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Direct Liquid Cooling

This cooling means is particularly applicable to subassemblies
having high heat concentrations or those which must operate in
high temperature environments with small temperature gradients
between parts and cooled surfaces. Unfortunately, direct liquid
cooling can be used only in circuits which can tolerate the in-

creased stray capacitance and electrical losses due to the high
dielectric constant and power factor of liquids.

New equipments can be designed for several types of liquid cool-
ing systems any one of which may have cooling capacities greater
than that of forced air systems. (See Fig. 50) The cases of
sealed sub-assemblies can be designed for direct immersion in the
coolant (indirect liquid cooling) or the electronic sub-assembly
can be filled with a liquid such as a silicone fluid (direct
liquid cooling). Cooling of directly immersed equipment may be
increased by the addition of forced circulation of the coolant.
However, this additional cooling is at the expense of more power
to operate the pump and the additional equipment. The weight of
directly immersed equipment may be reduced somewhat by spraying
the coolant over the heat producing parts and collecting the heat
bearing coolant in the bottom of the container and then pumping
it through a heat exchanger and back to the spray nozzles. Such
a cooling system represents a saving in the amount of coolant
liquid required, wt regquires a higher pressure pump and con-
sequently more power to run the pump than in the case of the
completely immersed equipment.

Liquid cooling is most applicable to power supplies, modulators,
servo amplifiers and wide band low frequency amplifiers. It can
also be used with certain radio frequency circuits, if considera-
tion is given to the dielectric constant and dissipation factor
of the fluid. The coolant must be chemically and electrically
compatible with the electronic parts and the case. If liquid
cooling is applied to equipments which operate over a wide range
of environmental temperatures, care must be exercised in making
sure that the coolant can not freeze at the lower temperatures.

Liquid cooling frequently permits a greater degree of miniaturi-
zation because of the larger permissable heat concentrations.
Further, if a coolant with a high dielectric strength is used,
voltage ratings can be increased. On the negative side, liquid
cooling requires that the containers accomodate expansion at
elevated temperatures. Unless the coolant is chemically inert,
it may decompose the electronic parts. Also, maintenance diffi-

culties are increased, and a leak may disable the unit. Repairing
of direct liquid cooled equipment is complicated by the necessity
for draining the fluid from the unit before working on it. Further,
the fluid may be contaminated when the unit is unsealed unless

extreme care is used.
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Direct Vaporization Cooling

Vaporization cooling is the most effective heat removal method
known. It has the advantages and disadvantages of direct liquid
cooling together with greatly increased cooling. (See Fig. 50)
Expendable systems are simple, but involve disposal of the vapor
and replacement of the coolant. Non-expendahle or continuous
systems are complex, expsnsive, and necessitate the use of a heat
exchanger to condense the vapor back into a fluid. Vaporization
cooling systems are particularly suited to installations with
extremely high heat concentirations and those installations wherein
no sink is available or the sink is remotely located. This is
discussed further in Veporizatiorn Cooling Section VIII.

C. HEAT TRANSFER TO THE ULTIMATE SINK

1.

General

The method of transfer of heat from the subassembly or unit chassis
to the sink is dependernt upon the method of heat removal from with-
in the subassembly cdue to the common connection between the two
phases of heat rejection. Further, the selection of the optimum
method of heat transfer for use in this phase is dependent upon

the type of sink available, its location, and its temperature.

The sink temperatures, both bafore and after installation of the
equipment, must be considered, since the temperature of local or
intermediate sinks may increase when the additional heat is added.

Natural Methods

Natural heat transfer from miniaturized subassemblies to the in-
termediate sink is probably best accomplished by metallic con-
duction cooling. In gereral, “he reasoning discussed in part

B.2 of this section is alsc applicable. However, the intermediate
sink cannot be Jocated at any significant distance from the sub-
assemblies. Smell temperature gradients are only obtained over
appreciable distances with metallic conduction cooling when large
heat conductors are used. The cost and weight of such conductors
will probably be excessive. In certain instances structural parts
may be used, i.e.. the eguipment may bve thermally fastened to the
hull of a ship.

Natural convection and radiaticn may be used at the sink if the
sink is air of a relatively low temperature. The maximum heat
dissipated by the surfaces shculd seldom exceed (.25 watts per sq.
in. and should be limited to approximately C,50 watts per sq. in.
Even so, relatively high temperatures can easily be achieved. It
is therefore recommended that this mode of cooling be used only
with equipments of low heat concentration, provided that the
rejected heat is not introduced into other nearby equipment.
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3. Forced Air

Forced air is more applicable to this phase of cooling than
natural methods, particularly if the sink is nearby air. The
air should be properly directed and distributed over the sub-
assemblies. Unit heat dissipations of the order of 2 watts per
5q. in. can be obtained readily. Supplemental data are pre-
sented in Forced Air Section VI,

L. Indirect Liquid Cooling

When electronic equipment is to be operated in high temperature
environments at high heat concentrations or when the sink is lo-
cated at a distance from the equipment, optimum cooling can be
achieved by a forced liquid cooling system. Greatly increased
cooling over that obtained by forced air is possible. This cool-
ing mode, using fresh water, is especially recommended for ship-
board usage. Almost any reasonable degree of cooling can be at-
tained through the use of cold plate or cold panel heat exchangers.
See Sec, VII F,

Tndirect liquid cooling systems utilizing continuously circulated
fresh water appear to be especially applicable to shipboard elec-
tronic equipment. The heat can be removed from the fresh water

in a fresh water to sea water heat exchanger. Work on such systems
is continuing at this Laboratory.

5. Indirect Vaporization Cooling

This mode of heat transfer will provide *he maximum obtainable
cooling. It is recommended for use only with devices having ex-
tremely high heat concentrations. Its general application to
miniaturized equipment remains to be determined.

D. DESIGN EXAMPIE OF THE SELECTION COF OPTIMUM COOLING METHODS - Example (8)

1. The Problem:
Construction of a piece of electronic equipment which dissipates
300 watts is contemplated. It is planned to vpackage it in a
cabinet 9.75 in. x 15 in. x 17 in., which is to be located in air
at a normal room temperature.

a. Will any special cooling considerations be required for this
package?

b. Can this packsge be made smaller?

13



Dissipated power
Volume

300 300

= 975 x 15 x 17  7ZLB6

Heat concentration =

= .12 watts/cu.in.

This is a low heat concentration. No particular cooling
considerations are required provided that the unit heat
dissipation is adequate. See Fig. 50.

Dissipated power
Area of cooling surface

300 300
= 2x9.75x17+2x9 ., 75x15+2x15xT 1135

Unit heat dissipation

.26 watts/sq.in.

"

Referring to Fig. 50, note that the maximum unit heat dissipation

for free air cooled surtaces is in the neighborhood of 0.25 watts/sq.in.
Thus, the package with .26 watts/sq.in. surface area will be satis-
factory and no special cooling means will be required.

