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5.18 Sample Problem—Radiation Heat Transfer from a Hybrid ° 143

Plug—in PCB

Electm_nic 1.0 X 1.0 in hybrid @
chassis surface temperature
212°F {100°C)
End wall @
temperature
122°F (60°C)

Figure 5.26 Hybrid mounted on a PCB that faces a chassis end wall.

5.18 SAMPLE PROBLEM—RADIATION HEAT TRANSFER FROM A
HYBRID

A 1.0 in. square (2.54 cm) X 0.180 in. high (0.457 cm) flat pack hybrid is
mounted on the end printed circuit board so that it faces the end wall of an
electronic chassis, which has a temperature of 122°F (50°C), as shown in
Figure 5.26. The hybrid is about 0.40 in (1.02 ¢cm) from the wall, so that
natural convection and conduction heat transfer will be negligible. The
maximum allowable case temperature of the hybrid is 212°F (100°C). De-
termine the maximum allowable power dissipation for the hybrid with and
without a conformal coating. The inside surfaces of the aluminum chassis
are painted light blue.

SOLUTION

The top surface of the hybrid and its electrical lead wires have a good view
of the chassis end wall. The view from the side walls of the hybrid to the
side walls of the chassis is blocked by other electronic components around
the hybrid. The bottom surface of the hybrid has no view of any wall.
Ignoring radiation from the lead wires, the view factor from the top surface
of the hybrid to the end wall will be very high, because the end wall is so
close to the hybrid and the end wall is so much larger than the hybrid. The
view factor f from the hybrid case to the chassis wall in this case would be
about 0.95.
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144 Practical Guides for Natural Convection and Radiation Cooling

Equation 5.47 can be used to determine the amount of heat the hybrid is
permitted to dissipate, in English and metric units.

Given o =0.1713 x 1078 Btu/hr ft* °R* = 1.355 x 1072 cal/sec cm? °K*
f = 0.95 estimated, based on geometry
e, = 0.066 emissivity of bare hybrid steel case
€, = 0.90 emissivity of painted aluminum wall

| |
“1/e + 1/es— 1 1/0.066 + 1/0.90 — 1|
(combined emissivity)
A, = 1.0in* = 0.00694 ft* = 6.45 cm? (area)

212°F = 100°C (hybrid case temperature)
t, = 122°F = 50°C (chassis wall temperature)

= 0.0655

~
Il

Substitute into Eq. 5.47 for heat transferred from the hybrid by radiation,
without a conformal coating, using English units.

Btu
hr ft? °R*
[(460 + 212)* — (460 + 122)*] °R*

i 672\* /s82\*
Q = (0.1713)(0.95)(0.0655)(0.00694) [(100) (100)]

0= (0.17]3 x1078 ) (0.95)(0.0655)(0.00694 ft*)

watt
S 0.019 watt (5.58)

B
0 = 0.065 —htrﬁ %0.293

In metric units for the hybrid with no coating:

cal

=11.355 &0~
€ ( > sec cm® °K*

) (0.95)(0.0655)(6.45 cm?)

[(273 + 100)* — (273 + 50)*] °K*

4 Ay 4
0 = (1.355)(0.95)(0.065)(6.45) [(%) ‘(%) ]

cal watts sec

= 0.00457 — %x4.187 ——— = 0.019 tt
e — el v (5.582)

When a thin conformal coating is applied to the hybrid case, the emissivity
will jump to about 0.80. The combined emissivity will jump to
" 1

1/0.80 + 1/0.90 — 1

An examination of Egs. 5.58 and 5.58a shows that the amount of heat
transferred by radiation is directly proportional to the emissivity. Therefore,

e =0.734
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5.19 Sample Problem—Junction Temperature of a Dual FET Switch 145

a direct ratio of the combined emissivities can be used to determine the heat
transferred when a conformal coating is added to the hybrid case.

_ el.'ual s 0.734
Q = 0.019 watt (em mm) = 0.019 (0.0655)

Q = 0.213 watt (5.59)

This shows that just adding a conformal coating to the hybrid will increase
its heat transfer capability by a factor of 11.

5.19 SAMPLE PROBLEM—JUNCTION TEMPERATURE OF A DUAL
FET SWITCH

Figure 5.27 shows a dual field effect transistor (FET) switch in a TO-8 size
case that dissipates 0.150 watt. The switch is mounted on a PCB within an
electronic chassis that has painted walls at a temperature of 185°F (85°C).
The maximum allowable junction temperature is 302°F (150°C) and the
thermal impedance (0, from the junction of the switch to the case is
49 .2°F/watt (27.3°C/watt) as rated by the manufacturer. The case of the
switch is made of polished iron and the view factor ffrom the case to the
chassis walls is estimated to be about 0.80. The chassis is enclosed, so that
natural convection and conduction heat transfer from the switch are negli-
gible. Determine if the design is satisfactory.

SOLUTION
The following information is required for Eq. 5.47.

f = 0.80 view factor, estimated from geometry
e, = 0.24 emissivity of switch with bare iron case
es = 0.84 emissivity of painted chassis walls

1 1
T Ve, + 1/es—1 1/0.24 + 1/0.84 — |
(combined emissivity)

=0.23

e

Polished iron case
PCB ‘,

0.190 in—>~ fc—
Figure 5.27 Dual FET switch mounted on a PCB.

