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Preface

Electronic equipment is slowly reaching into almost every phase of modern
living, from sewing machines and washing machines to mass transportation
and atomic energy control systems. The reliability of these systems is of
great importance to our comfort and safety. If a transistor fails in a television
set, it may only cause a minor inconvenience. However, if an electronic
control system should malfunction because it has overheated, it may result
in substantial property damage and possible injury.

Electronic systems are rapidly shrinking in size, while their complexity
and capability continue to grow at an amazing rate. As the power has been
increasing, the volume has been decreasing, resulting in a dramatic increase
in the heat density. As a result, the temperatures in many electronic systems
have been rising rapidly, producing a large increase in the number of fail-
ures.

High failure rates in electronic boxes may also be caused by high thermal
stresses in the solder joints of electronic components mounted on circuit
boards. This is usually due to a high thermal expansion coefficient with
insufficient strain relief in the component lead wire. This area is discussed
in detail, together with recommendations for mounting components to pre-
vent this type of failure.

The purpose of this book is to show designers and engineers quick meth-
ods for designing electronic hardware to withstand severe thermal environ-
ments without failing. Techniques are presented that will permit the devel-
opment of many different types of reliable electronic systems withour the
aid of the powerful new high speed digital computers.

This book was developed from a series of seminars, lectures, and short
courses for the cooling of electronic equipment, which I have presented at
the University of Wisconsin-Extension every year since 1975. The book
was influenced by my industrial experience in the mechanical design, pack-
aging, and testing of many different types of sophisticated electronic com-
ponents and systems during the past 25 years.

Mathematical modeling techniques using analog resistor networks are
also included. For those who wish to use high speed digital computers to

i
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viii Preface

solve thermal problems, these techniques can be used to break up a complex
system into many individual thermal resistors and nodes.

In an attempt to keep the book as simple as possible, the derivations of
equations were minimized. The emphasis is always on the real electronic
hardware that is used in today’s sophisticated electronic systems. Many
sample problems are presented, to demonstrate practical and cost effective
methods for designing efficient, reliable cooling systems.

Although the metric system for weights and measures is widely used in
Europe, at the present time it is used by only a few American companies.
However, there appears to be a strong movement toward conversion from
the present English system to the metric system. This book was therefore
written with dual units, English and metric, to permit electronic equipment
designers and engineers to work with either set of units effectively.

I thank Mr. Joel Newberger for his contributions in the section on induced
draft cooling, and Mr. Joel Sloan for proofreading several sections of the
book.

DAVE S. STEINBERG

Westlake Village, California
August 1980
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1

Evaluating the
Cooling Requirements

1.1 HEAT SOURCES

Electronic equipment relies on the flow and control of electrical current to
perform a fantastic variety of functions, in virtually every major industry
throughout the world. Whenever electrical current flows through a resistive
element, heat is generated in that element. An increase in the current or
resistance produces an increase in the amount of heat that is generated in
the element. The heat continues to be generated as long as the current
continues to flow. As the heat builds up, the temperature of the resistive
element starts to rise, unless the heat can find a flow path that carries it
away from the element. If the heat flow path is poor, the temperature may
continue to rise until the resistive element is destroyed and the current
stops flowing. If the heat flow path is good, the temperature may rise until
it stabilizes at a point where the heat flowing away from the element is
equal to the heat generated by the electrical current flowing in the element.

Heat is generated by the flow of electrical current in electronic component
parts such as resistors, diodes, integrated circuits (ICs), hybrids, transistors,
microprocessors, relays, dual inline packages (DIPs), large scale integrated
circuits (LSIs), and very large scale integrated circuits (VSIs).

Figure 1.1 shows an electronic chassis that has heat exchangers (cold
plates) on the top and bottom surfaces which rely on conditioned cooling
air for controlling temperatures on plug-in circuit boards.

Electronic components and electronic systems are rapidly shrinking in
size while their complexity and capability continue to grow al an amazing
rate. In addition, the power has been increasing while the volume has been
decreasing. This has produced a dramatic increase in the power density,
resulting in rapidly rising temperatures and a large increase in the number
of failures.

The temperatures must be controlled on every component to ensure a
reliable electronic system. If the operating temperatures become too high,
electronic malfunctions may occur. Malfunctions may produce a simple out

1
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1.2 Heat Transmission 3

Conduction is the transfer of kinetic energy from one molecule to another.
In an opaque solid it is the only method of heat transfer, where heat flows
from the hot areas to the cooler areas of the solid. Heat conduction also
occurs in gases and liquids, but the amount of heat transferred is usually
smaller for the same geometry.

Convection is the transfer of heat by the mixing action of fluids. When
the mixing is due entirely to temperature differences within the fluid, re-
sulting in different densities, the action is known as natural convection.
When the mixing is produced by mechanical means, such as fans and
pumps, the action is known as forced convection.

Thermal radiation is the transfer of energy by electromagnetic waves that
are' produced by bodies because of their temperature. A hot body radiates
energy in all directions. When this energy strikes another body, the part
that is absorbed is transformed into heat.

