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40 Conduction Cooling for Chassis and Circuit Boards

(25.6 Btu/hr)(0.000833 ft)

A = = P UF 3.3
i (0.167 Btu/hr ft °F)(0.00677 ft*) 12 el

Substitute into Eq. 3.2 using metric units.
Aty (1.79 cal/sec )(0.0254cm) — 10.5°C (3.3)

~ 0000689 cal/sec cm °C)(6.29 cm?)
Part 2.  Temperature Rise along the Aluminum Bracket

Given Q = 7.5 watts = 25.6 Btu/hr = 1.79 cal/sec
L = length of bracket from center of cemented face to center of
transistor mount
L=050+050+050=1.5in=0.125ft = 3.81 cm
K = thermal conductivity 5052 aluminum bracket (ref. Table 3.2)
K = 83 Btu/hr ft °F = 0.343 cal/sec cm °C

A = cross section area of bracket
A = (0.75)(0.18) = 0.135 in® = 0.000937 ft* = 0.871 cm?*

Substitute into Eq. 3.2 using English units.

(25.6)(0.125)

Aty = = 41.1°F 34
© (83)(0.000937) )

Substitute into Eq. 3.2 using metric units.
Ady = w.l)_ = 22.8C (343)

(0.343)(0.871)
Part 3. Temperature Rise across Mica Insulator (Ref. Table 3.3)

Given Q =7.5 watts (3.5)
R = 2.4 °C/watt (10-32 stud; ref. Table 3.3)
Aty = (7.5 watts) (2.4 °C/watt)
Ar, = 18°C = 32.4°F

The mounting surface temperature of the transistor is determined from
the chassis wall temperature plus the temperature rises along the heat flow
path.

tirans = Lomr + ALy + AL, + Al
In English units, the transistor temperature is

tyans = 131 + 189 + 41.1 + 32.4 = 223.4°F (3.6)
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42 Conduction Cooling for Chassis and Circuit Boards

section AA, the heat input can be evaluated as a uniformly distributed heat
load. On a typical printed circuit board (PCB), the heat will flow from the
component to the heat sink strip under the component, and then to the
outer edges of the PCB, where it is removed. The heat sink strip is usually
made of copper or aluminum, which have high thermal conductivity. The
maximum temperature will occur at the center of the PCB and the minimum
temperature will occur at the edges. This produces a parabolic temperature
distribution, as shown in Figure 3.3.

When only one side of one strip is considered, a heat balance equation
can be obtained by considering a small element dx of the strip, along the
span with a length of L. Then

dQ] + ng s dQ;;

where dQ, = g dx = heat input

dt
dQ, = —KA o = heat flow
d
dQ; = KA — (t + dt) = total heat
dx
Then
dt dt d
- — = —KA— — —
g dx — KA e e KA I (dt)
f L - L 2
r dQ, = qdx
Uniform heat input
BARARBIIARRRR
g s ol b a2 | o dgQ, dQy

R o Jea

t t ok odt

Temperature rise

Length
!

Figure 3.3 Parabolic temperature distribution for uniform heat load on a circuit board.
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3.4 Uniformly Distributed Heat Sources, Steady State Conduction 43

or

This is a second order differential equation, which can be solved by
integrating twice. Integrating once yields

dt ;
-—_:—.@ﬁ-l-cl

Integrating twice yields

qx*
=—_+Cix+C
) 2KA g 8

The constant C, is zero because at x = 0, the plate is adiabatic and no
heat is lost. The slope of the temperature gradient is therefore zero.

The constant C, is determined by letting the temperature at the end of
the plate be ¢, then

2

gL
s = 1, +
Ce 2KA

The temperature at any point along the plate (or strip) is
2 2

L fo+ e
2KA 2KA

t=—

Let the temperature at the center of the plate be ¢q; then

= :.i_ > 2
ts —ita 2KA(L x°)

When 1, — 1, is represented as Az,

.

At =
2KA

(R — 2% 3.7

7

This equation produces the parabolic shape for the temperature distribution,
which is shown in Figure 3.3

When the full length of the strip is considered, the value of x in Eq. 3.7
is zero. The total heat flow along the length L then becomes

Q=gqL 3.8)
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44 Conduction Cooling for Chassis and Circuit Boards

Substitute Eq. 3.8 into Eq. 3.7 when x = 0. This results in the equation
for the maximum temperature rise in a strip with a uniformly distributed
heat load.

b 22 (3.9)

When the temperature rise at the midpoint along the heat sink strip of
length L is desired, then x = L/2. Substituting this value into Eq. 3.7 will
result in the temperature rise at the midpoint of the strip:

; 30L
id tAf=—— 3.10
midpoin SKA ( )

Considering only the strip with a length of L, the ratio of the strip
midpoint temperature rise to the maximum temperature rise is shown in the
following relation:

midpoint At 30L/8KA
maximum At QL/2KA

3
e (3.11)

3.5 SAMPLE PROBLEM—COOLING INTEGRATED CIRCUITS ON A
PCB

A series of flat pack integrated circuits are to be mounted on a multilayer
printed circuit board (PCB) as shown in Figure 3.2. Each flat pack dissipates
100 milliwatts of power. Heat from the components is to be removed by
conduction through the printed circuit copper pads, which have 2 ounces
of copper [thickness is 0.0028 in (0.0071 cm)]. The heat must be conducted
to the edges of the PCB, where it flows into a heat sink. Determine the
temperature rise from the center of the PCB to the edge to see if the design
will be satisfactory.