SEC et al. v. MRI
SEC Exhibit 1020.0159
IPR2023-00254



146 Practical Guides for Natural Convection and Radiation Cooling

The bottom surface of the switch faces the PCB, which is a poor heat
conductor, so that its area is ignored. Also, radiation from the lead wires
is ignored. The switch surface area is:

A = 7(0.460)(0.190) + (7/4)(0.500)% in®
144 in?ft*
Btu/hr

= 0.00327 ft?

Q = 0.150 watt x 3.413

Bt e EL
= 0.512 _ﬁ; (heat dissipation)

Substitute into Eq. 5.47 for the case temperature.

0.512 = 0.1713 x 1072 (0.8)(0.23)(0.00327)[ (460 + 7,)* — (460 + 185)*]
0.512 = 1.031 X 1072 (460 + r,)* — 0.1784

512 4+ 0.1784\
460+11=(0512 0178)

1.031 x 1072
i, = 444.6°F (229.2°C) (case temperature) (5.60)

The temperature rise from the switch case to the junction is determined
from the manufacturer’s thermal impedance from junction to case (6,.),
49.2°F/watt.

o

Aty = 49.2

X 0.150 watt = 7.4°F (5.61)
watt

The junction temperature becomes
t; = 444.6 + 7.4 = 452°F (233.3°C) (5.62)

This is substantially above the maximum allowable junction temperature of
302°F (150°C), so that the design is not satisfactory.

To improve the radiation heat transfer, a black oxide finish is added to
the surface of the switch, which raises its emissivity to a value of 0.95. The
combined emissivity is now

1

T 1095+ 1/0.84 — 1

= 0.804 (combined emissivity)

Substitute back into Eq. 5.47 for the case temperature.

0.512 = 0.1713 x 1078(0.8)(0.804)(0.00327)[ (460 + )" — (460 + 185)*]

512 + 0. 1
460-!—:1——»(0512 0623)

3.60 x 1072
ty = 289°F (142.7°C) (case temperature) (5.63)
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5.20 Radiation Heat Transfer in Space 147

The thermal impedance ©;. from the junction to the case is still the same.
The junction temperature.of the switch with the black case is shown as
follows:

t; =289 + 7.4 = 296.4°F (146.9°C) (5.64)

Since the junction temperature is less than 302°F (150°C), the design is
satisfactory.

5.20 RADIATION HEAT TRANSFER IN SPACE

In the hard vacuum environment of space, the amount of radient energy
that a body receives will depend upon its distance from the sun, the view
the body has of the sun, and its proximity to other planets or satellites. A
spacecraft in close orbit around the earth or around the moon can receive
radiation from the sun, the earth, and the moon at the same time. Most of
this radiation is in the ultraviolet and visible light frequency range, which
has a wavelength up to about 1 um, which is 1 X 107% m, as shown in
Figure 5.15. In a near earth orbit the direct radiation intensity is about 444
Btu/hr ft* (130 watts/ft?) (0.0334 cal/sec cm?®) [4, 5].

In addition to the direct solar radiation energy, there is reflected radiation
energy, or albedo. Albedo is defined as the fraction of solar radiation that
is returned to space due to reflections of solar energy from the atmosphere,
clouds, and surface of a planet. For the earth, the albedo is about 0.40,
depending upon the amount of cloud cover in the sky. For the moon, the
albedo is very low, about 0.07, because the moon has virtually no atmos-
phere.

When the earth is viewed from a distance, its average temperature appears
to be about —20°F (—29°C). The mean surface temperature appears to have
a value of about 57°F (14°C), and the mean temperature of the upper
atmosphere, at about 150,000 ft, is about —85°F (—65°C). The sun, when
viewed from a distance, appears to have a temperature of about 10,400°F
(5760°C).

The amount of radiant energy that a body in space will receive will depend
upon the proximity and the view the body has of the sun and, or the moon,
or perhaps some other planet. Table 5.7 shows how much radiant energy
various planets receive from the sun. This is the energy that reaches the
planet’s upper atmosphere, not the energy that reaches the surface (except
for the moon).

The upper atmosphere of the earth attenuates the radiation energy re-
ceived from the sun, and this reduces the amount of solar radiation that
actually reaches the surface of the earth. The amount of radiation energy
that actually reaches the surface of the earth depends upon the month,
hour, parallel of latitude, and cloud cover. Some typical maximum values
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5.21 Effects of a/e on Temperatures in Space 149

e L] = O
Polished el i t=80°F White paint

aluminum\ on aluminum
o o
c=4 £ =016

Figure 5.28 Temperatures of painted and unpainted aluminum spheres in space.

affected by its color. The stabilized temperature a body reaches in space
will therefore be related to the ratio of the solar absorptivity («;) to the
infrared emissivity (), which is shown as the ratio «ye. For the polished
aluminum sphere this ratio is shown in Eq. 5.65 and for the white-painted
aluminum sphere, this ratio is shown in Eq. 5.66.