From Fig. 50 note that a unit heat dissipation of one watt/sq. in.
of surface area may be feasitle if, [or example, forced air

cooling is used on the external surfaces, Thus, with forced air
cooling it may be possible to miniaturize .the package from a surface
area of 1135 sq. in. to a surface area of 300 sq. in. or less,
dependent upon the Reynolds number and provided that the heat con-
centration is not excessive.

External dimensions of 7 in. x 5 in. x 10 in. appear in order for
the miniaturized unit.

300
Tx5x2 +5x10x2+7x10x2

Unit heat dissipation
= %%g = approx. 1 watt/sq.in.

300 . 300
7 X 5 x 10 350

Heat concentration

= .85 watts/cu.in.

This is a fairly high heat concentration. Metallic conduction
cooling could be used within the unit satisfactorily if paths of low
thermal resistance to the external surfaces are incorporated.

Liquid potting could be used as an alternate technique. (See Fig. 50)
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THE TEMPERATURE LIMITS OF ELECTRONIC PARTS

GENERAL

One of the primary problems facing the electronic designer in the
thermal design of electronic equipment is the determination of the
maximum temperatures which electronic parts can withstand. The
maximum temperature is usually limited by the thermal coefficients
of the electrical characteristics of the part and their effect on
electronic performance, the degree of reliability and life desired,
and the temperature which the part can survive without outright
failure. The thermal effects on electronic performance are con-
sidered to be peculiar to the circuits involved and indirectly re-
lated to the heat removal problem. Therefore, a discussion on the
thermal coefficients of electrical parameters is not included in
this manual. It is realized that the degree of cooling can alter
the electronic performance vy lowering the temperature spread and,
in some instances, special cooling means will be required for this
purpose. However, in most electronic equipment, the life, reli-
ability and survival temperature are the primary thermal factors.

Much remains to be accomplished in the determination of temperature
vs. life or reliability for electronic parts. In general, such in-
formation is difficult to obtain. 4 reasonable collection of material
on the maximum survival temperatures of parts is available., However,
most of this data is in terms of ambient temperature which is in-
adequate in the design of densely packaged electronic equipment. It
is anticipated that the parts manufacturers will ultimately rerate
their products and also assist in determining their compatibility

with liquid coolants.

THE THERMAL LIMITATIONS OF VACUUM TUBES

1. General

Vacuum tubes are considered by some elecironic engineers to be less
temperature sensitive than most electronic parts. This is par-
tially correct. The electronic parameters of tubes are stable
within wide temperature limits for certain life periods. How-
ever, if tubes are operated beyond safe temperature limits their
life and electrical characteristics will be significantly cur-
tailed in a relatively short period. Further, the removal of
heat from vacuum tubes is extremely important, since they are
usually the primary heat sources in equipment. Overheating of
vacuum tubes can lead to shortened tube life through: the accel-
erated formation of gas, resulting in positive shifts in bias

and progressive loss of emission; the thermal expansion of in-
ternal parts, causing shorts and changes in tube characteristics;
the formation of leakage paths, especially heater to cathode
leakage; changed contict potential; the formation of mechanical

stresses in glass resulting in envelope failures; and the ac-
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celerated development of cathode interface resistance. It is
also desirable to operate tubes as cocl as possible to avoid
mechanical fallures due to creep and fatigue of metals, parti-
cularly when the tubes are subjected to impact and vibration.

In general, vacuum tubes are properly rated in that "hot spot"
bulb temperature ratings have been assigned by the manufacturers.
Certain tube groups have similar temperature ratings, for example,
the premium subminiature tubes. Most of the special tubes,
ruggedized tubes and JAN tubes have specific thermal ratings.

The conventional receiving type tubes do not appear to be com-
pletely provided with such ratings. In fact, some conventional
tubes have envelope glass which is different from that of others
of the same type. It is recommended that the tube manufacturers!
ratings be closely followed., Most manufacturers welcome re-
quests for such information.

Heat Transfer Within Vacuum Tubes

The modes of heat removal within a vacuum tube are complex. A
high temperature emitting surface is necessary to maintain proper
electronic emission. Heater temperatures range from 1000° to
1300°C and cathodes operate in the neighborhood of 750°C. Tube
structures are designed so that the thermal resistance from the
heater and cathode to the envelope and leads is as great as pos-
sible in order to reduce the heater power to a minimum. However,
for circuit purposes, most tubes are provided with low inductance
leads to their internal elements. These leads can conduct heat
from the cathode and a compromise between these two requirements
must be made by vacuum tube manufacturers.

Much of the heat dissipated in vacuum tubes appears at the plate.
Almost all the heat produced at the filament, cathode, control
grid and screen grid is transmitted by radiation through the
vacuum into the plate. The remainder of the heat produced by
tube elements, other than the plate, is radiated to the inside
surface of the tube envelope and/or conducted into the tube pins
by metallic conduction along the tube element leads. The plate
is heated not only by the heat received from the other elements
but also by its normal dissipated energy. Plate temperatures

in vacuum tubes, other than transmitting types, normally range
from 350° to LOO®C. Almost all the erergy dissipated by the
plate is transmitted by radiation through the vacuum and is ab-
sorbed by the glass envelope. Due to its transmission character-
istics, glass begins to be a poor transmitter of infrared radi-
ation at 2.5 microns. Thus, glass is essentially opaque to
radiation from sources near L00°C, and only 6% of the energy
radiated from the plate is transmitted directly through the glass
envelope. The remaining 9L4% of the heat radiated from the plate
is absorbed by the glass. The glass is heated and reradiates
part of this energy at a lower temperature level and convects
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or conducts the remainder to the environment. Some heat from the
plate is conducted along the plate lead through the tube pins.
When plates operate at temperatures of the order of 750 to 850°C
(cherry red), as in tantalum element transmitting tubes, the
majority of radiation from the plate passes directly through the
glass.

These modes of heat rejection from within a vacuum tube result
in a concentration of heat in the glass envelope adjacent to the
plate and to some extent at the base of the tube. If a tube is
mounted vertically and operated in free air, a small hot spot,
due to conduction through the leads, will appear at the base and
the envelope will have a definite hot spot at approximately two
thirds its height, opposite the plate, due to radiation through
the vacuum (see Fig. 51). Glass is a relatively poor heat con-
ductor and marked temperature gradients will appear in the en-
velope adjacent to the upper and lower edges of the plate struc-
ture. It is desirable to cool vacuum tubes in a manner that will
reduce such gradients in the envelope. Large temperature dif-
ferences can cause severe mechanical strains which lead to en-
velope breakage.,

It can be concluded that vacuum tubes must be cooled primarily

by removing the heat from the envelopes. A portion of the heat

can be removed through the pins or leads at the base. A study

of the magnitude of heat removal which can be obtained by tube
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3. Limiting Factors

a. The release of gas 1s greatly accelerated when the temper-
atures of tube elements exceed certain limits. Most vacuum
tube elements are degassed at temperatures in the neighbor-
hood of 500°C. The envelopes are usually near 300°C during
this process. If the glass or element temperatures are per-
mitted to exceed these values after the tube has been placed
in service, gas will be rapidly released, the getter will be
unable to absorb the gases; and a gassy tube will result.

b. Minute amounts of emitting material usually migrate from the
cathode to the control grid. Should the grid temperature
become excessive, grid emission from these materials can oc-
cur.,

¢. The glass envelopes of most tubes should not be permitted to
operate at temperatures greater than 200°C maximum. Premium

L X3l Ta .
tubes are usually proﬂlded with a special glass which can be

operated at 260°C maximum. The voltages applied to the tube
elements can produce electrostatic stresses in the glass at
the base. The leakage resistance of glass at high tempera-
tures is much less than at normal temperature and appreci-
able current flow in the glass is possible,

382839 O -56 -11 ]-h’?



O ON 4O

FINVS

o
£

.1

TODOWS ML H LM
FHOLYVINIW
G bty

148



L.

