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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 Air 95°F
transfer from the vertical side surfaces are determined to be 80°F
L-Sw
12 165 W

20, 24 6 ) \
Aige =(2)] —ft+—ft | —ft |=3.67 ft Computer
side ( )(12 12 j(l2 j p

case
0.25 0.25
AT 95-80 )
h ige =0.29 — =029 ———— =0.679 Btu/h.ft° .°F
conv,side ( L J ( 6/12 j

Qeonv.side = Neonv.side Asice (Ts =T uig ) = (0.679 Btu/h.ft>.°F)(3.67 ft*)(95-80)°F = 37.4 Btu/h

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

20 24
{215
4
L= Atop _ 12 12 _182ft
Py [20 ftj +(24ft
12 12

Ap = (20 ﬁj(ﬁ ft) =3.33ft?

12 )12

0.25 0.25
Neonv,top = 0.27[%j = 0.27[gi ;soj = 0.457 Btu/h.ft? °F

Quonvitop = Neonvitop Arop (Ts =T i ) = (0.457 Btu/h.ft °F)(3.33ft)(95—80)°F = 22.8 Btu/h
The rate of heat transfer from the outer surfaces of the computer case by radiation is
Qrag = gAso-(Ts4 _Tsurr4)
= (0.85)(3.67 ft2 +3.33ft2)(0.1714x10 8 Btu/h.ft>.R*)[(95+ 460 R)* — (80 + 460 R)*]

=100.4 Btu/h
Then the total rate of heat transfer from the outer surfaces of the computer case becomes

Qtotal = Qconv,side + Qconv,top + Qrad =37.4+22.8+100.4 =160.6 Btu/h

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

_ (160.6/3.41214) W
a 165 W

f =0.285=28.5%

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

C
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