SOLUTION

The flat packs generate a uniformly distributed heat load, which results in
the parabolic temperature distribution shown in Figure 3.4. Because of
symmetry, only one half of the system is evaluated. Equation 3.9 is used to
determine the temperature rise from the center of the PCB to the edge for
one strip of components, using English units and metric units.
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3.5 Sample Problem—Cooling Integrated Circuits on a PCB 45

Given Q = 3(0.10) = 0.30 watt heat input, one half strip
0 = 1.02 Btu/hr = 0.0717 cal/sec (ref. Table 1.1)
L =3.0in=0.25ft = 7.62 ¢cm (length)
K = 166 Btu/hr ft °F = 0.685 cal/sec cm °C (Thermal conductivity
of copper)
A = (0.20)(0.0028) = 0.00056 in? (cross section area)
A =3.89 x 107%ft* = 0.00361 cm?

Il

Substitute into Eq. 3.9 to obtain the temperature rise along the strip using
English units.

(1.02)(0.25ft)

= = 197°F 3.12
(2)(166)(3.89 x 1076 ft?) ( )

Substitute into Eq. 3.9 using metric units.
(0.0717)(7.62cm) 110%C (3.122)

~ (2)(0.685)(0.00361 cm?)

The amount of heat that can be removed by radiation or convection for
this type of system is very small. The temperature rise is therefore too high.
By the time the sink temperature is added, assuming that it is 80°F, the case
temperature on the component will be 277°F. Since the typical maximum
allowable case temperature is about 212°F, the design is not acceptable.

If the copper thickness is doubled to 4 ounces, which has a thickness of
0.0056 in (0.014 cm), the temperature rise will be 98.5°F (55°C), which is
still too high for any sink greater than about 115°F (46°C). For high tem-
perature applications, the copper thickness will have to be increased to
about 0.0112 in (0.0284 c¢cm) for a good design.

Q = 0.30 watt 0 = 0.30 watt ;
44Nt FEBE b 1Ty
L=30in—> L=30in L

Figure 3.4 Uniformly distributed heat load on one copper strip.
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3.8 How to Avoid Warping on PCBs with Metal Heat Sinks 47

Q= 2.4 watts 0 = 2.4 watts
bbb bbb g bbb bd by
L= 3.0 in—/> I:} :3;?;.————

Figure 3.6 Uniformly distributed heat load on an aluminum board core.

2.4 watts = 8.19 Btu/hr = 0.574 cal/sec (ref. Table 1.1)

.0in = 0.25 ft = 7.62 cm (heat sink length)

= 83 Btu/hr ft °F = 0.343 cal/sec ¢cm °C [aluminum (5052) con-
ductivity]

A = (0.04)(4.0) = 0.16 in®

A =0.00111 ft2 = 1.032 cm? (cross section area)

Given

0
L
K

Substitute the English units into Eq. 3.9.

(8.19)(0.25)
= = 11.1° 3.3
=@y HF P
Substitute the metric units into Eq. 3.9.
fees (0.574)(7.62) 6.2°C (3.132)

T (2)(0.343)(1.032)

Note that these results do not include the temperature rise across the thin
circuit lamina. The results are only for the aluminum heat sink plate.

With such a small temperature rise, this type of design is well suited for
high temperature applications.

3.8 HOW TO AVOID WARPING ON PCBS WITH METAL HEAT
SINKS

Aluminum and copper heat sink cores on circuit boards are capable of
conducting away large amounts of heat if the proper construction techniques
are used. Extreme care must be used if only one thin circuit lamina is to be
bonded to a metal core. Improper bonding can result in warped boards,
because of the big difference in the coefficient of thermal expansion between
the metal and the epoxy fiberglass lamina.
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48 Conduction Cooling for Chassis and Circuit Boards

Thin sheets of prepreg are often used to bond the epoxy fiberglass printed
circuit laminas to the metal heat sink plate. This requires a high temperature
and a high pressure to cure the prepreg adhesive. Since aluminum and
copper both have a coefficient of thermal expansion that is about double
that of the epoxy fiberglass, in the plane of the PCB the metal will expand
more than the epoxy at the high curing temperature. When the cured as-
sembly is brought down to room temperature, the metal will shrink more
than the epoxy, causing the bonded assembly to warp.