Vacuum Tube Ratings

In general, the envelope temperature of small receiving type tubes
should be held below 175°C "hot spot temperature" for reliable
service. A reduction of bulb temperature of from 200°C to 160°C
will result in a substantial increase of life expectancy of the
tubes. The cooling of the envelope is the most important consider-
ation when mounting the tube (see Section V). The development of
minjature and subminiature tubes has led to a large reduction in
envelope surface area and a large increase in the rated unit heat
dissipation. This means that the maximum envelope temperatures
were increased greatly over those of the conventional tube types.
Table 12 is representative for several bulb types:

TABLE 12

Unit Heat Dissipations of Typical Tube Types

Minia- Submini-
Octal ture ature
Bulb Type ** T-9  T-51/2 T-3
Bulb area, sq. in. 10.5 L.1 1.7
Maximum dissipation of 18.7 16.8 7.6
tube in watts
Unit heat dissipation, 1.78 L1 L.6
watts/sq.in.
Unit heat dissipation ratio Ll .85 1
(with respect to T-3) . .
Bulb temperature in free air at 160°C  225°%C™ 280°C™
236¢C

Typical envelope temperatures for sea level and at 23°C ambient
temperature conditions are presented in Table 13 as an indica-
tion of the temperatures obtained with a single tube in free air,

% Note ~ excessive -~ not recommended by the author.
## Note - these heat concentrations apply to all of the tube sizes
mentioned.
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TABIE 13

Typical Bulb Temperatures

at 239C Ambie

nt

Percent Maximum Plate Dissipation

Tube Type Bulb Size 20 Lo 60 80 100
124U7 T-6 1/2 77°C 100°C 118°C 133°C 146°C

6CL T-5 1/2 6L°C  82°C  98°C 1139C 1259
6AH6 T-5 1/2 88° 103°%C 116°C 126°C 132°%C
5ULG ST-16 105°C 116°C 127°C 138°C 1L9°C
5687 -6 1/2 1239¢ 140°C 155°C 155°C 183°C

With increased ambient temperature the following envelope hot
spot temperatyres are reached for the above envelope types:

TABIE 14

Approxdimate Bulb Temperatures at Various Ambient Temperatures

(General values - not including correction for shapes)

Ambient Temp

.

Unit Heat Dissipation in Watts per sq. in.

(Sea level
_pressure) 1.0 2.0 3.0 L.0 5.0
230C 100°C 170°C 2309  *280°%¢ *310°C
160°¢C 220°C 260°C  *300°9¢  *3409c  *370°C
250°C #3109 *350°C  *3909¢  *h20°¢  *50°¢

# Note - Excessive - not recommended by author
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Fig. 52 presents the relative temperatures of various tube
types. Fig. 53 shows the bulb temperature vs. ambient tempera-
ture for types GAKS and 5702.

It is apparent that, at maximum ratings, excessive vacuum tube
temperatures can be obtained even in free air, When tubes are
used in equipment, these free air ambient conditions seldom ex-
ist. It is strongly recommended that the bulb temperature of
each tube used in an equipment under design or development be
measured to make certain that safe operating temperatures are
achieved., Gornell Aeronautical Laboratory Report HF-845-D-2 -
UManual of Standard Temperature Measuring Techniques, Units and
Terminology" presents methods for such temperature measurements.

CAUTION: Extremely effective cooling can reduce the envelope
temperature to a level which is far below the maxi-
mum rated temperature. This is an excellent practice
but it should not be used to increase the internal
element dissipation of tubes beyond their nominal
rated values. Such a practice is hazardous and over-
cooling should not be used in order to exceed the maxi-
mum rated power level of any tube.

THERMAL LIMITATIONS OF SEMICONDUCTOR DEVICES

GENERAL

Semiconductor devices are more temperature sensitive than vacuum
tubes. In a vacuum tube, the emitter (cathode or filament) oper-
ates at a relatively constant temperature which is essentially
independent of the environmental temperature. Such is not the
case in a semiconductor, since the temperatures of the active
elements are directly related to that of the environment. As a
result, a change in operating temperature usually modifies the
electrical characteristics of the device. Further, most semi-
conductors malfunction completely and become conductors at ele-
vated temperatures.

Certain circuits tend to stabilize the performance of transist-
ors. Such circuits are not within the scope of this report.

In general, it is desirable to operate semiconductors at the
lowest practical temperatures. This will permit a minimum of
derating and maximum performance. Unfortunately, only ambient
temperature ratings are available for most of the semiconductor
devices. Several manufacturers are in the process of determin-
ing surface and junction temperature ratings for transistors.
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2.

Selenium Rectifiers

Selenium rectifiers should be derated above 50°C ambient tempera-
ture when more than 1000 hours of life are desired. At no time
should the peak surface temperature exceed 135°C. The following
table displays typical deratings:

Ambient Temp. Per Cent of Per Cent of
Rated Voltage Rated Current
L5°c 100 100
60°C 100 80
80 100
65°C 100 65
80 80
70°C 100 50
80 65
75°C 80 L5
60 60
80°¢c 80 30
60 Ls
80°C max. 50 Lo

Fig. 5L also presents derating curves.

Germanium Diodes and Transistors

In general, these devices are extremely temperature sensitive.
Germanium temperatures of from 85 to 100°C at the junction or
point of contact usually result in the loss of the semiconduct-
ing characteristics. As soon as the temperatures are reduced,
the germanium can recover with only minor ill effects. However,
indium and other low melting temperature materials are frequently
used in germanium devices and it is possible to permanently damage
them by overheating. Usually, it is not recommended that ger-
menium devices be operated at peak internal temperatures exceeding
75°C., Certain germanium and silicon devices for operation at
higher temperature levels are now under development. Manufactur-
ers' ratings on these devices must be accurately followed.
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L. Magnesium Copper Sulphide Rectifiers

Hermetically sealed rectifier cells of these materials can be used
at temperatures as high as 200°C ambient. Typical ratings follow:
Operating temperature range - from 70°o 200°C ambient. At ambient
temperatures luwer than 100°C, operation at full rating should re-
sult in a life expectancy of at least 1000 hours. Wnen full life
(nominally 10,000 hours) is desired at ambient temperatures between
LO® and 100°C, the following derating formula is recommended:

. e}
Per cent of LO°C D.C. current rating = 100 x (230 = max.amb.temp.in "C)

90
5. Silicon Diodes

In general, silicon diodes can be used at maximum temperatures
ranging from 100 to 110°C. Silicon diodes and transistors for
operation at 200°C are under development., Other thermal character-
istics are similar to germanium diodes.,

6. Copper Oxide Rectifiers

In the region of the limiting value, that is, small current or
voltage, the dependence of such rectifiers on temperature is very
great, The internal resistance decreases exponentially with in-
creasing temperature. If the load resistance is significantly
larger than the internal resistance, the effects of temperature
sensitivity can be made to be negligible. Copper oxide recti-
fiers are rated for full load operation at 4O to 50°C ambient
temperature.