Most electronic systems make use of all three basic methods of heat
transfer to some extent, even though one method may dominate the design.
For example, an electronic box cooled by forced convection might utilize
a fan to draw air over electronic components mounted on printed circuit
boards (PCBs), as shown in Figure 1.2.

The greatest amount of heat is picked up by forced convection as the
cooling air passes over the individual electronic components that are
mounted on the PCB. However, some of the heat from the electronic
components is conducted directly to the PCB under the component body,
and some of the heat is conducted to the back side of the PCB, through the
components electrical lead wires, as shown in Figure 1.3. Since the cooling

Cooling air
exhaust

Plug in PCB Exhaust fan

Electronic
chassis
housing

Cooling air
inlet

Front cover and access panel

Figure 1.2 Electronic box cooled with an exhaust fan.
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1.4 Transient Heat Transfer 5
1.4 TRANSIENT HEAT TRANSFER

When the rate of heat flow changes within an electronic system, it will
normally produce a temperature change somewhere in that system. Also,
when there is a temperature change within an electronic system, there will
normally be a change in the heat flow rate somewhere in the system.
Changes of these types are defined as transient heat transfer conditions,
because the thermal equilibrium of the system is unbalanced. Transient heat
transfer conditions develop, for example, when the power is first turned on
in an electronic system. As the current flows through the electronic com-
ponents, heat is generated and the temperatures within the components
begin to rise, resulting in a transient, or changing condition.

Transient conditions will also occur in an electronic system when it is
subjected to temperature cycling tests. Consider a system sitting in an
environmental chamber where the ambient temperature is slowly being
cycled between —54°C (—65°F) and +71°C (+160°F). In this case, the
outside temperature often increases more rapidly than do the temperatures
within the electronic box. Heat then flows from the outside of the box
toward the interior, because heat always flows from the hot body to the
cold body.

A satellite in orbit around the earth experiences transient heat transfer
due to the constantly changing angle with respect to the sun and the earth.
The intensity of the solar radiation may be constant, but the heat absorbed
will vary along the surface because the angle the sun makes with respect to
the surface is changing.

Sometimes it is necessary to use an auxiliary cooling device or technique
for a short period, until the regular cooling system is available to take over
the job. Consider the case where a missile is carried under the wing of an
airplane. An auxiliary cooling cart is available to supply cooling to the
electronic system within the missile while the airplane engine is being started
and checked. The missile electronic system is normally cooled by the ram
air during the captive flight phase and during the free flight phase after the
missile is released from the airplane. No cooling air is provided for the
missile electronics during the taxi and takeoff period, because of the extra
weight and cost. Instead, the electronics must rely upon the thermal capac-
ity or thermal inertia of the system to absorb the heat without developing
excessive temperatures during this period. When a number of airplanes are
lined up, waiting to take off, delays of 30 min may occur. This may cause
the electronics to overheat. If the weight of the electronic system is in-
creased, it will increase the thermal inertia and permit cooler operation for
longer periods of time. For higher power systems, however, a very large
mass may be required to keep the electronics cool for 30 min, so that a
more sophisticated technique may be required.

Sometimes it is desirable to use the change of state from a solid to a
liquid, or from a liquid to a gas, to absorb heat. A large amount of heat can
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6 Evaluating the Cooling Requirements

be absorbed under these conditions. It is often possible to use hollow wall
construction for the electronic chassis, which could be filled with wax that
melts at a predetermined temperature. The change of state from a solid to
a liquid may absorb enough heat to permit the electronics to survive a 30
min period with no cooling air. Once the airplane is flying, the ram air cools
the wax, which returns to the solid state. If the missile is not fired, the
melting wax permits the delaying cycle to be repeated over and over again.

1.5 ELECTRONIC EQUIPMENT FOR AIRPLANES, MISSILES,
SATELLITES, AND SPACECRAFT

Electronic boxes used in airplanes, missiles, satellites, and spacecraft often
have odd shapes that permit them to make maximum use of the volume
available in odd-shaped structures. An odd-shaped box may require more
time to design, because it is usually more difficult to provide the circuit
cards with an efficient heat flow path, regardless of the cooling method
used.

The trend in military and commercial airplanes and helicopters is toward
a series of several standard sizes for plug-in types of electronic boxes that
fit in racks. These are called ATR (air transport rack) boxes. They are of
various widths, which are known as one quarter, one half, three quarters,
and full width, each with a short and a long length. The electrical interface
connectors are often at the rear of the box, with quick release fasteners at
the front [1].#

Many of the electronic boxes are cooled by forced convection with bleed
air from the jet engine compressor section. Since this air is at a high
temperature and pressure, it is throttled (passed through the cooling tur-
bine), cooled, and dried with a water separator before it is used. This air
often enters the electronic box at the rear, adjacent to the electrical con-
nectors. Rubber gaskets are used around the inlet ports at the air interface
to provide an effective plug-in connection, which reduces the leakage at the
cooling air interface.