Polished aluminum sphere in space:

ag _ solar absorptivity _ 0.10 (5.65)
¢ infrared emissivity 0.025 ’
White-painted aluminum sphere in space:
a;  solar absorptivity  0.15
=== = = (.16 5.66
¢ infrared emissivity 0.94 G0

A high ratio of a/e means that more solar radiation energy will be ab-
sorbed, so that the resulting temperature of a body in space will be higher.
Conversely, a low a/e means that less solar radiation energy will be ab-
sorbed, so that the resulting temperature will be lower. The equilibrium
temperature of a body in space can be controlled, to a great extent, by
controlling the ratio of ay/e.

A body in space will receive radiation from the sun and emit radiation to
space at —460°F, which is absolute zero. If the amount of solar energy
absorbed by a body (including albedo) is shown as «,Q,A;, the general
radiation relation shown by Eq. 5.47 can be modified as shown by Eq. 5.67.

0+ a,QA, = geAT? (5.67)
where «, = absorptivity of surface receiving solar radiation
Q. = solar irradiation on absorbing surface
Q; = internal power dissipation
A; = projected area of body normal to sun
o = Stefan-Boltzmann constant
e = emissivity of surface radiating to space

A = surface area of body radiating to space
T = absolute temperature of body in space

When the body in space is away from all the planets, with no internal power
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150 Practical Guides for Natural Convection and Radiation Cooling

dissipation and no heat transferred into or out of the back side of the body,
and when the projected area of the body is normal to the sun. The absolute
temperature of the body in space is shown by Eq. 5.68.

T = (-‘ﬂzﬁ) ' (5.68)

ae

In a deep space orbit similar to that of Venus, but away from all planets,
the direct solar radiation intensity @, is about 860 Btu/hr ft* (252 watts)
(0.0648 cal/sec cm?). Substitute this value into Eq. 5.68 to obtain the relation
for the absolute temperature of a body in a deep space orbit similar to that
of Venus.

860c, w26 ok R
N s it =8 5.69)
S i B (

Since the solar absorptivity () and the infrared emissivity (¢) are both
characteristics of the body surface, the control of these values will help to
control the body temperature.

5.22 SAMPLE PROBLEM—TEMPERATURES OF AN ELECTRONIC
BOX IN SPACE

An electronic box has an insulated panel with a surface area of 1.0 ft% It is
in deep space approximately the same distance from the sun as the earth.
The panel is painted white and always faces the sun. Determine the stabi-
lized temperature of the panel with no internal power dissipation and with
an internal power dissipation of 50 watts.

SOLUTION

Given Qg = 444 Btu/hr ft* solar radiation on panel in an orbit similar to
that of Earth
a; = 0.15 solar absorptivity of white paint (ref. Table 5.4)
o = 0.1713 x 107® Btu/hr ft* °R* constant
e = 0.9 emissivity of white paint (ref. Table 5.4)

Substitute into Eq. 5.68 for the stabilized temperature of the panel with no
internal power dissipation.

Y (0.15)(444)
B [(0.1713 x 10-9)(0.9

t=455.9 — 460 = —4.1°F (5.70)

0.25
)] = 455.9°R
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5.23 Simplified Radiation Heat Transfer Equation 151

The stabilized temperature of the panel with power on can be obtained with
Eqgs. 5.67 and 5.68, which requires adding the internal power of 50 watts
(170.6 Btu/hr).

(0.1713 x 1078)(0.9)
1 =626.3 — 460 = 166,3°F (5.71)

0.15)(444) + 170.61"*
=[( HAH) ”06] = 626.3°R

If the electronic box was in an orbit around the earth, where it was
possible for the panel to receive reflected albedo radiation (409) from the
earth, the panel would receive an additional incident radiation of 444 x 0.40
or 177.6 Btu/hr ft. Substituting into Eq. 5.68 for the panel temperature, we
obtain

_ [(0.15)(444 + 177.6) + 170.
[ (0.1713 x 10-)(0.9)

t = 643.2 — 460 = 183°F (5.72)

0.25
6] = 643.2°R

There would also be an interchange of radiation energy between the
electronic box and the earth, which would depend upon the orbit of the
electronic box around the planet. This energy interchange was ignored in
the problem.

5.23 SIMPLIFIED RADIATION HEAT TRANSFER EQUATION

It is often convenient to express the radiation heat loss in a form similar to
the convection heat loss, as shown by Eq. 5.7. This can be accomplished
by setting Eq. 5.7 equal to Eq. 5.47. The radiation heat transfer equation is
then simplified as shown by Eq. (5.73) [15, 17, 24].

O =h,A At (5.73)

In this expression, h, represents the radiation heat transfer coefficient in
terms of Btu/hr ft* °F (cal/sec cm® °C). The radiation coefficient is then
defined as shown in Eq. 5.74 for English units and in Eq. 5.74a for metric
units.

_ 0.1713 fe {[(z, + 460)/100]* — [(r, + 460)/100]'}
L, =ty

h,

Btu

= — .74
hr ft* °F S
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5.24 Sample Problem—Radiation Heat Loss from an Electronic Box 153

Space radiator, depth = 48 in

1 . N, e
2“944"‘ . !\E-,ﬂ‘.‘.-‘ il
~ = o P /%_60'
oo (o] E[e]e)
/}J&) \Electrunics box cover
Components /‘4 Depth = 48 in
mounted on t, = 200°F
cover e = 085
6.0 in

Figure 5.30 Electronic box mounted in a spacecraft.