The warping caused by nonuniform shrinking between the metal core and
the epoxy fiberglass lamina can usually be reduced or eliminated by bonding
a similar part on the opposite side of the plate.

When only one side of a metal plate is to be laminated with a printed
circuit, a room temperature (or slightly higher) cementing process should
be used instead of the high temperature bonding process. There are many
epoxy cements that have a relatively low temperature curing cycle [22, 23].

3.9 CHASSIS WITH NONUNIFORM WALL SECTIONS

Electronic chassis always seem to require cutouts, notches, and clearance
holes for assembly access, wire harnesses, or maintenance. These openings
will generally cut through a bulkhead or other structural member, which is
required to carry heat away from some critical high power electronic com-
ponent. The cutouts result in nonuniform wall sections, which must be
analyzed to determine their heat flow capability.

One convenient method for analyzing nonuniform wall sections is to
subdivide them into smaller units that have relatively uniform sections. The
heat flow path through each of the smaller, relatively uniform sections can
then be defined in terms of a thermal resistance. A specific resistance value
for each section can then be determined by its geometry and physical
properties. This will result in a thermal analog resistor network, or mathe-
matical model, which describes the thermal characteristics of that structural
section of the electronic system.

The basic conduction heat flow relation shown by Eq. 3.1 can be modified
slightly to utilize the thermal resistance concept. The thermal resistance for
conduction heat flow is then defined by Eq. 3.14 [24].

L
== 3.14
R (3.14)

Substituting this value into Eq. 3.1 results in the temperature rise relation
when the thermal resistance concept is used, as shown in Eq. 3.15.

At = OR (3.15)
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50 Conduction Cooling for Chassis and Circuit Boards

3.10 SAMPLE PROBLEM—HEAT FLOW ALONG NONUNIFORM
BULKHEAD

An aluminum bulkhead is used to support a row of six power resistors.
Each resistor dissipates 1.5 watts, for a total power dissipation of 9 watts.
The bulkhead conducts the heat to the opposite wall of the chassis, which
is cooled by a multiple fin heat exchanger. The bulkhead has two cutouts
for connectors to pass through, as shown in Figure 3.9. Determine the
temperature rise across the length of the bulkhead.

SOLUTION

A mathematical model with series and parallel thermal resistor networks
can be established to represent the heat flow path, as shown in Figure
3.10a.

The thermal analog resistor network is simplified by first finding the
equivalent effective single resistance for the parallel section represented by
resistors R,, Ry, and R, with the use of Eq. 3.17 and the geometry shown
in Figure 3.9.

Determine resistor R.:
Given L, = 1.51in = 0.125 ft = 3.81 cm (length)
K, = 83 Btu/hr ft °F = 0.343 cal/sec ¢cm °C [aluminum (5052) con-
ductivity] :
A, = (0.50)(0.060) = 0.030 in?
A, = 0.000208 ft2 = 0.194 cm? (cross section area)

0.125 hr °F ; )

R, = W = 7.24 “"B""E'_Il"" (Engllsh Ul'lltS) (3. 18)
3.81 ]C

R, 7.3 %= (metric units) (3.18a)

= 03430198 "> cal

Determine resistor R
Given L,=1.51in = 0.125ft = 3.81 cm (length)
K, = 83 Btuw/hr ft °F = 0.343 cal/sec ¢cm °C (aluminum)
Ay = (1.0)(0.060) = 0.060 in? (area)
Ay =0.000417 ft> = 0.387 cm?

0.125 hr °F . F
Ry= W = 3.61 —];t-{l-—(Engllsh units) (3.19)
3.81 sec °C

Ra= m = 28.7 W(memc units) (3.19a)
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52 Conduction Cooling for Chassis and Circuit Boards

A1 . 3, 3
Ry 7.24 3.61 2.4l

hr °F

s = 1. i i 3.21

Rs;=1.20 B (English units) { )
] 1 1 1
— = - +
Ry 573 28.7 19.1
R =956 lC (metric units) (3.21a)
cal

The mathematical model now appears as shown in Figure 3.105. This can
be further reduced by considering thermal resistance R to be in series with
resistors R; and Ry Each resistance value is determined from Eq. 3.14.
The geometry for these resistors is obtained from Figure 3.9.