Sometimes the conditioned cooling air is not completely dry because of
excessive moisture in the air from humidity or a rainstorm. Small drops of
water will often be carried into the electronics section together with the
cooling air. If this water accumulates on PCBs or their plug-in connectors,
electrical problems may develop. Therefore, many specifications do not
permit external cooling air to come into direct contact with electrenic
components or circuits.,

Air cooled heat exchangers, commonly called air cooled cold plates,
which are being used more and more in airplanes, provide conditioned air
for cooling the electronics. These heat exchangers are usually dip brazed

* Numbers in brackets refer to references at the end of the book.
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1.5 Electronic Equipment for Airplanes, Missiles, Satellites, and Spacecraft 7

when many thin [0.006 to 0.008 in (0.15 to 0.20 mm)] aluminum plate fins
are used. Pin fin aluminum castings are becoming very popular because of
their low cost. There is usually a slight weight increase with pin fins because
the walls and fins have to be thicker to permit the molten aluminum to flow
[2, 3].

Electronic systems for missiles generally have two cooling conditions to
consider, captive and free flight. If the missile flight duration is relatively
short, the electronics can be precooled during the captive phase so that the
system can function with no additional cooling during the flight phase. The
electronic support structure would act as the heat sink, soaking up the heat
as it is generated, to permit the electronic system to function during the
free flight phase.

Some missiles, such as the Cruise missiles, have a very long free flight
phase, so that the cooling system must be capable of cooling the electronics
for several hours. If ram air is used at speeds near Mach I, the ram
temperature rise of the cooling air may exceed 100°F (55°C). Since Cruise
missiles fly at low altitudes, where the surrounding ambient air temperatures
can be as high as 100°F, the cooling air temperatures could reach values of
200°F (93°C) even before the cooling process begins. Since the maximum
desirable component mounting surface temperature is about 212°F (100°C),
the outside ambient air cannot be used directly for cooling.

Cruise missiles must carry a large supply of fuel for their long flights. The
fuel is often pumped through liquid cooled cold plates to provide cooling
for the electronics. Toward the end of the flight mission, when the fuel
supply runs low, the temperatures may increase. At this point it may be
necessary to use the thermal inertia in the electronics structure to keep the
system cool enough to finish its flight.

Electronic systems for satellites and spacecraft generally rely upon radia-
tion to deep space for all their cooling. Deep space has a temperature of
absolute zero, —460°F or 0°Rankine (—273°C or 0°Kelvin). Temperatures
this low can provide excellent cooling if the proper surface finishes are used
[4].

Special surface finishes and treatments may be required for satellites and
spacecraft to prevent them from absorbing large quantities of heat from the
sun. This heat may be direct solar radiation plus solar radiation reflected
from the various planets and their moons (reflected radiation is called
albedo) [4, 5].

Liquid cooled cold plates are often used to support electronic systems.
Pumps then circulate the cooling fluid from the cold plates, where the heat
is picked up, to the space radiators, where the heat is dumped to space.

Conduction heat transfer is used extensively for cooling electronic equip-
ment in space environments. In the hard vacuum conditions of outer space,
flat and smooth surfaces must be utilized with high contact pressures, to
minimize the temperature rise across each interface. Although air is not
normally considered to be a good heat conductor, its presence will sharply
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8 Evaluating the Cooling Requirements

reduce the contact resistance at most interfaces. Thermal greases are some-
times used to reduce the interface resistance in hard vacuum environments,
by filling the small voids that would otherwise develop when the air is
evacuated.

Air cooling can still be provided in a hard vacuum environment if a sealed
and pressurized box is used. An internal fan can be used to circulate internal
cooling air through a liquid cooled cold plate, which would carry away the
heat. The heat from the fan must be added to the total heat load of the
system. Also, a sealed box will have a large pressure differential across the
surfaces of the box in the vacuum of outer space. The outer surfaces of the
box must therefore be thick and stiff to resist excessive deformations and
stresses caused by these pressures.

Natural convection cannot be used to transfer heat in satellites and space-
craft electronics. Natural convection requires a gravity field to permit the
heated air to rise, because of its reduced density. In satellites and spacecraft,
the effects of gravity are neutralized by the velocity and the continuous free
fall characteristics of the flight path. Therefore, only radiation, conduction,
and forced convection (in sealed boxes) should be considered for cooling
electronic systems in space.

1.6 ELECTRONIC EQUIPMENT FOR SHIPS AND SUBMARINES

Large cabinets, consoles, or enclosures are normally used to support the
electronic equipment used on ships and submarines. These cabinets are
usually heavy and rugged, to provide protection for the electronics during
storms and rough seas. Some cabinets may dissipate more than 2 kilowatts
of heat, so liquid cooled cold plates and heat exchangers are often used to
cool the equipment. The electronic components are often mounted on panels
and sliding drawers. Panels are used to support displays, and drawers are
used to support the heavy power supply units. Completely enclosed cabinets
are often used by the Navy with special radio frequency interference (RFI)
and electromagnetic interference (EMI) gaskets on heavy doors. This pro-
tects and shields the electronics from undesirable radiated and conducted
electromagnetic waves, which can interfere with the operation of the equip-
ment. Because these systems are completely enclosed, cooling problems
may become quite severe [6].