SOLUTION

The cross string method shown in Eq. 5.49 is used to determine the view
factors between the radiating surfaces.

i S
Afia=Apfo, = 2(12'04)2 25 =3.5 = (l;:‘,pth
_ Asfyy  3.5in%in
A, (6)@8)in?
Afin 35
A, (12)(48)

Si-e X 48 in = 0.583

foi= X 48 in = 0.292

The combined emissivity is obtained from Table 5.5.

I i
T e, + e~ 1 1/0.85+1/0.75 — 1

= (.662

The view factor from area 1 to area 2 (f,-, = 0.583) will be used for the
radiation heat transfer, so area 1 must be computed.

_ (6)(48) in®

o OO, o fe — 1858 cm? 5.75
144 in¥/fe2 em 0

&

Substitute into Eq. 5.74 to obtain the radiation coefficient in English Units.

~0.1713(0.583)(0.662) {[(200 + 460)/100]¢ — [(20 + 460)/100]}
a 200 — 20

h,

Btu
hr ft* °F (5.76)

h, = 0.502
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156 Practical Guides for Natural Convection and Radiation Cooling

be transferred from the box to the surrounding ambient at sea level and at
50,000 ft. The box has painted external surfaces.

SOLUTION

Only the vertical side and end walls will be effective for heat transfer by
natural convection and radiation. The top and bottom covers are ignored
here because the covers make poor contact with the chassis. The natural
convection coefficient for the vertical side and end walls is determined first
for the sea level condition.

0.25
h. =0.29 (%) (ref. Eq. 5.4)

Given At = 140 — 100 = 40°F (temperature difference)

I = 7.(?in
12 in/ft

=(.583 ft (vertical height)

40 \** Bt . ey

h, =029 (m) = (.83 _hr_ft;l_"F (convection coefficient) (5.80)

The radiation heat transfer coefficient is determined next, using an em-

issivity of 0.9 for the painted finish and a view factor of 1.0 for the electronic

box. Using Figure 5.29 with an ambient heat sink temperature of 100°F and
a At of 40°F,

h,=1.20 (radiation coefficient) (5.81)

tu
hr ft2 °F

The surface area available for heat transfer is the sides and ends of the
box only.

A=(2x 12 + 2 % 8)(7) in®

SrEr = 1.94 ft? (5.82)

Substitute Egs. 5.80 through 5.82 into Eq. 5.79 for the heat transferred
at sea level conditions.

Q = (0.83 + 1.20)(1.94)(40)

Btu waftt
= —— * —— = 46. t 5.83
Q= 157.5 s X 0.293 Bru/hr 46.1 watts ( )

At an altitude of 50,000 ft, there will be a small change in the radiation
characteristics of the box, but there will be a big change in the natural
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158 Practical Guides for Natural Convection and Radiation Cooling

When components are cooled by conduction, there are no real ambient
operating temperatures that can be used to predict failure rates. However,
an equivalent ambient temperature can be calculated based upon the surface
temperature of the component. Thus, for a given set of conditions and for
specific components, the equivalent ambient temperature can be determined
from the component surface temperature. This permits failure rates to be
determined for components when only the surface temperatures are known.

Since heat travels from high temperature areas to low temperature areas,
it follows that a heat dissipating component will be hotter than the ambient
temperature surrounding the component.

When an electronic component is suspended in a controlled environmen-
tal chamber, heat is transferred from the component to the surrounding
ambient by means of radiation and natural convection. Component manu-
facturers and component testing engineers often use this technique to de-
termine how much power a component can dissipate and what the failure
rates are for various ambient temperature conditions.

The surface temperature of a component on a PCB is usually known from
test data, or it can be calculated. The equivalent ambient temperature for
the same component (the ambient temperature that will result in the same
component surface temperature) is determined by obtaining the temperature
rise from the component to the surrounding ambient using Eq. 5.86.

1y =1+ Olyy (5.86)
where 1, = component surface temperature
t, = ambient temperature
At,_4, = temperature rise from surface to ambient

The temperature rise from the component surface to the ambient A, 4
is determined from Eq. 5.79.

Q

N P Ry

(ref. Eq. 5.79)

The physical properties of the component are used to determine the
surface area, the radiation coefficient, and the natural convection coeffi-
cient. The electrical lead wires are ignored in these calculations because
they are usually very short in most applications, so that they will transfer
very little heat by radiation and natural convection.

Radiation depends upon the actual surface temperature of the component,
which is unknown. Therefore, the method of solution is to assume a tem-
perature rise (Af) that permits the radiation and natural convection coeffi-
cients to be determined. A Af value is then calculated from the coefficients
and compared with the assumed value. If the Af’s do not agree, a correction
is made and the process is repeated until the assumed At agrees relatively
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5.28 Sample Problem—Equivalent Ambient Temperature of an RC07 Resistor 159

well with the calculated Az. A sample problem is used to demonstrate the
technique.

5.28 SAMPLE PROBLEM—EQUIVALENT AMBIENT TEMPERATURE
OF AN RCO07 RESISTOR

A MIL style RC07 { watt carbon composition resistor, as shown in Figure
5.32, dissipates 0.125 watt when it is mounted on a PCB that is cooled by
conduction. A small thermocouple on the resistor shows that the surface
temperature is 212°F (100°C) in the operating environment. The reliability
engineer must determine the mean time between failures (MTBF) for this
resistor. The only failure rate data are based on ambient temperatures.
Determine the equivalent ambient temperature that will produce the same
failure rate as a component surface temperature of 212°F (100°C).