Determine resistor R
Given L, =2.0in = 0.167 ft = 5.08 cm (length)
K, = 83 Btu/hr ft °F = 0.343 cal/sec cm °C [aluminum (5052) con-
ductivity]
A = (5.0)(0.060) = 0.30 in?
A = 0.00208 ft* = 1.935 cm? (cross section area)

0.167 hr °F

= voooo0s ~ 007 B (Enelish unit 3.22
K (83)(0.00208) ? Btu (English units) (3.22)
5.08 sec °C
0331935 tric unit 3.22
T (0.343)(1.935) - (metric units) ( a)

Determine resistor R:

Given L;= 1.0in = 0.0833 ft = 2.54 cm (length)
K5 = 83 Btu/hr ft °F = 0.343 cal/sec cm °C (aluminum)
As = (4.75)(0.060) = 0.285 in?
As = 0.00198 ft? = 1.839 cm? (cross section area)

0.0833 hrF
BT e R 3.23
R = @) 0.00198) - B Lonstishum 5) (3.23)
2.54 sec °C
B T e AT BRRN, | TeM T tri it 393
Rs = 0383)1.8%9) 4,05~ 7 (metricunis) (3.232)

The values of the three resistors in Figure 3.10b are now known, so that
Eq. 3.16 can be used to determine the total resistance of the three resistors
in series.
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56 Conduction Cooling for Chassis and Circuit Boards

This leads to
=kt + (ks + ke)ts — ketsa= Qs (3.29)

The heat flow balance at node 3 is as follows:

kp(ty — t3) + kp(ta — t5) + kip(to — t3) + Q2 =0
~kgty + (ki + kb + kE)ts — kpty = Qa+ kito (3.30)

The heat flow balance at node 4 is as follows:

ko(ty — t4) + kip(ty — ts) + kip(ty — ) + Q5 =0
—koty — kipts+ (ke + kp + ki)ts = Q4 + kity (3.31)

There are now four equations, 3.28 through 3.31, with four unknowns, ¢,
through ¢4, which can be solved simultaneously once all the conductances
k! through %k} have been determined. Each conductance can be determined
using Figure 3.12 with Eq. 3.26 for English units and metric units. Start
with conductance k.

Given K, = 166 Btu/hr ft °F = 0.686 cal/sec cm®°C (copper conductivity)
A4 = (1.5)(0.093) = 0.139 in? (cross section area)
A 4 = 0.000965 ftz = 0.897 cm?
L,=140in = 0.117 ft = 3.56 cm (length)

In English units:

(166 Btu/hr ft °F)(0.000965 ft*) Btu

AT 0.117 ft LT (3.32)
In metric units:
; ] Y .897 cm? |
K = (0.686 cal/sec cm °C)(0.897 cm?) — 0173 ca (3.322)
3.56 cm sec °C

Calculate conductance k.
Given Kj = 166 Btu/hr ft °F = 0.686 cal/sec cm°C (copper conductivity)
Ap = (1.40)(0.093) = 0.130 in? (cross section area)
Ap = 0.000903 ft* = 0.839 cm?
Ly =1.65in = 0.137 ft = 4.19 cm (length)
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3.12 Sample Problem—Two Dimensional Conduction on a Power Supply Heat Sink 57
In English units:

_ (166)(0.000903) _ Btu

ks = v.137 L0 339
In metric units:
(0.686)(0.839) cal
g PR NENSEROY D). 3.33
ks 4.19 adaz sec °C S

Calculate conductance kp.
Given Ky = 166 Btu/hr ft °F = 0.686 cal/sec cm °C (copper conductivity)
Ap = (1.40)(0.093) = 0.130 in® (cross section area)
Ap = 0.000903 ft> = 0.839 cm?*
Lz =0.90in = 0.075 ft = 2.29 cm (length)

In English units:

(166)(0.000903) Btu
L om e, 3.34
ke 0.075 2005 @-39
In metric units:
(0.686)(0.839) cal
el amdaaC b 34
ke 2.29 s roaa]
Calculate conductance kj on the copper plate.
Given Ap = (1.80)(0.093) = 0.167 in® (cross section area)
Ap=0.00116 ft2 = 1.077 cm?
Lp=140in = 0.117 ft = 3.56 cm (length)
In English units:
, _ (166)(0.00116) Btu
b="0am = ¥pF (333
In metric units:
, _ (0.686)(1.077) cal
b= 3.56 = 0.207 e (3.35a)
Because of symmetry
c=kip and ki = kg (3.36)
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60 Conduction Cooling for Chassis and Circuit Boards

Substitute Eq. 3.49 into Eq. 3.48 for the temperature at mounting point 3,
which is also node. 3.

—3.187; — 8.62(174.3) = —2051.66
t; = 172.9°F (3.50)

Substitute Eqs. 3.49 and 3.50 into Eq. 3.46 for the temperature at mounting
point 1.

2.25t, + 4.73(172.9) — 14.14(174.3) = —1244.24
1, = 178.8°F (3.51)

Substitute Eqgs. 3.49 and 3.50 into Eq. 3.42 for the temperature at mounting
point 2.

3.057, — 1.09(172.9) — 1.96(174.3) = 21.80
t, = 181.0°F (3.52)

The same process can be repeated with the metric units by substituting
Egs. 3.32a through 3.36a and Eq. 3.37 into Egs. 3.28 through 3.31. This
will result in four equations with four unknowns, for temperatures in degrees
Celsius.