7. Dry Disk Titanium Rectifiers

These devices show promise for use at 125°C ambient temperature.

THE THERMAL LIMITATIONS OF MAGNETIC CORE DEVICES

1. General

Iron core reactors are considered to be less temperature sensi-
tive, performancewise, than any other electronic part, with the
exception of vacuum tubes, wWhen an inductance is used in a fre-
quency controlling element, temperature sensitivity is, of course,
present. Iron core reactors are third in order of importance as
heat sources. Like vacuum tubes, reactors which are operated
beyond safe temperature limits will have short life. Excessive
temperatures can cause the failure of insulating materials and
conductors leading to high reactor mortality. Insulation does
not fail by immediate breakdown upon arrival at some critical
temperature, but by gradual mechanical deterioration with time.
Ultimately, a short circuit occurs and subsequent'cremation" re-
sults. With class A insulation, for example, experience indi-

=
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indicates that the insulation life is halved for each 10 to 12°¢C
increase in temperature throughout the practical operating temp-
erature range. With liquid cooling (oil inmersion) the life is
halved for each 7 to 10°C increase in temperature.

The heat generated in reactors is produced in the magnetic core
and in the conductors. The primary mode of heat transfer within
conventional iron core reactors is conduction. Due to the neces-
sity for turn to turn and layer to layer electrical insulation,
the thermal resistance between internal hot spots and the surface
is large, and high winding temperatures can be obtained. If sur-
face temperature ratings are not available, the internal tempera-
tures of reactors should be determined with imbedded thermo-~
couples.,

Limiting Insulation Temperature

The life at the limiting temperature for any one class of insula-
tion may vary widely according to the quality of the material
used, the construction techniques, the mechanical strains imposed
on the insulation, and the kind of service to which it is applied.
From the results of experience with equipment in service and from
laboratory tests on various insulating materials, limiting insula-
tion temperatures (called hottest spot temperatures) have been as-
signed by the AIEE. They are of primary importance and useful as
a point of reference or "bench mark" in selecting the practical
values of observable temperature rise. "Hottest spot" temperature
values are not directly applicable for use in rating since the
"observable" temperature, that is, the temperature which is di-
rectly measurable in practical tests, is less than these peak temp-
eratures by an amount which may be widely different for various
types and sizes of reactors. This is due to the inaccessibility
of the hottest spot, non-uniformity of cooling, the thermal con-
ductivity and thickness of the insulation, the form of winding,
the rate of heat flow and the relative locations of the "hottest
spot" and the cooled surfaces. Therefore, temperature difference
allowances are included in the "hottest spot” (peak) ratings.

Class O Reactors

Class O insulation consists of cotton, silk, paper and similar
organic materials when neither impregnated nor immersed in a liquid
dielectric.

The maximum peak temperature for class O insulation is 9OOC° The
temperature difference allowance between the "hottest spot" and
the temperature measuring devices is approximately 5°C and the
maximum indicated temperature is therefore limited to 85°C.
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Class A Reactors

Class A insulation, as defined by A.I.E.E., consists of (1) cot-
ton, silk, paper and similar organic materials when impregnated
or immersed in a liquid dielectric; (2) molded and laminated
materials with cellulose filler, phenolic resins and similar
resins; (3) films and sheets of cellulose acetate and other cel-
lulose derivatives of similar properties; and () vamishes
(enamels) as applied to conductors.

The usual maximum peak temperature for class A insulation is
105°C, The temperature difference allowance between the "hottest
spot" and the temperature sensing element is approximately 5°C
and maximum indicated temperature is therefore limited to 100°C.

Class B Reactors

Class B insulation consists of mica, asbestos, Mylar, Fiberglas
and simllar inorganic materials in built-up form with organic
binding substances., Composite magnet wire insulation consisting
of Fiberglas layers covering polyvinyl acetal or polyamide films
are included in this class,

The maximum peak temperature for Class B insulation is 130°C.
The temperature difference allowance between the "hottest spot"
and the temperature sensing element is approximately 10°C and
the maximum indicated temperature is therefore limited to 120°C.

Class H Reactors

Class H insulation consists of (1) mica, asbestos, Fiberglas and
similar inorganic materials in built-up form with binding sub-
stances composed of silicone compounds or materials with equiva-
lent properties; (2) Teflon, silicone compounds or materials
with similar properties.

The usual maximum peak temperature for class H insulation is

250 to 275°C. The temperature difference allowance between the
"hottest spot" and the temperature sensing element is of the
order of 20°C and the maximum indicated temperature is therefore
limited to approximately 230°C., For long life it is recommended
that the maximum indicated temperature be reduced to 200°C.

Class C Reactors

Class C insulation consists entirely of mica, porcelain, glass,
quartz and similar inorganic compounds. No upper temperature
limits have been selected for this class of insulation.* It is
anticipated that the limit will be in the neighborhood of 260°C
because of the electrolysis which can occur in glasslike materials
at temperatures exceeding this level.
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THE THERMAL LIMITATIONS QF RESISTORS

1.

General

Resistors rank second to vacuum tubes in the order of magnitude
as heat sources. Almost all resistors have been designed for
cooling by natural means, Information related to their ratings
when liquid cooled is practically non-existent. In general,
resistors are provided with lugs or leads for free space mounting
and are thus cooled by conduction through the mountings, to-
gether with whatever radiation and convection is present. The
lead length and temperature of the points of attachment there-
fore can greatly influence the operating temperature of a resis-
tor in a given location. One of the factors which limit the
maximum temperature of many types of resistors is oxidation.

If the protective surface material, which is usually an enamel

or varnish, is damaged and exposed to the atmosphere, oxidation
of the resistance material occurs rapidly and the resistor is
destroyed. Hermetic sealing and inerting will tend to overcome
this difficulty. The ratings in the following sections are based
primarily on ambient rating in free air. Since the military re-
quirements may be more stringent than the commercial ratings,
where different ratings occur, the Bureau of Ships' ratings are
included in parenthesis.

Fixed Resistors

a. Carbon film resistors

Pyrolytic carbon, borocarbon, cracked carbon and other similar
resistors have essentially identical ratings for a given size.
They are rated for full wattage dissipation at 4O°C ambient
snd linearily derated to zero wattage at 150°C (120°C) ambient.
The maximum "hot spot" surface temperature for reliable ser-
vice is 120°C to 150°C, dependent upon the allowable change

in value.

b. Composition carbon resistors

These resistors are rated for full wattage dissipation at
LO°C ambient and linearily derated to zero wattage at 100°C
(70°C) ambient. The maximum "hot spot" surface temperatures
range from 110 to 130°C.