Water is usually available on ships and submarines, so that it is natural
to utilize it for cooling. Water cooled heat exchangers are often used, with
external fins to permit cooling with forced air. Fans are used to force the
air through the heat exchanger fins to cool the air, which is then circulated
through the console. This type of forced convection cooling can be used
with both closed loop and open loop systems. With a closed loop system,
a cooling air supply plenum and a return plenum may be established within
the side walls of the consoles. The side walls are often several inches deep,
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1.7 Electronic Equipment for Communication Systems 9

with ribs to provide rigidity from high shock loads, so that they can easily
carry the cooling air to and from the electronics. If an open loop system is
used for cooling, the air entering the console would be forced through the
water cooled heat exchanger, which is usually at the base of the console.
The conditioned air would be circulated through the electronics and then
exhausted at the top of the console.

When the heat loads are not too high, natural convection techniques can
often be used to cool the electronics. This works well on tall cabinets,
which can use chimney effects to force the air through the system without
the use of fans or pumps. Air enters at the bottom of this cabinet, where it
first picks up heat from the electronics. The warmer air has a reduced
density, so that it starts to rise through the chassis, picking up more heat
as it rises. The cooling air finally exits at the top of the cabinet.

Large open spaces must be provided in a chassis that is cooled by natural
convection. The flow resistance must be minimized to permit the cooling
air to pass freely through the cabinet. This requires a low packaging density,
with very few turns in the air flow path, to ensure the proper cooling air
flow [7, 8].

Often designers package electronic equipment in a console and completely
ignore the cooling air flow path. A large fan is then placed at the bottom of
the unit to “‘blow air at the electronics,”’ with the hope that somehow,
somewhere, the air will find a path to the hot spots so that they will be
adequately cooled. This brute force technique is usually justified on the
grounds that it has been used many times by many people and it ““seems to
work."” Needless to say, this is a poor policy, because there is no assurance
that the blowing air will ever reach the spots that require cooling, and there
is no way to determine what the cooling effects will be. It is best to plan
ahead so that the air can be directed to the most critical electronic com-
ponents for more efficient cooling. This will result in a smaller, lighter, and
less expensive electronic system, with higher reliability.

1.7 ELECTRONIC EQUIPMENT FOR COMMUNICATION
SYSTEMS AND GROUND SUPPORT SYSTEMS

Communication systems and ground support systems must both be capable
of continuous operation for extended periods of time at high altitudes, in
hot desert areas, in arctic areas, and in rain, sleet, and snow. Large systems
have their electronics completely enclosed within shelters that resemble
small barns and can hold several people for long periods of time. Small
systems are often enclosed in transit cases, which may be carried on the
back seat of a Jeep type of vehicle for rapid mobility. Small panel trucks
are very popular for transporting moderate sized units.

Communication shelters are used all over the world by military personnel
and by commercial television networks, to transmit and receive all forms
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10 Evaluating the Cooling Requirements

of data. The shelters are usually lined from wall to wall with large electronic
control consoles that can easily dissipate many kilowatts of heat.

Such shelters are insulated to protect them from both heat and cold. In
hot climates the shelters are often equipped with exhaust fans to flush out
hot air that has been trapped. This is important because the electronic
consoles within the shelters use the local ambient air for cooling. This is
done using forced convection or natural convection, depending upon the
power dissipation and the location of the console. If the internal ambient
temperatures within the shelter become too hot, refrigeration units may be
provided, with auxiliary power units, to keep the shelters cool.

Ground support systems are generally used to perform functional checks
of the electronic equipment for airplanes, missiles, ships, submarines,
trains, trucks, and automobiles to ensure that they are operating properly.
If malfunctions are discovered, replacements can be made to ensure suc-
cessful completion of the missfon or trip.

Ground support equipment is also used to supply auxiliary power or
auxiliary cooling for electronic equipment that requires temporary boosters.
These units could contain gasoline powered engines, with generators and
regulated power supplies or large batteries as the power source.

Lightweight controls and displays are generally supported by light, drip-
proof, sheet metal enclosures. If heavy items such as large transformers
and power supply components are required, they are mounted at the bottom
of a rugged electronic enclosure, to reduce the dynamic loads that may be
developed in a shock and vibration environment.

1.8 MINICOMPUTERS, MICROCOMPUTERS, AND
MICROPROCESSORS

The computer industry has been changing very rapidly since the introduc-
tion of miniature semiconductor silicone chips. The first chips, which were
introduced in about 1962, contained only about 15 to 20 diodes, transistors,
and resistors on a substrate that measured about 0.150 by 0.200 in (0.381 by
0.508 cm). Component densities have since increased sharply, so that the
same size chip can now incorporate over 30,000 components, and the costs
have dropped just as fast. Large computers utilizing discrete diode, transis-
tor, and resistor components were soon replaced with much smaller ma-
chines which had the same power at a much lower cost because they utilized
the new semiconductor chip technology. These new, smaller machines be-
came known as minicomputers because they were so small compared to the
older and larger machines but had the same capability.