3.13 HEAT CONDUCTION ACROSS INTERFACES IN AIR

The electronics industry makes extensive use of brackets, heat sinks, and
circuit boards for mounting electronic components that are cooled by con-
duction. This often requires the transfer of heat across interfaces that may
be bolted, riveted, or just clamped together. Extreme caution must be used
if large amounts of heat will be conducted across these interfaces, because
a poor thermal contact will produce a large thermal resistance, which means
a high temperature rise. High temperatures will then result in more rapid
electrical failures.

An enlarged view of two surfaces in contact will reveal that a very small
portion of the total surface is actually in contact, as shown in Figure 3.14.

Most of the heat flow across the interface will take place between the
various high points that contact each other. The number of high points per
square inch of surface area that contact each other will generally depend
upon the flatness, smoothness, hardness, stiffness, and interface pressure
between the two mating surfaces [25-28].

The amount of heat that can be conducted across the interface will also
depend upon the presence of another material at the interface, such as air,
oil, or grease. Many manufacturers use special silicone greases, or pastes,
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There is an air gap of 0.001 in (0.0025 cm) under the bracket. Determine the
temperature rise across the air gap.

SOLUTION

The temperature rise across the air gap is determined with the use of the
conduction relation shown in Eq. 3.1.

Given Q = 12 watts = 40.9 Btu/hr = 2.87 cal/sec (heat input)
L = 0.001 in = 0.000083 ft = 0.0025 ¢cm (length of gap)
K = 0.017 Btu/hr ft °F = 0.0000702 cal/sec cm °C (air conductivity
at 160°F)
A = 0.464 in? = 0.00322 ft* = 2.99 cm? (interface area)

In English units:

Ay = (40.9 Buu/hr)(0.000083 ft)
(0.017 Btu/hr ft °F)(0.00322 ft?)

= 62.0°F (3.55)

In metric units:

- (2.87 cal/sec)(0.0025 cm)
(0.0000702 cal/sec cm°C)(2.99 cm?)

= 34.2°C (3.55a)

When a thermal grease is used at the interface of the mounting bracket,
the temperature rise across the interface can be reduced. Thermal greases
have thermal conductivities that generally range from about 0.2 to about
0.9 Btu/hr ft °F (0.00083 to 0.0037 cal/sec cm °C). For an average value of
about 0.5 Btu/hr ft °F (0.0021 cal/sec cm °C), with an average thickness of
0.002 in (0.000166 ft), the temperature rise across the interface will be

= (40.9)(0.000166)

At = 05)(0.00322)

= 4.2°F (2.3°C) (3.56)

To get the same temperature rise across the bracket interface without the
thermal grease, a better surface finish and a higher interface pressure will
be required.

3.16 HEAT CONDUCTION ACROSS INTERFACES AT HIGH
ALTITUDES

The amount of heat that can be transferred between two clamped surfaces
is often sharply reduced at high altitudes. No heat will be conducted be-
tween two adjacent surfaces in a hard vacuum environment if they are not
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Copper foil over
silicone rubber

Wrrriririit o

Figure 3.21 Resilient assembly for conducting heat across large nonrigid interfaces in a hard
vacuum.

Solder joint

conditions. Once the optical surfaces are coated, however, the performance
of the equipment will degrade substantially.

QOutgassing can have the effect of increasing the pressure in a local area.
Some electronic applications require thermal isolation to permit high tem-
peratures to be developed with very low heating element power. If out-
gassing is present, it will substantially increase the heat transfer by gaseous
conduction in small confined areas, so that the required high temperatures
may never be reached.

In electrical applications, it is possible for arcing to develop if outgassing
occurs in a vacuum environment. Arcing may not occur at sea level con-
ditions or in a hard vacuum. However, with outgassing present, the effective
altitude in the immediate area is changed so that ionization in the gas can
occur and arcing will develop.

3.18 CIRCUIT BOARD EDGE GUIDES

Plug-in PCBs are often used with guides, which help to align the PCB
connector with the chassis connector. These guides, which are usually
fastened to the side walls of a chassis, grip the edges of the PCB as it is
inserted and removed. If there is enough contact pressure and surface area
at the interface between the edge guide and the PCB, the edge guide can be
used to conduct heat away from the PCB. A typical installation is shown in
Figure 3.22.

Plug-in PCBs must engage a blind connector, which is usually fastened
to the chassis. If the chassis connector is rigid, with no floating provisions,
the edge guide must provide that float, or many connector pins will be bent
and broken. Rigid chassis connectors are generally used for electrical con-
nections because wire wrap harnesses, flex tape harnesses, and multilayer
master interconnecting mother boards are being used for production sys-
tems. These interconnections cannot withstand the excessive motion re-
quired for a floating connector system. Therefore, the floating mechanism
is often built into the circuit board edge guides.