SOLUTION

The lead wires are small compared to the body of the resistor, so that they
are ignored. Assume that the resistor body is suspended in a temperature-
controlled chamber. The natural convection coefficient can then be deter-
mined from Eq. 5.3 and Table 5.1, using a C value of 1.39 for small
components in free air.

Af 0.25
h.=0.52C (I) (ref. Eq. 5.3)

At 0.25 &t 0.25
he =052(139) (—) =072(= :
. =0.52(1 39)( L) 072( L) (5.87)

Since the Afr is not known yet, assume a value of 67°F to start, and
calculate the natural convection coefficient from Eq. 5.87.

Given At = 67°F (assumed to start)

0.098 in
L = =0.0082 i
12 infft ft diameter
g7 °% Btu
= (0.72 = 6.84 ——— .
A (0.0082) et hr ft2 °F 19:59)

0.025 il |.‘__0'301 in_ﬂ —"‘Q’«—o‘ogs in

S oy

Figure 5.32 MIL style RC 07 carbon composition § watt resistor.
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160 Practical Guides for Natural Convection and Radiation Cooling

The radiation coefficient &, is determined from Figure 5.29, which is
based upon an emissivity of 0.9 and a view factor of 1.0. The view factor
of the resistor in the chamber will be 1.0 and the emissivity e of the resistor
surface is about 0.9, so that the curves in Figure 5.29 can be used directly
with no correction factors. The temperature of the surrounding walls is the
same as the ambient temperature f,, which is determined from Eq. 5.86.

Given t; = 212°F (surface temperature)
Aty = 67°F (assumed to start)
ty =1, — At,_, = 212 — 67 = 145°F (ambient)
From Figure 5.29:
Btu

h, = 1.61 R F (5.89)
Also,
3413 B Bt
(= G125 watts o0 DO iy P i
watt hr
- (2)(7r/4)(0.098)2 + 7r(0.098)(0.301) in® - 3
A= 144 in%/ft? = 0.000748 ft* (area)

Substitute into Eq. 5.79 and solve for Ar.

Q 0.427

= = = 67.5°F .90
(he+ h,)A (6.84 + 1.61)(0.000748) e Sl

At

Since the calculated At of 67.5°F is close to the assumed value of 67°F, the
assumed Af is valid.

The equivalent ambient temperature that can be used for reliability pre-
dictions is determined from Eq. 5.86.

to=t, — At,_, =212 — 67 = 145°F (5.91)

This means that the RCO7 resistor will have a surface temperature of
212°F in an ambient temperature of 145°F when the resistor dissipates 0.125
watt. Reliability failure rate predictions will be based upon operation in a
145°F ambient environment.

5.29 INCREASE IN EFFECTIVE EMITTANCE ON EXTENDED
SURFACES

Extended surfaces, such as fins, are often used to improve the heat transfer
characteristics of electronic equipment. A substantial improvement is ob-
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5.29 Increase in Effective Emittance on Extended Surfaces 163

] e
= g+ (-—;i) (5.92)

When e, is 0.5, then for a L/ W ratio of 1.0 the effective emissivity €
becomes

1 =10,
e =05+ .

= 0.5 + 0.25 = 0.75 (approximately)

Figure 5.35 shows a tall cabinet that is cooled by means of a blower in
the base.
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6

Forced Air Cooling
for Electronics

6.1 FORCED COOLING METHODS

Heat transfer by forced convection generally makes use of a fan, blower,
or pump to provide high velocity fluid (air or liquid) past a heated surface.
The high velocity fluid results in a decreased thermal resistance across the
boundary layer from the fluid to the heated surface. This, in turn, increases
the amount of heat that is carried away by the fluid [40-42].

Forced air systems can provide heat transfer rates in electronic systems
that are 10 times greater than those available with natural convection and
radiation. Forced liquid cooling systems can provide heat transfer rates that
are 10 times greater than those for forced air cooling systems. The penalty
for increased cooling is increased costs, power, noise, and complexity. For
liquid cooled systems the size and weight may also increase. Since a simple
system is generally a more reliable system, heat transfer by natural con-
vection and radiation should be used wherever possible.

The rewards of forced convection cooling techniques are generally re-
duced size for air cooled systems and higher component densities, with
lower hot spot temperatures. This increases the electronic component reli-
ability but requires added maintenance for the extra fans or pumps.

A liquid cooled system is usually larger and heavier than an air cooled
system, because a reservoir is generally required for the liquid. A fan cooled
system, on the other hand, normally has a large supply of air readily
available with no storage requirements, which reduces the size and weight
of the system.

Laminar flow conditions as well as turbulent flow conditions can exist
with forced convection in liquids and air. Turbulent flow conditions are
much more desirable, because they permit more heat to be removed. How-
ever, turbulent flow will usually result in a higher pressure drop through
the system, which requires that larger pumps and fans and more power be
used to overcome the added resistance.
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166 Forced Air Cooling for Elecironics

B T e T e N~ Y e Alr outlel
Air inlet _,_,‘7
g T Fan heat added to
air at outlet

Figure 6.2 Axial flow fan drawing cooling air through a box.

flow at the outer perimeter of the fan will be moving away from the fan, but
the air flow at the center will be moving toward the fan, resulting in a short
circuit, as shown in Figure 6.5.