Minicomputers have found exciting new applications in many areas. Their
size, flexibility, reduced costs, and improved memory storage have permit-
ted more small businesses to make use of them. The power requirements
of these machines have also dropped, so that exotic and expensive tech-
niques are not required to cool the electronics.
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1.9 Cooling Specifications for Electronics 11

Microcomputers are even smaller than minicomputers. A typical mini-
computer will occupy one drawer of a filing cabinet. A typical microcom-
puter will fit on one plug-in PCB about 5 X 7 in (12.70 X 17.78 cm). Micro-
computers are not as fast as minicomputers and are generally used where
flexibility, size, and cost are more important than speed.

Microcomputers have been replacing systems that utilize custom-made
large scale integrated circuits (LSIs) and hybrid circuits. Although these
circuits have a high density and low power dissipation, they lack flexibility
and cannot be modified or adapted for different applications.

Both the minicomputers and the microcomputers require some type of
central processing unit (CPU) to control input and output, to perform math-
ematical operations, to decode, and to move information in and out of the
memory. This CPU, which would normally require the mounting surface
area of one plug-in PCB, can now be placed on a single small chip. This
chip is called a microprocessor, and it is the most expensive part of the
microcomputer.

Microprocessors are available in rectangular cases about 2.5 x 0.75 x 0.20
in (6.35 X 1.905 x 0.508 cm) with about 40 external wires, which perform
all of the CPU functions. Microprocessors must be used with memory
systems, which can also be expensive. Many memory systems use dual
inline package (DIP) components, which are fabricated on silicon chips in
much the same way that microprocessors are made. The semiconductor
memories require less power than do core memories. However, core-type
memories are able to operate at higher temperatures.

Floppy disk memories are rapidly becoming available with very large
capacities. These thin disks are made of a soft or floppy material (hence the
name) that is coded magnetically on one or both sides and enclosed in a
square cardboard cover. These disks provide a large amount of memory at
a very low price.

Bits are recorded on the surface of the rotating disk with a movable head.
The surface of the disk is divided into sectors, shaped like a slice of pie,
and tracks, shaped like concentric rings. The disk requires 7 to 15 watts of
power for its operation. Many systems use two disks because the drive
mechanism for two disks is only slightly more expensive than that for one
disk.

Cassette tape memories are quite common in low cost systems. The
cassette memory is the cheapest mass memory available. This type of
memory can store large amounts of information, but the system is very
slow and usually must be turned on and off manually.

1.9 COOLING SPECIFICATIONS FOR ELECTRONICS

A number of government and civil agencies issue documents that relate to
the cooling of electronic equipment. A few of these are described below.
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12 Evaluating the Cooling Requirements

1. MIL-E-16400 (Navy) Electronic, Interior Communication and Navi-
gation Equipment, Naval Ship and Shore, General Specification. This spec-
ification covers the general requirements applicable to the design and con-
struction of electronic interior communication and navigation equipment
intended for naval ship or shore applications. The specification defines the
environmental conditions within which the equipment must operate satis-
factorily and reliably. This includes the selection and application of mate-
rials and parts and means by which the assembled system will be tested to
ensure that it is acceptable to the U.S. Navy.

2. MIL-STD-202, Test Methods for Electronic and Electrical Component
Parts. This specification establishes uniform methods for testing electronic
and electrical component parts. This includes basic environmental tests to
determine resistance and capability of withstanding natural elements and
conditions surrounding military operations. The specification includes items
such as capacitors, resistors, switches, relays, transformers, and jacks.
Only small parts are considered in this specification. The maximum weight
of transformers and inductors is limited to 300 pounds or having a rms test
voltage up to 50,000 volts.

3. MIL-STD-810, Environmental Test Methods. This document describes
all test methods of a similar character that have appeared in the various
joint or single service specifications. It also describes newly developed test
methods that are feasible for use by more than one service.

4. MIL-E-5400, Electronic Equipment, Airborne, General Specification.
This specification covers the general requirements for airborne electronic
equipment for operation primarily in piloted aircraft. It includes various
temperature and altitude conditions for different classes of equipment, with
details on selecting materials, components, and fasteners.

5. MIL-STD-781B, Reliability Tests: Exponential Distribution. This
standard outlines test levels and test plans for reliability qualification, pro-
duction acceptance, and longevity tests. Included are temperature cycling
tests for isolating weak components and poor designs.

1.10 SPECIFYING THE POWER DISSIPATION

Power dissipations in electronic systems should be evaluated carefully,
because the reliability and the mean time between failures (MTBF) can be
sharply reduced by excessive component temperatures. It is better to be
slightly conservative (slightly higher) in estimating power dissipations, to
provide for future growth. Also, some compensation must be made for the
normal tolerance variations in the component ratings and in the line volt-
ages, so that a little safety factor should be added to the power dissipation
in the system.

A safety factor will also provide a cushion to fall back upon when it is
suddenly discovered that some critical components will not be available for
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1.10  Specifying the Power Dissipation 13

production, or that substitute components will dissipate 10% more power.
It is very expensive to change the cooling technique in a system after the
design has been completed.