High pressures with dry, smooth interfaces must be provided in the edge
connector if it is to be a good heat conductor. Thermal greases are unde-
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For hard vacuum conditions, where the pressure is less than 107° torr
(mm hg), as normally experienced in outer space work, some of these edge
guides may not be satisfactory, except for very low power dissipations.
Outer space environments generally require very high pressure interfaces,
with flat and smooth surfaces, to conduct heat effectively. Wedge clamps
are very effective here because they can produce high interface pressures.
Bolted interfaces are also used extensively because even small bolts can
produce high forces. However, bolted interfaces lack the plug-in feature
that is considered very desirable for maintenance.

3.19 SAMPLE PROBLEM—TEMPERATURE RISE ACROSS A PCB
EDGE GUIDE

Determine the temperature rise across the PCB edge guide (from the edge
of the PCB to the chassis wall) for the assembly shown in Figure 3.22. The
edge guide is 5.0 in long, type ¢, as shown in Figure 3.23. The total power
dissipation of the PCB is 10 watts, uniformly distributed, and the equipment
must operate at 100,000 ft.

SOLUTION

Since there are two edge guides, half of the total power will be conducted
through each guide. The temperature rise at sea level conditions can be
determined from Eq. 3.57.

At =— (3.57)

Given R = 6 °C in/watt
Q = 10/2 = 5 watts (on half of the PCB)
L = 5 in (length of one guide)

- (6 °C in/watt)(5 watts)

- 6°C (rise at sea level)
5in

At

At an altitude of 100,000 ft, test data and Figure 3.24 show that the
resistance across the edge guide will increase about 309%. The temperature
rise at this altitude will then be

At = 1.30(6°C) = 7.8°C (rise) (3.58)

3.20 HEAT CONDUCTION THROUGH SHEET METAL COVERS

Lightweight electronic boxes often use sheet metal covers to enclose the
chassis. Sometimes these covers are expected to conduct the heat away
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cylindrical structure can be determined from the standard heat flow relation
shown by Eq. 3.2 for a concentrated heat load. However, in a radial heat
flow system, the cross section area is constantly changing as the radius
changes, as shown in Figure 3.26.

An average cross section area can be used to obtain a rough approxi-
mation of the temperature rise through the cylindrical wall. If a more
accurate evaluation of the temperature rise is desired, the logarithmic mean
area must be used, as shown by Eq. 3.59 [15, 17, 24].

Amlt — Ain

Ay =——m—m—— 3.59
; IOgt.'(A uut/Ain) ( )

When the ratio of A,,,/A,, is less than 2, the average cross section area is
within 4% of the logarithmic area.

3.22 SAMPLE PROBLEM—TEMPERATURE RISE THROUGH A
CYLINDRICAL SHELL

A hollow steel cylindrical sheel has a group of resistors mounted on the
inside surface, as shown in Figure 3.27. Heat is removed from the outside
surface of the cylinder, so that the heat flow path is radial through the wall
of the cylinder. Determine the temperature rise through the steel cylinder
when the power dissipation is 10 watts.

SOLUTION

The logarithmic mean area is determined from Eq. 3.59.

Given Aot = mDona = (3.14)(4.2)(1.5) = 19.79 in? = 0.1374 ft*
A = mDa = (3.14)(2.0)(1.5) = 9.42 in? = 0.0654 ft*
Q = 10 watts = 34.13 Btu/hr (heat input)

K = 24 Btu/hr ft °F (steel conductivity)
0.1374 — 0.0654

B " " -
Ay = log.(0.1374/0.0654) 0.0970 ft* (logarithmic mean area)

Substitute into Eq. 3.2 for the temperature rise through the steel cylin-

a J] Rm’
______ R,
7
______ -

Figure 3.26 Hollow cylinder.
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Substitute into Eq. 3.2 for the temperature rise.

_ (34.13)(0.0916) _
At = = 1.28°F (3.61)

In this case there is very little difference in the temperature rise using the
logarithmic mean cross section area or the average cross section area for
the radial heat flow through the cylinder.

Figure 3.28 shows a rugged cast aluminum chassis with conduction-cooled
circuit boards held by wedge clamps.
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4

Mounting and

Cooling Techniques
for

Electronic Components

4.1 VARIOUS TYPES OF COMPONENTS

Plug-in types of printed circuit boards (PCBs) have become the standard in
the electronics industry. This type of equipment is easy to troubleshoot and
maintain. A considerable amount of time and effort has therefore been
expended in finding ways to improve the performance and to reduce the
cost of PCBs. Many different construction techniques and many different
cooling schemes have been devised by the electronic companies involved
in the manufacturing of this hardware.