¢. Printed resistors

- owmas VLS VALY WU - =) 2= 84

upon the formulations utilized and the materials upon which
they are printed. In general, printed resistors are rated for
full wattage dissipation at LO®C ambient, and linearily derated
to zero dissipation at 75°C ambient. The maximum "hot spot*

The ratings of printed resistors vary widely, being dependent
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surface temperature is usually 85°C,

d. Palladium film resistors

These metallized film resistors are rated for full wattage dis-
sipation at 100°C ambient and linearily derated to zero wattage
at 150°C ambient. The maximum "hot spot" surface temperature
for long life is 200°C. Under short life conditions "hot spot"
surface temperatures as high as -30°C can be tolerated.

e. Glass resistors

Resistors consisting of a conducting metallic oxide film on
glass are rated for full wattage dissipation at 1L,0°C ambient
and linearily derated to zero wattage at 200°C anbient. The
maximum "hot spot" surface temperature for reliable service
is 225°C,

f. MNolded wire wound resistors

Wire wound resistors which are molded in phenolic materials
are rated for full wattage dissipation at 70°C ambient and
linearily derated to zero wattage at 150°C ambient. Maxdimum
surface temperatures should not exceed 150°C.

g. Wire wound vitreous enamel resistors

The average wire wound resistor of this class is rated for
full wattage dissipation at LO®C (25°C) ambient and derated
almost linearly to zero wattage at 225°C (160°C) ambient, de-
pendent upon the type. The maximum surface temperature is
usually approximately 280°C (275°). Embedded and similar
high temperature wire wound vitreous resistors are rated for
full dissipation at LO°C ambient and are essentially derated
linearly to zero wattage at L00°C. Their maximum surface
temperature is L15°C, Several miniature vitreous wire wound
resistors produced in England have the same ratings as the
embedded types. Liquid cooled ratings are available from
only a few manufacturers.

3. Variable Resisters

a. Vire wound variable resistors

Conventional low power, low operating temperature, wire wound
potentiometers with a linear taper are rated from two to four
watts maximum dissipation, dependent upon their size, at ol
ambient and are linearly derated to zero wattage at 105°¢
(100°C) ambient. Non-linear tapered controls are rated for
.01 watt dissipstion per degree of rotation at 40°C. The
ratings of power rheostats vary, dependent upon their con-
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stituent materials.

b. Composition carbon variable resistors

Ordinary variable carbon resistors are rated for one half watt
maximum dissipation at 40°C, linearly derated to zero at 75°C
(85°C). Special high temperature units are rated from two to
one half watt maximum dissipation, dependent upon their size,

4k 72n0M LA msn TV Smanmlar Aasand s A T
at 70°C, and are linearly derated to zerc at 150°C {120°C).

THERMAL LIMITATIONS OF CAPACITORS

General

Capacitors are not normally considered to be heat sources, with
the exception of electrolytic capacitors having high leakage cur-
rents and capacitors with relatively high loss factors in radio
frequency circuits in transmitters. The surface temperatures of
capacitors are usually those of the thermal environment. In
general, the leakage resistance of capacitors decreases with tem-
perature, so that their usable maximum temperature is determined
by the permissible circuit losses and their survival temperatures.

Fixed Capacitors

a. Paper dielectric capacitors

Most paper capacitors have'an upper temperature limit of 75
to 850C. High tem rgture paper capacitors have an upper tem-
perature limit of 125°C

b. Synthetic film dielectric capacitors

Capacitors using "Teflon", "Mylar", "Thermofilm" and similar
plastic dielectrics show promise as substitutes for paper
dielectric capacitors at temperatures ranging from 130 to 200°C
ambient. Such capacitors are still under development and until
more definite information relative to the life and thermal
capabilities of these capacitors are known, it is suggested
that the application recommendations of each manufacturer be
closely followed.

c. Glass dielectric capacitors

Glass capacitors are rated for service at 200°C maximum.

d. Mica dielectric capacitors

Mica dielectric capacitors are limited to peak temperatures of
the order of 120°C when they have plastic cases. Mica is an

excellent high temperature dielectric. Mica capacitors with metal

cases, or without cases, can be used at elevated temperatures.
> s
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e. Vitreous enamel capacitors

These capacitors are rated for 200°C service.

f. Barium titanate dielectric capacitors

Capacitors with high K ceramic dielectrics have upper tempera-
ture limits of the order of 85°C.

g. Electrolytic capacitors

High quality conventional electrolytic capacitors are rated
to 85°C maximum ambient temperature. Tantalum electrolytic
capacitors, dependent upon the type, are rated at 125, 150,
175 and 200°C maximum ambient temperatures, respectively.

Variable Capacitors

Almost all variable capacitors, with the exception of the barium
titanate dielectric type, use dielectric materials capable of
service at 200°C.

162



(e

RECOMMENDATIONS FOR DETERMINING aND IMPROVING THE THERMAL PERFORMANCE
OF ELECTRONIC EQUIPMENT

THE THERMAL ANALYSIS OF ELECTRONIC EQUIPMENT

The adequacy of a given thermal design can be determined by test
under either actual or simulated conditions and environments. Such
a test may involve many considerations, measurements, and evaluation
procedures. Such items as temperature, pressure, and air flow
measurements, proper simulation of the design environment, blower
power measurements and electronic performance are involved. Caution
should be exercised in avoiding radiation and convection effects
associated with nearby walls. Also, stray air currents should be
eliminated.

Coverage of all these items is beyond the scope of this manual.
However, excellent treatment of air-cooled equipment is contained

in AF Technical Report No. 6579 (see Ref. 6). This report is a com-
prehensive manual on the testing and thermal evaluation of air-cooled
electronic equipment. The factors outlined in Section IIT pertaining
to environmental ratings should be considered. In general, the tem-
perature rise within an equipment will be relatively constant over a
fair portion of the operating temperature range, all other factors
being unchanged. If modifications to the cooling system are necessary,
all thermal tests should be repeated after modification.

IMPROVING THE THERMaL PERFORMANCE OF EXISTING ELECTRONIC EQUIPMENT

Within certain limits the thermal performance of existing equipment
can be improved by modification. Improved natural cooling methods
and other similar simple techniques can be incorporated into much of
the current equipment.

The variety of cooling methods for existing electronic equipment which
is either malfunctioning due to heat or which must be operated in
thermal environments more severe than originally specified is limited.
An optimum cooling method for such equipment would probably depend on
the complexity of the installation, space, power, location, cooling
media available, cost, and other such considerations.