It is possible, of course, to be too conservative and to specify power
dissipations that are far higher than would normally be expected. This
condition will result in added expense, weight, and size. In some cases
being too conservative may result in the use of a large fan when none is
needed. A large and heavy liquid cooling system may be installed instead
of a simple fan because someone was too conservative in specifying the
power dissipation.

Some contracts may require a thermal analysis to be completed 3 months
before the qualification test program. In order to prove the validity of the
analysis, the contract may require the analysis to agree within *10% of the
actual temperatures achieved during the qualification test. This is a difficult
situation to deal with, because the thermal design may be based upon a
worst-case duty cycle or test condition, where high line voltages and com-
ponent tolerance variations have been included in the total power dissipa-
tion. Higher power dissipations will result in higher component tempera-
tures. During the actual qualification test, on the other hand, a completely
different power dissipation may be used because a different duty cycle may
be specified for the tests. This may result in poor agreement between the
analysis and the tests [9].

It may be necessary to investigate many different sets of conditions to
prove the thermal design of an electronic system. For example, a high
altitude, high temperature environment may produce the highest tempera-
tures in the logic section of the system rather than in the power supply
section. Instead, a high altitude, low temperature environment may be the
most severe for power supplies, because this condition draws the maximum
heater power for the warm-up period. High current demands, even for short
periods, may create hot spots in the electronic components that control the
power [9].

Many electronic systems require special test sets to simulate test condi-
tions similar to those that will be experienced in actual field operation.
These test sets may be designed to exercise the electronic systems in many
different ways, depending upon the manner in which the equipment design-
ers interpret the test specifications. This can result in a test power dissi-
pation that is completely different from the dissipation experienced in actual
field operation. Therefore, it is important to make sure that the test equip-
ment designers and the electronic system designers agree on the power
requirements. This will reduce the chances of having a big difference in the
design power dissipation and the test power dissipation.

The engineers responsible for determining the power dissipation in an
electronic system should take the time required to determine these values
accurately. The power dissipations may dictate the methods of heat re-
moval, which, in turn, will determine the hot spot component temperatures.
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2

Designing the
Electronic Chassis

2.1 FORMED SHEET METAL ELECTRONIC ASSEMBLIES

Electronic systems normally consist of many different discrete electronic
component parts, such as resistors, capacitors, diodes, transistors, hybrids,
DIPs, LSIs, microprocessors, and transformers, which are enclosed within
a support structure called the chassis. Power is dissipated by these different
components, because the electronic system is not 100% efficient. Any power
that is dissipated is rejected in the form of heat. This heat must be removed
to prevent excessive temperatures from developing in these electronic com-
ponents.

The purpose of the electronic chassis is to support the components while
providing a low resistance thermal path to a heat sink, which will absorb
this waste heat with a minimum rise in the temperature of the components.
The heat sink may be the ambient air surrounding the chassis or a liquid
cooled cold plate that is an integral part of the chassis wall.

Whatever method of heat transfer is selected, the technique should be as
simple and as cost effective as possible. Many factors will have to be
considered, such as the space available, the power requirements of the
cooling system, the maximum allowable component temperatures, compo-
nent sizes, power densities, and the heat sink temperature. Other factors,
such as shock and vibration, may have to be considered together with the
thermal environment to ensure an adequate chassis design [1, 11, 12].

Sheet metal structures are often used for many different types of elec-
tronic boxes because the manufacturing costs are so low. Thin gauge alu-
minum or steel sheets can be blanked and formed into a lightweight chassis
with the use of rivets, spot welding, or arc welding. The final assembly is
usually painted for protection and appearance. This type of construction
can be used for a chassis 7 or 70 in high.

Light gauge steel sheet metal structures are usually not suitable for cool-
ing high power electronic systems by means of conduction. The cross
section areas are small because the metal is thin and the thermal conduct-
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22 Designing the Electronic Chassis

ance is low. This increases the thermal resistance, which also increases the
component hot spot temperatures. Also, light gauge sheet metal structures
are not generally capable of withstanding high vibration and shock levels,
so that their use in these environments is very limited.

Lightweight sheet metal structures may tend to amplify any acoustic noise
generated by cooling fans or pumps. If large, thin flat panels are used on an
electronic box that is to be fan cooled, make sure that it is not too close to
workers, who may object to the acoustic noise that is generated.

Structural epoxies are being used very successfully for assembling small
electronic boxes. These epoxies have a high peel and shear strength, with
a short cure time at 212°F (100°C), which makes them very cost effective.
Lap joints with large surface areas must be used to obtain the necessary
strength at the bonded interfaces.

Maintainability has recently become a big factor in the design of electronic
equipment. Quick access is usually required to fault-isolate an electrical
malfunction and to provide some means for a quick repair. This has resulted
in the extensive use of plug-in types of circuit boards which can be removed
and replaced very easily. These circuit boards are generally used to support
small electronic components that do not dissipate a great deal of power.
Large, heavy, or high power dissipating components are often mounted on
the chassis walls with special support brackets.

A typical chassis would have two sheet metal dust covers on opposite
sides of the chassis. One cover would provide access to the plug-in PCBs;
the cover on the opposite side would provide access to the wiring harness
or the master interconnecting board.