Some good fan installations and some poor ones are shown in Figure 6.6.
Test data on these types of installations have shown that the cooling air
flow rate can be more than doubled just by properly orienting the position
of the fan blade within the fan housing when the fan is located adjacent to
an area that restricts the free flow of cooling air.

6.3 STATIC PRESSURE AND VELOCITY PRESSURE

Air flow through an electronic box is due to a pressure difference between
two points in the box, with the air flowing from the high pressure area to
the low pressure area. The flow of air will result in a static pressure and a
velocity pressure.

Static pressure is the pressure that is exerted on the walls of the container
or electronic box, even when there is no flow of air; it is independent of the
air velocity. Static pressure can be positive or negative, depending upon
whether it is greater or less than the outside ambient pressure.

Velocity pressure is the pressure that forces the air to move through the
electronic box at a certain velocity. The velocity pressure depends upon
the velocity of the air and always acts in the direction of the air flow.

Air exit

Fan blade in downstream

position
Axial flow __—7] : Well—developed velocity
fan housing m L-—"profile gives good air flow
Air inlet

Figure 6.3 Well-developed velocity profile in an axial flow fan.
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6.5 Sample Problem—Air Flow Loss at a Fan Entrance 171
6.5 SAMPLE PROBLEM—AIR FLOW LOSS AT A FAN ENTRANCE

The axial flow fan shown in Figure 6.1 has an air inlet velocity of 3500 ft/
min (1778 cm/sec). It is estimated that the turbulence and contraction in the
air at the entrance to the fan will result in a static loss of about 1.5 velocity
heads. Determine the static head loss in terms of the height of a column of
water.

SOLUTION

The static loss represented by one velocity head can be determined by
rewriting Eq. 6.2 slightly, as shown in Eq. 6.4 for English units.

V 2
H, = (ZE}E) (6.4)

where V = 3500 ft/min

H,= 3500 2 =(.764 in H,O for one velocity head
"~ | 2005 ' . d (6.5)

Using Eq. 6.2a for metric units yields

Vv 2
e (1277)

1778\ *
H,= (ﬁ) = 1.94 cm H,0 for one velocity head (6.5a)

The static head loss at the fan entrance is expected to be 1.5 velocity
heads. The static loss expected in English units is shown in Eq. 6.6.

Hfﬁs'é = 1.5(0.764 in H,0) = 1.146 in H.,O (6.6)
The static loss expected, in metric units, is shown in Eq. 6.6a.

H:'ﬁé"s = 1,5(1.94 cmH,0) = 2.91 cm H,0 (6.6a)

The air exit velocity should also be kept low, if possible, to reduce the
velocity head lost at the exit. Sometimes a gradual enlargement can be
incorporated at the exit. This will help to convert some of the velocity head
to a higher static head, which will help to increase the flow of air through
the box.
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172 Forced Air Cooling for Electronics

6.6 ESTABLISHING THE FLOW IMPEDANCE CURVE FOR AN
ELECTRONIC BOX

Electronic boxes that are cooled with the use of fans must be carefully
evaluated to make sure the fan will provide the proper cooling. If the fan
is too small for the box, the electronic system may overheat and fail. If the
fan is too big for the box, the cooling will be adequate, but the larger fan
will be more expensive, heavier, and will draw more power.

Air flowing through the electronic box will encounter resistance as it
enters different chambers and is forced to make many turns. This flow
resistance is approximately proportional to the square of the velocity, so
that it is approximately proportional to the square of the flow rate in cubic
foot per minute (cfm). When the static pressure of the air flow through a
box is plotted against the cfm air flow rate, the result will be a parabolic
curve. This curve can be generated by considering the various flow resist-
ances the moving air will encounter as it flows through the box. The method
of analysis is to assume several different cfm flow rates through the box
and then to calculate a static pressure drop through the box for each flow
rate. The result will be a curve similar to Figure 6.10,

Once the box flow impedance curve has been developed, it is necessary
to examine different fan impedance curves to see how well the fans will
match the box. A typical fan impedance curve is shown in Figure 6.11.

If the impedance curve for the box is superimposed on the impedance
curve for the fan, they will intersect. The point of intersection represents
the actual operating point for the system, as shown in Figure 6.12 [42].

The method of pressure drop analysis just outlined can be demonstrated
by considering a typical fan cooled electronic box.

Box impedance curve

o
IN
E B S Calculated AP
= : based upon assumed
O:u | air flow
T
| IR S I
Pl ! |
- : |
g ! '
& APfm———— 1 |
2 | | |
8 | | |
w 1 1 I
£y F, Iy

Air flow, F[ft3/min (cm®/sec)]

Figure 6.10 Typical air flow impedance curve for an electronic box.
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1.6 T

o
]
|

o
=
|
|

Static pressure [in H,0 (cm H,0)]
o
w0
|
|

0 I | |
0 20 40 60 80
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Figure 6.11 Typical flow impedance curve for a fan.