One area that has received a considerable amount of attention is that of
mounting electronic components on PCBs. Many different types of com-
ponents are involved with various shapes and electrical lead wire arrange-
ments. Dual inline packages (DIPs), large scale integrated circuits (LSIs),
hybrids, and most recently the microprocessors have been replacing the
discrete resistors, capacitors, transistors, and diodes. However, many dis-
crete components are still being used because of their low costs [29].

No matter which groups of components are used for an electronic system,
the mounting techniques must provide sufficient cooling to permit the device
to operate effectively in its environment. The best method for determining
the effectiveness of any cooling system appears to be in the measurement
of the case and the junction temperatures of the individual electronic com-
ponents. Experience has shown that excessive component case tempera-
tures will result in rapid electronic failures. Reliability studies have shown
that it is not a good practice to exceed case temperatures of 212°F (100°C)
for long periods on electrically operating equipment with any of the com-
ponents mentioned above, or the failure rates will show a large increase,

i
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4.2 Mounting Components on PCBs 79

ing these components on PCBs, adequate attention should be given to the
heat flow through the wires. For example, if the mounting method shown
in Figure 4.1/ is used, plated throughholes should be located in every pad
that has a soldered lead connection. Plated throughholes will reduce the
thermal resistance through the PCB, which will reduce the temperature rise
from the component to the aluminum heat sink plate. Plated throughholes
will also prevent the pads from lifting off the PCB, when the components
are soldered to the pads on a lap-soldered joint.

The body of the component with a high heat dissipation (greater than
about 4 watts/in®) should be fastened to the PCB so that there is a low
thermal resistance path from the body of the component to the heat sink
plate. Many different adhesives can be used, such as RTV cements, double-
back tape (Mylar or Kapton), epoxies, or just the adhesive quality of a
conformal coating if it is used to protect the PCB. The heat flow from the
components to the ultimate heat sink should then follow a predetermined
path similar to the one shown in Figure 4.2 [9, 29-31].

Some type of adhesive should be used under high power components
mounted on the PCB. If no adhesive is used and only an air gap exists, it
is very difficult to control the size of the gap. A small air gap may grow into
a large air gap after the PCB has been handled by several people. As the
uncontrolled air gap grows. the thermal resistance also grows. This in-
creases the temperature rise across the gap, which increases the component
case temperatures.

Tests were run on several different types of carbon composition resistors,
which were mounted on heat sinks using different mounting methods. The
thermal resistance from the top surface of the resistors to the aluminum
heat sink immediately under the resistors is shown in Table 4.1.

Tests were also run on 4 X 1 in flat pack integrated circuits mounted on
a 0.005 in thick PCB which was laminated to an aluminum heat sink using
a 0.003 in thick prepreg cement, making a total PCB thickness of 0.008 in.
The results are shown in Table 4.2.

Chassis heat
sink wall Reflow (or lap)
soldered components
PCB Component
edge guide PCB

—

=1 L Ll

\ Cemented \Aluminum

interface plate

J_‘Th‘ I | E

Figure 4.2 Conduction heat flow path from component to heat sink.
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4.3 Sample Problem—Hot Spot Temperature of an Integrated Circuit on a Plug-In PCB 81

Extra plated throughholes should be used under the bodies of high power
dissipating components mounted on PCBs that are cooled by conduction.
The plated throughholes have a small cylindrical ring of copper, which is a
good heat conductor. This can decrease the thermal resistance through the
PCB lamina as much as 25% in many cases. A lower thermal resistance
means a lower component case temperature.

Low power dissipating components may not require any type of adhesive
for lastening the components to the PCB. It may be possible to use an air
gap under the components if the height of the gap can be controlled to a
value less than about 0.005 in. Test data in Table 4.2 show the thermal
resistance across an air gap of 0.005 in (including an 0.008 in thick epoxy
fiberglass lamina) is 60°C/watt.

When the power dissipation of a 4 X } inch integrated circuit is only 0.10
watt, the temperature rise across the 0.005 in air gap (and the 0.008 in
lamina) will only be about 6°C. If this is acceptable, a substantial sum of
money may be saved in the fabrication of these PCBs [32].

PCBs with air gaps under the components must not be used for very high
altitude or for space applications. There is no heat conduction across an air
gap in a vacuum.

4.3 SAMPLE PROBLEM—HOT SPOT TEMPERATURE OF AN
INTEGRATED CIRCUIT ON A PLUG-IN PCB

An electronic chassis, with many plug-in types of PCBs, is to be bolted to
a liquid cooled cold plate because the system must be capable of operating
at an altitude of 100,000 ft (30,480 m). Conduction cooling is the only reliable
method of cooling, because natural convection is sharply reduced at high
altitudes. In addition, there are other warm electronic boxes in the same
equipment bay, which will prevent effective cooling by radiation. The PCBs
will be populated with flat pack integrated circuits. These will be uniformly
distributed, with a total power dissipation of 8 watts for each board, as
shown in Figure 4.3. Components are mounted on both sides of a PCB
which has an aluminum heat sink core at the center. The maximum allow-
able component case temperature is 212°F (100°C). Determine if the pro-
posed design is satisfactory.