2.2 DIP BRAZED BOXES WITH INTEGRAL COLD PLATES

Dip brazed aluminum boxes are convenient to use for small, lightweight
systems when the quantities are small, usually less than about eight or ten
boxes. If the quantities are much larger, it is generally more cost effective
to use aluminum investment castings or plaster mold castings, even though
they require special tooling and pattern costs. Most electronic boxes will
require shelves and brackets for mounting electronic components, ribs for
stiffening the chassis to resist vibration, and cutouts for the cables and
electrical harness. A dip brazed electronic chassis can often provide these
features at a relatively low cost.

The size of the dip brazed assembly is usually limited by the size of the
dip brazed tank, or salt bath, which is used to completely submerge the
structure that is to be brazed. The individual parts of the chassis are joined
together like a three dimensional jigsaw puzzle. Sometimes, a stainless steel
fixture is used to hold the individual parts together during the dip brazing
process. Sometimes the parts are tack welded, riveted, or screwed together
with aluminum screws. An aluminum slurry or a brazing strip, with a melting

SEC et al. v. MRI
SEC Exhibit 1020.0036
IPR2023-00254



SEC et al. v. MRI
SEC Exhibit 1020.0037
IPR2023-00254



24 Designing the Electronic Chassis

through the fins. If a blockage occurs, the pressure drop across the fins will
be very high.

The fin material is generally very soft, so that it can be deformed easily.
If fins in an air cooled cold plate are allowed to extend to the end of the
chassis opening, they can become bent or deformed by foreign objects, such
as bolts, nuts, screwdrivers, and even pencils. Therefore, for added protec-
tion, the ends of the fins should be recessed at least 1 in.

2.3 PLASTER MOLD AND INVESTMENT CASTINGS WITH
COOLING FINS

Plaster mold castings and investment castings are very popular for small
electronic support structures or small electronic enclosures. Plaster mold
castings and investment castings use plaster for the mold, into which a
molten metal is poured. Typical metals are usually aluminum, magnesium,
zinc, bronzes, and some steels. Wall thicknesses of 0.040 to 0.060 in (0.102
to 0.152 c¢cm) can be readily obtained with both methods.

Investment piece part castings are generally slightly more expensive than
plaster mold castings because an intermediate wax core is required. This
core is made up in the exact detail required by the finished product. It is
coated with several thin coats of plaster or refractory material and thor-
oughly dried. The coated core is heated to melt the wax, which is then
drained, leaving the hollow mold. The mold is filled with molten metal while
a vacuum is applied to remove tiny air pockets from the porous plaster or
refractory outer shell. This permits the molten metal to fill in every small
corner in the mold for excellent detail, surface finish, and accuracy. The
outer shell must be broken away and destroyed to obtain the finished
product.

Investment castings are somewhat limited in their size, depending upon
the complexity. Intricate chassis castings 15 X 8 X 10 in (38.10 x 20.32 X
25.40 cm), with wall thicknesses of 0.070 in (0.178 ¢m), can be readily
obtained.

Plaster mold casted piece parts are normally less expensive than invest-
ment castings because the process does not require the use of an interme-
diate disposable wax pattern. However, tooling costs for the plaster mold
casting will be higher if permanent molds are used, because of the extra
machining required.

Very large plaster mold castings can be made, up to 100 in (254 cm) in
length if required, with considerable detail. However, plaster castings us-
ually cannot produce small details as well as can investment castings.

Recent advances in casting technology have made it possible to produce
thin wall aluminum castings that are pressure-tight for large molecule vapors
such as nitrogen, or exotic liquids. The process, called the Antioch process,
produces progressive freezing from the distant points in the casting toward

SEC et al. v. MRI
SEC Exhibit 1020.0038
IPR2023-00254



SEC et al. v. MRI
SEC Exhibit 1020.0039
IPR2023-00254



26 Designing the Electronic Chassis
2.5 LARGE SAND CASTINGS

Large electronic enclosures are often required for systems that must operate
in severe vibration and shock environments. Rigid structures are required
to withstand high acceleration levels, without fatigue failures, while provid-
ing an adequate support for electronic components. If weight is not too
critical, fabrication costs can often be substantially reduced with the use of
large aluminum sand castings. This type of cabinet is often suitable for ships
and submarines, which must be capable of operating in rough seas during
storms.

Mounting surfaces for the cabinet and for electronic subassemblies and
components may have to be machined, because of poor casting tolerance
control. However, with a little planning, the amount of machining can often
be reduced to provide a cost effective structure.

2.6 EXTRUDED SECTIONS FOR LARGE CABINETS

Weight is often a problem with large cabinets that must be designed to
withstand the Navy shock (MIL-S-901) and vibration (MIL-STD-167) re-
quirements. Thick cast walls can provide the required rigidity, but with a
high weight penalty. Under these circumstances extruded sections, with
ribs or hollow cores, are capable of providing a rigid but relatively light-
weight electronic enclosure. This type of structure can be welded, bolted,
or riveted together to form a very rugged console. The hollow core type of
extrusion is very convenient for ducting cooling air to various parts of the
cabinet with fans or blowers. Large hollow core cross sections can carry
large quantities of cooling air with a small pressure drop. Openings can be
placed at various points in the extruded wall sections to direct the cooling
air to hot spot areas. These openings can be blocked or reduced in size with
plugs if the power distribution is changed at a later date.