6.7 SAMPLE PROBLEM—FAN COOLED ELECTRONIC BOX

Determine the pressure drop characteristics of the electronic box in Figure
6.13, and determine a fan size for the system. The system must be capable
of continuous operation in a 131°F (55°C) ambient at sea level conditions.
The maximum allowable hot spot component surface temperature is limited
to 212°F (100°C). The system contains seven PCBs, each dissipating 20
watts, for a total power dissipation of 140 watts. This does not include the
fan power dissipation.

SOLUTION

The box must be examined in two phases to ensure the integrity of the
complete design. In phase 1, the thermal design of the box is examined,

Box impedance curve

- LB
2
i
£ 12}
el
»
g 0.8 System operating point
B s e
F !
= D4f
@ : Fan impedance curve

0 | |} | |

0 20 40 60 80

F = c¢fm air flow

Figure 6.12 Intersection of fan and box impedance curves.
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6.7 Sample Problem—Fan Cooled Electronic Box 175

Heat generated by the fan motor is usually removed by convection from
the cooling air. If the fan is bolted to a large heat sink away from the
electronic box, a large part of the heat from the fan motor may be removed
by direct conduction and radiation from the fan housing to the heat sink.

When the fan is bolted directly to the chassis that houses the electronics,
the chassis walls may be quite hot, so relatively little fan heat may be
transferred to the chassis. Therefore, it is a good practice to be slightly
conservative and to assume that all of the fan power will be picked up by
the cooling air as it passes through the fan and into the chassis housing.

Several types of fans can be used for cooling the electronics. Centrifugal
fans (sometimes called radial or squirrel cage blowers) can deliver a large
quantity of air against a high static pressure. Also, there are probably more
centrifugal fans in general use for cooling than any other type of fan.
However, centrifugal fans are generally larger and heavier than tube axial
and vane axial fans for the same performance in small fan sizes. Axial flow
fans will be required to run at higher speeds to get the same performance,
so that they will generate more noise than will centrifugal fans.

If a small, high speed axial flow fan is selected, the noise generated may
be objectionable to personnel working in areas adjacent to the fan. Simple
mufflers can be made of plywood and foam packing material to reduce the
noise levels when these fans are operating with room ambient cooling air.

Past experience with air cooled electronic systems has shown that satis-
factory thermal performance can be obtained if the cooling air exit temper-
ature from the electronic chassis does not exceed 160°F (71°C). The allow-
able cooling air temperature rise then becomes

Aty

160°F — 131°F = 29°F
or

Aty =71°C - 55°C = 16°C

The required cooling air weight flow for the system can then be deter-
"mined from the general weight flow equation [15, 17, 24].

0
W= ‘
AtC, 6D
Given
English
ltem Units Metric Units

Q = heat = Btu/hr = callsec

At = temperature rise = °F = °C

C, = specific heat = Btu/lb °F = cal/ig °C

W = air flow = Ib/hr = glsec
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176 Forced Air Cooling for Electronics

Considering a lightweight vane axial flow fan similar to the Rotron Axi-
max 2, which weighs only about 0.25 Ib, the power dissipation for a 15,000
rpm fan will be about 25 watts, The total box power dissipation in English
units then becomes:

B -
AL e B sty
watts hr

140 + 25 = 165 watts X 3.413

Q

Ar = 160 — 131 = 29°F (cooling air temperature rise)

Btu v
» = 0.24 b (specific heat)

The cooling air flow through the box must be

_ 563 Btu/hr
(29°F)(60 min/hr)(0.24 Btu/lb °F)

Ib
= 1.35— (6.8)
min

In metric units:

Q = 140 + 25 = 165 watts X 0.239 C‘:L Stfc = 39.4 cal/sec (heat)
At =71 - 55 = 16C
C,=0.24 ca(]: (specific heat)
39.4 cal/sec g
= = i3 = 6.8
(16°C)(0.24 cal/g °C) sec th:a)

2 At due to the thermal resistance across the convection film from the
cooling air to the surface of the component.

This temperature rise can be determined from the convection relation
shown by Eq. 5.7.

2

S

(ref. Eq. 5.7)

The convection coefficient k. is determined from the geometry of the air
duct that is formed by the air space between the plug-in PCBs. Its value is
determined from Eq. 6.9 [3, 15, 43].

=213
he=JC,G (—C-’—”')

K 6.9)
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178 Forced Air Cooling for Electronics

The Reynolds number for the air duct formed by the PCBs is shown in
Eq. 6.11.