In general, the addition of forced convection may be the most practical
method. Another possible method is to cool the equipment cabinet with
a water cooled heat exchanger in intimate contact with the surface of
the case. Shipboard electronic equipment that has been designed for
cooling by forced air and is mounted in relay racks and cabinets can
be modified by installing water cooled heat exchangers (cold panels)

on the inside surface of the cabinet. The air inside the cabinet
should be recirculated through the equipment and across the cold
panels.
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Consider an electronic equipment which operates satisfactorily in
a specified thermal environment but must now function in a compart-
ment with a higher temperature environment. Galfunction will
probably result if supplemental cooling means are not provided.
Several pertinent considerations follow:

1. Can the equipnment operate satisfactorily using compartment air
in forced circulation within or arcund the equipment? If it
appears that compartment air can be used, other factors, includ-
ing compartment air inlet and outlet facilities, air ducting re-
quirements and fan power requirements, should be considered.

It must be remembered that the rejected heat in the form of hot
air cannot, in general, be dissipated into a compartment without
increasing the temperature within the compartment.

Existing ventilation and air conditioning systems cannot always
be utilized for equiprent cooling. The system may be overloaded
by the added heat load, rendering the space uninhabitable for
personnel.

Hot spots within the equipment can be a source of trouble, Air
may be forced through ducts and directed upon such hot spots.
This is one of the most simple and effective means of hot spot
cooling of existing equipment. Care must be exercised to prevent
the resulting hot air from overheating other electronic parts
which may already be operating at or near their maximum tempera-
turec. Thus, it 1s important to consider not only inlet air
ducting, but the collection and removal of the hot air as well.

If forced air cooling exists in the equipment, improved air flow
distribution within the equipment may be obtained by judicious
placement of ducts and baffles. In some instances blowers are
located haphazardly. The air should be directed to the tempera-
ture limited parts and hct spots. Temperature indicating paints
can be applied to locate critical items. Fins may be added where
necessary to provide larger cooling surfaces. where required,
critical parts may be relocated in the most advantageous position
with respect to the cooling air. Metallic conduction cooling of
temperature limited parts can be improved by better mounting
methods, OSee Section V.

2, Will the electronic equipment be placed near other heat sources
such as a hot pipe or other equipment? There may be alternative
locations available. Also, »erhaps radiation shields might be
used to minimize heat transfer from other heat sources to the
electronic equipment in question.

3. Is water available in the compartment for water cooling of the
electronic equipment? For example, water cooled tubing might be
soldered to the cabinet. 12 this instance, make sure that the
surfaces involved have sufiicient area to remove the heat from

o
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the cabinet. Another possibility is to force the internal air over
water cooled extended surface coils. See Section VII, The air
could be recirculated in a closed duct system. Altermately, the
assemblies and subassemblies can be made into more effective heat
exchangers. The electronic equipment may be packaged in an elec-
tronic equipment console constructed so as to contain trays with
liquid or air to carry the heat away. As previously mentioned, a
liquid would be preferable.

L. If sufficient air or water is unavailable for cooling purposes,
other means must be considered. One possibility is to force air
over cooling coils, the air being recirculated in a closed system.
The cooling could be accomplished by a vapor-compression system
using a refrigerant such as one of the Freons. The refrigerant
condenser can be located remotely for air or sea water coocling.

It should be noted however, that considerable equipment is required,
including piping,a compressor, a drive motor, a condenser, and the
various controls. Further, the work of compression together with
the heat removed from the electronic equipment must be removed in
the refrigerant condenser. Expendable evaporative cooling could
alsoc be used when cooling air or water are not available.

While the above generally recommends ducting air directly to the inside
of equipment, it should be pointed out that great care must be taken
in the design of the cooling air attachment fittings so that a minimum
of space, weight and maintenance time is expended through their usage.
The equipment should be easily connected to the duct when the equipment
is slid into place on its rack. For simplicity, it is desirable that
only air inlet ducting be provided.

The current practice of circulating cooling air at random through a
cabinet containing several items of equipment can be very inefficient.
With this arrangement, some pieces of equipment may be over cocled
while other items may be inadequately cooled. A more efficient cooling
system is possible if the cooling air is ducted directly to each equip-
ment item in the quantity required.

THE DESIGN OF EFFICIENT ELECTRONIC CIRCUITS

It is well known that the electrical efficiency of most electronic
circuits is very low, ranging from almost zero to a few percent. Care-
ful design will, in certain instances, increase the efficiency and help

to alleviate the heat removal problem by reducing the dissipated power.

It is recommended that each circuit be reanalyzed during its development
and if necessary, be redesigned to obtain the highest practical efficiency
prior to initiating the heat removal design.

To design efficient electronic circuitry it is necessary to examine each
electronic stage individually for useless power being dissipated as heat
during stand~by and full-output conditions. Secondly, an analysis of

the normal operational duty-cycle should be made. This will provide an
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indication of where the greatest quantity of power is being wasted
and which of the efficiency measures described in this section
should be utilized. Fig. 55 presents relative circuit powers.

1.

Reduction of Operating Voltages

In most circuits, excepting those wherein large output signals
are required, vacuum tubes will function satisfactorily with
adequate gain at plate supply voltages ranging from 80 to 125
volts. It is suggested that plate voltages of this order be
applied to reduce the plate dissipation, instead of the usual

200 to 300 volts. In general, the gain will not be significantly
reduced and the life will be increased. Further, lower voltage
parts which are smaller, lighter, and more economical, can be
used.

Reduction of Power Dissipated During Stand-By Conditions

With equipments that have long stand-by periods, as compared to
their operational periods in a normal duty-cycle, it is often
possible to redesign the equipment to make use of plate circuit
switching so that the plate supply will be de-energized during

the standby period. Further, it is possible to reduce the filament
voltage of vacuum tubes from, for example, 6.3 volts to 6.0 or even
5.9 volts during stand-by without serious effect on the operation
of the circuit or the 1life of the tube.

Use of Semiconductor Devices

Semiconductor devices are more efficient electrically than vacuum
tubes. There are instances wherein the application of such a

device will serve to increase the overall efficiency of the system.
These devices are extremely temperature sensitive and must be
treated accordingly. However, with proper care and stable circuit
design it is possible to obtain satisfactory performance, especially
in relatively low temperature environments.

Use of Magnetic Amplifiers

Blectronic engineers are, to some extent, prone to overlook the
advantages of magnetic amplifiers. In certain low frequency circuits,
saturable reactors have outstanding advantages. The inherent
efficiency of a magnetic amplifier is high. Vacuum tubes are
essentlally variable resistors, dissipating much of their power
input. Magnetic amplifiers are variable reactors exhibiting an
impedance rather than a resistance. The power loss is correspond-

ingly low.

Use of Special Circuits

An examination of most equipments will reveal that only the power
output stages require large input power. Often the preceeding
stages are operated at excessive power levels with respect to
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their function. More efficient designs will decrease the power
dissipation and perhaps eliminate some of the intermediate stages.
As an example, a radio receiver could operate with the RF and IF
amplifiers at low voltages. Only the audio output stage would
have high voltage and it could operate in class B. Power output
stages should be built to a design limit instead of using, for
example, a ten watt stage where only a five watt stage is required.
In certain applications semiconductor rectifiers can be used in
voltage multiplying circuits for high voltage power supplies, thus
eliminating a vacuum tube and power transformer.