Extruded side wall sections are convenient to use with closed forced air
cooling systems, where a water cooled heat exchanger or a refrigeration
unit cools the recirculated air. One vertical side wall can be used as the
supply plenum, and the opposite side wall can be used as the return plenum,
as shown in Figure 2.3.

2.7 HUMIDITY CONSIDERATIONS IN ELECTRONIC BOXES

Electronic equipment must often be capable of operating in very humid
environments, where condensation will produce large amounts of water
over a long period of time [13].

When high humidity environments are encountered, equipment designers
must make a choice. They can seal the box against moisture or let the box
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2.9 Sealed Electronic Boxes 31

water vapor within the box will be low. If that box is now transported to a
humid area, such as Florida, the partial pressure of the water vapor in the
atmosphere will be quite high. The water vapor will try to equalize the
partial pressure, so that it will try to enter the box. It does not matter if the
absolute air pressure within the box is 50 psia and the outside ambient
pressure is only 14.7 psia. Since the partial pressure of the water vapor
within the box is low, the tendency will be for the water vapor to try to
enter the box, to equalize the partial pressures [14].

If the type of gasket used to seal an electronic box is not effective, water
vapor will pass through the seal and condense within the electronic box. It
does not take very long for half a pint of water to accumulate within a small
chassis due to condensation. An electronic box 15 in X 10 in wide X 8 in
high, with a flat rubber gasket seal under the top cover can accumulate that
amount of condensation in a period of only about 3 months when it is
continually exposed to humid air.

Cover gaskets are not the only areas that will permit water vapor to enter
an electronic box. Other sources may be the connector interfaces, areas
around fasteners, and the basic structure itself.

Connector interfaces on an electronic box must be adequately sealed if
the box is to prevent the entry of water vapor. Solder seals are very effective
for small connectors, but, again, repairs are inconvenient. O-ring gaskets
are convenient, relatively easy to use, and can provide an effective water
vapor seal.

A sealed electronic box should not have bolts or other fasteners passing
through the outer structural wall into the interior of the chassis. Every hole
in the chassis wall is the possible source of a leak. If bolts are required to
pass through an external wall, gaskets or some other provision must be
made to ensure an effective seal at that interface.

The basic structure of the electronic box itself may not be capable of
providing an effective water vapor seal. Sheet metal structures are generally
satisfactory. The sheet metal is made from rolled stock, so that it is not
porous. However, the box corners may be welded and welds may leak.

Cast structures are often very porous. Some magnesium and aluminum
castings 1 in thick will not hold air for more than 5 minutes. Structures of
this type can often be impregnated with an epoxy resin. The most effective
technique for applying the resin is by means of a vacuum. The porous
structure is placed in a vacuum chamber, the air is evacuated, and the resin
is applied to the surfaces to be impregnated. The vacuum is then released
and the increased air pressure drives the resin into the porous surface,
which seals the structure.

Dry nitrogen is very effective for removing water vapor from a sealed
box. An inlet and outlet valve are placed at opposite ends of the chassis,
which is purged with dry nitrogen to remove all traces of water vapor. The
nitrogen valves are then closed so that the box is sealed with dry nitrogen.
Since most of our normal atmosphere is nitrogen, the characteristics of the
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3

Conduction Cooling for Chassis
and Circuit Boards

3.1 CONCENTRATED HEAT SOURCES, STEADY STATE
CONDUCTION

Electronic components are not 100% efficient, so that heat is generated in
active components whenever the electronic system is in operation, As the
heat 1s generated, the temperature of the component increases and heat
attempts to flow through any path it can find. If the heat source is constant,
the temperature within the component continues to rise until the rate of the
heat being generated is equal to the rate of the heat flowing away from the
component. Steady state heat transfer then exists—the heat flowing into the
component is equal to the heat flowing away from the component.

Heat always flows from high temperature areas to low temperature areas.
When the electronic system is operating, the electronic components are its
hottest parts. To control the hot spot component temperatures, the heat
flow path must be controlled, If this is not done properly, the component
temperatures are forced to rise in an attempt to balance the heat flow.
Eventually, the temperatures may become so high that the component is
destroyed if a protective circuit or a thermal cutoff switch is not used.

Conduction heat transfer in an electronic system is generally a slow
process. Heat flow will not occur until a temperature difference has been
established. This means that each member along the heat flow path must
experience a temperature rise before the heat will flow to the next point
along the path. This process continues until the final heat sink is reached,
which is often the outside ambient air. This process may take many hours,
perhaps even many days for a very large system, depending upon its size.

The materials along the heat flow path sharply influence the temperature
gradients developed along the path. Heat can be conducted through any
material: solid, liquid, or gas. The ability of the heat to flow through any
material is determined by the physical properties of the material and by the
geometry of the structure. The basic heat flow relation for steady state
conduction from a single concentrated heat load is shown in Eq. 3.1. This
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