Nip= ——m— (6.11)

4 % 4ad 2ad
i ¢ =2 d(hydraulic diameter)

R perimeter 2(a+d) a+

In English units:

2(9.0)(0.10)
== - 8 i = a
D 50% 690 0.198 in = 0.0165 ft

In metric units:

_ 2(22.86)(0.254)

2286 + 0054 pAo2em

The weight velocity flow G through the duct formed by the PCBs is
determined from Eq. 6.12.

w
G= T (6.12)
Given W = 1.35 Ib/min (10.3 g/sec) (ref. Eq. 6.8)
(9.0)(0.10) in®
A= — o, 2 t
144 InZ/f 0.00625 ft* (area one duct)
In English units:
_ (1.35 1b/min)(60 min/hr) b
0.00625 ft? x 7 ducts Bl hr ft? (8133
In metric units:
10.3 g/sec g
G= = (.253 6.13
(22.86)(0.254) cm® X 7 ducts sec cm® e
1
= 0.050 i = 0.000207 - [ref. Fig. 6.28; viscosity

ft hr CM SEC .+ | 50°F (65.5°C)]
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6.7 Sample Problem—Fan Cooled Electronic Box 179

Substitute into Eq. 6.11 for the Reynolds number, in English units:

_ (1851 Ib/hr £t2)(0.0165 ft)
. 0.050 Ib/ft hr

= 611 (dimensionless) (6.14)

In metric units:

_ (0.253 g/sec cm?)(0.502 cm)

N = A .
R 0.000207 g/em sec 613 (dimensionless) (6.14a)
£ 000 - 0.000070 . B (ref. Fig. 6.28; thermal
©hrft°F e e 90

conductivity at 150°F)

Substitute into Eq. 6.10 for the J factor.

6 6
(N )% (611)%%

J = 0.0111 (dimensionless)

Substitute into Eq. 6.9 for the forced air convection coefficient, in English
units.

_ (0.0111)(0.24) (1851 Ib/hr ft?) Btu
¢ [(0.24 x 0.05)/0.017]%-5%6 622 hr ft2 °F Xe:15)
In metric units:
(0.0111)(0.24)(0.253 g/sec cm?) cal
ke, = = {), —_ 2
“ " [(0.24 x 0.000207)/0.000070]0-666 N sec cm? °C (ke

Section 5.11 points out that some of the surface area on the backside of
flow soldered PCBs is available for heat dissipation when the component
lead wires extend through the PCB. When there is copper on the back side
of such a PCB, the heat can flow through the PCB to the copper, which
acts as a heat spreader. As much as 30% of the back side of a PCB may be
available for effective heat transfer. The total heat transfer surface area
may then be 1.3 times the area of one face on the PCB.

The forced convection coefficient /. can be increased by using a smaller
air gap between the PCBs. For example, if the air gap is reduced from 0.10
in to 0.08 in, the forced convection coefficient will increase to a value of
about 7.8 Btu/hr ft* °F. However, if the electronic system must operate in
a severe vibration environment, there must be sufficient sway space be-
tween the PCBs, to prevent tall electronic components from striking the
sharp lead wires on the back surface of the adjacent PCB.

The temperature rise across the convection film from the air stream to
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180 Forced Air Cooling for Electronics
the component surface can now be determined using Eq. 5.7. The heat from
the fan is not included with the heat generated by the PCBs. Each PCB
dissipates 20 watts = 68.3 Btu/hr.

Given Q = 68.3 Btu/hr = 4.78 cal/sec (heat)
h. = 6.22 Btu/hr ft* °F = 0.000846 cal/sec cm® °C (convection)

In English units:

_ (1.3)®)9) in®
144 in*/ft?®
= (.65 ft* (PCB area, including the back side of the PCB)

In metric units:
A = (1.3)(20.32)(22.86) = 603.8 cm*® (PCB area)

The temperature rise, in English units, is

68.3
= —— = 16.9° 6.16
Aty = 632)(0.65) F (i
In metric units:
4.78
Aty =9.3°C (6.16a)

N (0.000846)(603.8)

The component hot spot surface temperature !, is determined from the
cooling air inlet temperature, plus the temperature rises to the component
surface, as shown in Eq. 6.17.

to=1t,+At,+ Aig (6.17)
In English units, the component surface temperature is
t, =131+ 29 + 16.9 = 176.9°F (6.18)
In metric units:

t, =55+ 16+ 9.3 =80.3°C (6.18a)

Since the component hot spot surface temperature is less than 212°F (100°C),
the initial design concept with the vane axial flow fan appears to be satis-
factory.
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6.7 Sample Problem—Fan Cooled Electronic Box 181
Phase 2. Electronic Chassis Air Flow Impedance Curve

The air flow conditions are examined at six different points in the chassis,
where the maximum static pressure losses are expected to occur, as shown
in Figure 6.13. These static pressure losses are itemized as follows:

Air inlet to fan

90° turn and transition to an oval section
Contraction and transition to a rectangular section
Plenum entrance to PCB duct

Flow through PCB channel duct

Exhaust from PCB duct and chassis

S R W -

The static pressure losses are examined in greater detail using the velocity
head loss technique discussed in Section 6.4.

1 Air Inlet to Fan. The air inlet to the axial flow fan is very similar to
the plain end duct, as shown in Table 6.2 (Section 6.12). Ducts of this
type can be expected to show a static pressure loss of 0.93 velocity
head. The loss is conservatively rounded off to 1.0 velocity head, as
shown in Eq. 6.19.

H,=10H, (6.19)

2 90° Turn and Transition from a Round Section at the Fan to an Oval
Section. The radius of the turn is rather sharp, probably less than 1
diameter. Also, the section is changing from round to oval (the section
will eventually become rectangular).

90°turn = 0.7H,
Transition = 0.2 H,

0.9 H,

Conservatively round off this loss to unity.
H,=10H, (6.20)
3 Conrraction and Transition to Rectangular Section

Contraction = 0.2H,
Transition = 0.2H,
04H,
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