In some amplifier applications it is possible to use a pentode tube
in a "starved circuit" and achieve an increase in over-all gain
together with a reduction in dissipated power. The additional gain
may be utilized to eliminate a stage of amplification or be applied
as increased feedback to stabilize the system.

In operating a direct-coupled pentode amplifier in a "starved
circuit", it is necessary to operate the pentode with a screen
voltage below 10 per cent of its plate supply voltage and to in-
crease the plate load resistor to ten or more times its normal
value. The starved condition decreases the transconductance and
increases the plate resistance. This results in an overall increase
of the amplification factor. Additional advantages are that it
requires few parts and has a gain of 1000 compared to a gain of 350
in the conventional R~C-coupled circuit. On the negative side, it
is limited in high frequency response by the large load resistance
in the plate circuit. This deficiency may be overcome to a small
degree by the addition of negative feedback in the circuit.
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Symbol

A

AHP

Gr

APPENDIX A

Symbols and Nomenclature

Quantity
Area, surface or cross-sectional
Air horse power
Convection modulus equal to %E?EEE
Constant in convection equations
Qonstant in convection equations
Specific heat

Flow rate by volume

Diameter, Dy equivalent diameter

Rate of change of temperature with
respect to distance

Electromotive force

Configuration factor in radiation
equation

Emissivity factor in radiation equation
Fan horse power
Mass velocity

Acceleration due to gravity

Grashof number equal to g B34t LBBZ
e
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Units

Engineering

System

Units

Commonly

Used in
Electronics

sq. ft.
h.p.

1
(£.)3(°F)

Btu
{£t.) (oF)

cu.ft.
min.

ft.

h.p.
1bs.

sq.ft.)(hr.
ft./hr.e

sq. in.

5

o]

E

in.

volts



APPENDIX A (Contd.)

Symbols and Nomenclature

Symbol Quantity

h Coefficient of heat transfer

h, Convection coefficient

hy.  HRadiation coefficient

hcontact Contact coefficient

I Current

k Thermal conductivity

L Length, characteristic length in
convection equations

m Exponent in convection equation

N Number of rows deep in tube banks

n Exponent in convection equation

Nu Nusselt number equal to E‘_L

P Absolute pressure

Pr Prandtl number equal to _l.i.é_(.

q Hate of heat transfer

qQ, By convection

4, By radiation

|_l
-~
o

Units
Units Commonly
Engineering Used in
System Electronics
Btu watts

(hr.)(sq.f+.)(°F) (sq.in.)(°C)

amperes
(Btu)(ft.) (watts)(in,)
(hr.)(sq.ft.)(°F) (sq.in.)(°C)
ft. in.
lbs.
8q.in.
%}‘3 watts



Symbol
R

Re

(&
L]

€

®

* ™ D

63
&
o

APPENDIX A (Contd.)

Symbols and Nomenclature

Quantity
Resistance

Electrical resistance

Thermal resistance
Radius
Reynolds' number equal to %%%3
Longitudinal pitch of tube banks
Transverse pitch of tube banks
Absolute temperature
Temperature, & temperature dif-
ference, t, mean temperature dif-

ference

Velocity
Flow rate by mass

Coefficient of thermal expansion
(for gases mumerically equal to
reciprocal of absolute temperature)
Difference

Emissivity

Viscosity

Density

Sum of

Stephan -~ Boltzmann constant

171

Units
Commonly
Engineering Used in
System Electronics
ohms
(hr.)(sq.ft.)(°F) (sq.ft.)°C)
Btu watt
ft. in.
ft.
ft.
%R oK
°F ¢
fhe , ft.
hr. min.
1bs.
hr.
cu.ft.
icu.ft.5Z5F5
1lbs.
zft.iihr.s
1bs.
cu.ft.
Btu watts

(hr.)(sq.ft.)(°R)F (sq.in.)(CK)b



List of Associated Cornell Aeronautical

APPENDIX B

Laboratory Reports

Description

Survey Report of the State of the Art
of Heat Transfer in Miniaturized
Electronic Equipment

Supplemental Bibliography to Survey
Report of the State of the Art of
Heat Transfer in Miniaturized
Electronic Equipment

Manual of Standard Temperature
Measuring Techniques, Units, and
Terminology for Miniaturized
Electronic Equipment

Final Development Report on Standard
Packaged Electronic Video Amplifier
and Hydrophone Audio Frequency
amplifier Subassemblies

Design Manual of Natural Methods
of Cooling Electronic Equipment

Design Manual of Methods of Liquid
Cooling Electronic Equipment

Date Bu Ships
Report of Contract
Number Issue Classification Noe.
HF-710- 3 Mar. Unclassified NObsr-49228
D-10 1952
HF-710- 3 Mar. Confidential NObsr-449228
D-10a 1952
HF-845~- 1 June Unclassified NObsr~630L3
D-2 1953
UM-647- 1 Sept. Unclassified NObsr-L3L31
D-22 1953
HF-845- Scheduled Unclassified NObsr-630L3
D-8 for Sept.

1954
HF-845- Scheduled Unclassified NObsr-6304L43
D-9 for Mar.

1955
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Heat Conduction Data for Various Materials at Approximately 65°C

APPENDIX C TABIES AND CHARTS

T4BLE 15

Density Heat Con- BTU/(hr.) Comparison
1b/cu.in. ductivity - k (sq.ft.)9F/ft with yellow
watts/(sq.in.) brass on
(°C)/in. wt. basis®
Silver 0.380 10.6 241 3.6
Copper 0.322 9.7 220 3.9
Gold 0.696 7.5 171 1.4
Aluminum, pure 0.098 5.5 125 7.1
Aluminum, 63S 0.100 5.1 116 6.6
Magnesium 0.063 4.0 91 8.2
High-beryllia 0.109 to 0.136 1.7 to 3.9 38.7 to 88.7 1.85 to 5.2
ceramics
Red brass 0.316 2.8 63.7 1.15
Yellow brass 0.310 2.4 5L .6 1.0
Beryllium copper 0.297 2.1 L7.8 0.9
Pure iron 0.284 1.9 L3.2 0.86
Phosphor bronze 0.318 1.3 29.6 0.53
Soft steel 0.284 1.18 26.8 0.54
Monel 0.318 0.9 20.5 0.36
Lead 0.409 0.83 18.9 0.26
Hard steel 0.284 0.65 14.8 0.30
Steatite 0.094L 0.06 13.6 0.08
Pyrex 0.094 0.032 0.728 0.CLL
Grade 4 lava 0.085 0.03 0.683 0.045
Soft glass 0.09% 0.025 0.569 0.03
Water 0.0361 0.0167 0.380 0.06
Mica 0.101 0.015 0.341 0.019
Paper-base phenolic 0.0L97 0.007 0.159 0.018
Plexiglas 0.043 0.00L7 0.107 0.016
P-li3 casting resin 0.045 0.00l46 0.105 0.103
Maple 0.025 0.00L2 C.096 0.022
Pine 0.018 0.003 0.067 0.021
Polystyrene 0.038 0.0027 0.061 0.009
Glass wool 0.001 0.001 0.023 0.1
Alr 0.000043 6.0C07 0.016 0.21

o L. R
“Computed as follows:

heat conductivity (material)

heat conductivity (yellow brass)

(From Ref.