SOLUTION

The hot spot case temperature on the flat pack IC can be determined by
calculating the temperature rise along individual segments of the heat flow
path from the components to the liquid cooled cold plate heat sink. The
heat flow path is broken up into five individual segments as follows:

At, = temperature rise from integrated circuit (IC) case through an 0.008
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Given Q = 4.0 watts = 13.65 Btu/hr = 0.956 cal/sec (heat input on half a
board)
L =3.0in = 0.25ft = 7.62 cm (length)
K = 83 Btu/hr ft °F = 0.343 cal/sec cm °C (aluminum conductivity)
A = (4)(0.04) = 0.16 in? = 0.00111 ft> = 1.03 cm? (area)

Substitute into Eq. 3.9 for the At from the center of the board heat sink
to the side edge, in English units.

g (13.65 Btu/hr)(0.25 ft)
® " (2)(83 Btu/hr ft °F)(0.00111 ft2)

= 18.5°F (4.2)

In metric units:

(0.956 cal/sec)(7.62 cm)

At, =
® " (2)(0.343 cal/sec cm °C)(1.03 cm?)

= 10.3°C (4.2a)

Aty This represents the temperature rise across the board edge guide
from the aluminum PCB core to the side wall of the chassis, using the
Birtcher-type edge guide shown in Figure 3.23a.

Aty = (12 C m) (4 w?tts) = 12°C (at sea level)
watt 41in

At an altitude of 100,000 ft this resistance across the edge guide increases
about 30%, as shown in Figure 3.24.

Atz = 1.3(12°C) = 15.6°C = 28.1°F (4.3)

Ar,: This represents the temperature rise along the side of the chassis
wall down to the bottom surface of the chassis. The temperature rise can
be calculated as (a) a concentrated heat load down the side of the chassis
or as (b) a combination of a uniformly distributed heat load and a concen-
trated heat load down the side of the chassis. Both methods will give the
same results. The PCBs are on a 1.0 in (2.54 cm) pitch, so that a 1.0 in
section of the chassis is analyzed.

(a) Concentrated Heat Load. For the concentrated heat load down the
side of the chassis, the length of the heat flow path is taken from the center
of the PCB to the center of the bottom flange, as shown in Figure 4.5.

Q = 4 watts = 13.65 Btu/hr = 0.956 cal/sec (heat; ref. Table 1.1)

L =3.5in=0.292 ft = 8.89 cm (length)

K = 83 Btu/hr ft °F = 0.343 cal/sec cm °C (thermal conductivity;
ref. Table 3.2)

A = (1.0)(0.09) = 0.090 in® = 0.000625 ft* = 0.581 c¢m? (area)
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heat load:
A, = (13.65)(4.0/12) 4o (13.65)(1.5/12)
= (2)(83)(0.000625)  (83)(0.000625)
Aty =439 + 32.9 = 76.8°F (4.5)

The results agree with Eq. 4.4

Aty This represents the temperature rise across the interface from the
chassis to the liquid cooled cold plate, for a section of the chassis that is 1
in wide. If the mounting bolts are spaced far apart on sheet metal structures,
the average interface pressure will be quite low, so that the average interface
conductance will also be quite low. For an air interface at sea level condi-
tions, Table 3.6 shows a value of 200 Btu/hr ft*> °F. At an altitude of 100,000
ft, the temperature rise will increase about 30%.

Q = 4 watts = 13.65 Btu/hr = 0.956 cal/sec (heat)
; = 200 Btu/hr ft* °F = 0.027 cal/sec cm? °C (interface conduct-

ance)
A = (1.0)(1.0) = 1.0 in? = 0.00694 ft* = 6.45 cm? (area)

Substitute into Eq. 3.53 for an altitude of 100,000 ft, in English units.

 (1.30)(13.65)

= = 12.8°F 4.6
* 7 (200)(0.00694) (4.8
In metric units at the high altitude:
.30)(0.
L L1.3000.958) 1.1°C (4.62)

* 7 (0.027)(6.45)

The hot spot temperature at the mounting interface of the integrated
circuits (ICs) at the center of the PCB can be determined from the 80°F
(26.6°C) cold plate temperature and the sum of all the individual temperature
rises in the heat flow path from the ICs to the cold plate. In English units:

tic =80 4 Aty + Aty + Ats + Aty + Atg (4.7)

te =80 +21.6+ 185+ 28.1 + 76.8+ 12.8 =237.8°F (4.8)
In metric units;
fie =266+ 12+ 103+ 15.6 +42.6 + 7.1 =114.2°C (4.8a)

For a reliable electronic system, the maximum component surface tem-
perature should not exceed 212°F (100°C). The design is therefore unsatis-
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