1)

density (yellow brass)

density (material)
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APPENDIX C (Comtd.)

TABLE 16
PHYSICAL PROPERTIES OF THE USEFUL METALS
U >
o= -
o - —
= uw > = < > -
(&) (5] [~] [T -t QO = H =
= > - < (L] - — ey P - - W o .
w - ' x - W z - o< ) T DN (S o O o ~d O wxE
-— - — — - O o — p=1 _o W el - "
O > Q- - -z — T X NSO . O a > o w
B2 ) ¥z | gsg|zs8 |5E.co|33rgusdsEE
SUBSTANCE o5 S = §2a8 |225 |32 |(E3Egn8agrnES
Aluminum 2.87 Vaes 1217 3272 0-82;0 48 53 18,000
Antimony 6.76 050 1166 2624 Ioso} 4.2 3.5 1,000
Bismuth 9.82 0301 520 2300 . 0040 /.8 1.13 6,400
{ 7.8 } . 0057 15 23 9,000
Brass 8.6 092 1650t cena . 0064 30 17 40,000
{ 8.52 . 0051 3,500
Bronze 8.96 086 1650t e { . 0057 e e 25,000
Cadmium 8.65 . 0567 609.6 1430 . 0094 Ve e e
Cobalt 8.55 . 107 2696 e .0037 ‘e 18.9 34,400
Copper 8.85 . 093 1981.4 5050 . 0051 89 ?3.5 30,000
German silver 8.5 . 085 1850t chen 0055 8 {32 } verean
Gold 19.258 .032 1945.5 3992 0044 53.2 76.7 I4,000
lridium 22.38 032 H280% e 0020 ?? 38 0 PP
fron 7.9 113 2786 44y2 0036 {18 I7. 39,5004
I900} 2.8
lron, cast 7.22 1298 %%gg o 0033 1.9 { Iy e
{ron, wrought 7.70 1138 {2900} iébb .0035 e | 50'2%8
Lead I1.38 . 031 621.3 {3600} 0088 8.2 7.6 :400
Magnesium |1.75 . 025 1204 2048 . 0083 37.6 35.8 20,000
Manganese 8.0 e 2246 3452 e e . .
13.58 . 033 -37.97 680 , 0182 1.8 1.7 v
Mercury 5 {1 §0,000
Nickel 8.8 . 109 2642 . 0038 14 9.9 100,000
Osmium 22.5 . 031 4890t . .0020 e 16 . .
adi . . sens . 0036 17 15 50,000
Palladium 12.0 058 2822 { 20 30000
Platinum 2.6 . 032 3191 v 0027 17 10 50,000
Rhodium 2.4 . 058 3542 e .0026 30 23 ceen
i . 0567 1760.8 3550 .0068 10¢ 100 36,000
Silver 10.51 5 S0y | 6 6 50,000
Steel 7.9 A7 2550t e . 0030 {4 3 20,000
4.1
Tantalum { 16.1 } . 036 5250 cene . 0024 e 9.9 . .
Tin 7.35 . 056 $49.4 3800 . 0068 16.2 1.3 5,00
Titanium 3.54 e 3260t vaae [ e 13.7 '
Tungsten 18.8 . 033 6152 e veees 23 ,508'88g
linc 7.14 .096 786.9 1724 .0088 28. 1| 26 { 24,000

From: Useful Datz for Electrical Men - General

lectric Co.
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The middle colunn of figures (in bold type) contains the reading (

to be converted.

APPENDIX C {Contd.)

TABLE
TEMPERATURE CONVERSIONS

17

If cenverting from degress Fahre

read the Centigrade cquivalent in the colunn headed "C".

degrecs Centigrade to degrecs Fahrenneit,

the colun headed "F".

F or
nheit to degrees Centigrade
If converting from

c)

read the Fehrenheit eauivalent in

F 6 | F o |_F o] F o)
~126.4 —88  —66.67 1258 52 111 378 102 8 80 5100 o ”
—1228 —B6 6550 128.2 54 12.23 381.3 104 90.00 W4 168 240
—119.3 —84 —64.44 lu.g 56 13.33 384.8 196 #1.11 8.0 470 24
—115.8 — 82 —63.33 136. 58 14.44 388.4 108 92.22 Kil 6 472 244
—112.0 -80  —62.223 150.0 60 15.56 392.0 200 83.33 885.2 471 21v.
—108.4 —178 8111 143.0 62 16.67 3956 202 94.44 G848 478 245,67
—1048 -3 —60.00 e P 1778 39973 204 95.66 BO24 478 247,14
—101.2 -4 58489 s 6 18.89 402.8 2 96.67 646.0 140 248,80

—97.8 —~72  ~5718 oas 68 20.00 4064 208 97.18 B0 A 250.00
—94.0 - —66.67 . 7 L 400 210 98.89 0032 d4xd 251.11
—90.4 —68 5556 161.6 iz 3222 43¢ 212 100.00 0088 486 25322
~888 G5 5444 166.2 u 333 479 214 10111 0104 4K 253.33
—83.3 —61  —53.33 168.8 18 24.44 420.8 216 102 23 91a.0 490 254,44
—179.6 —62  —52.22 172.4 8 25.56 424.4 218 103.43 0179 102 255.66
—16.0 —60 5111 176.0 80 26.67 428.0 220 104.44 621.2 491 256.67
--12.4 --58  —50.00 179.8 82 27.78 4318 222 105.58 624.6 406 257.78
- 68.8 — 66 —4u_§9 }33‘3 84 28.89 436.2 224 106.67 928 4 198 264.89
- 65.2 - b4 —417.18 A 80 30.00 438.8 226 107.78 6152.0 oo0 260,00
~61.6 —5e —46.87 30 88 3L 442.4 228 108,89 $35.8 502 261.11
--58.0 -6  —45.58 194. 90 32.22 446.0 230 110.00 930.2 504 262.23
- 544 —18 —44.44 197.8 02 33.33 449.8 232 111.11 0428 K06 263.33
- 50.8 U —43.33 gg:-g g: 22‘:4 453.3 234 112,92 D46 4 508 204.44
—al2 —44 4222 204.8 o 355 456.9 236 117.33 ¥50.0 510 26458
-43.6 —42 —41.11 212- 8 36.67 460.4 238 114.44 053.8 512 266.81
--40.0 - 40 -—40.00 -0 100 31.78 464.0 240 115.68 067.4 514 267.18
—364 a8 -38n9 215.8 102 38.89 4494 242 11847 0608 516 260,60
--32.8 - 36 --37.748 ;3‘12293 118: 40.00 471.3 244 11718 064.4 518 270 00
S —ir o 661 3764 108 1.1 474.8 216 11489 POB.O 620 271,11
25.6 —382 3558 23000 e 42.22 478.4 248 120.00 071 4 2 272 21
-22.0 —30 3444 : 13.33 482.0 2060 12111 976.3 i1 973.33
-184 28 3333 233.6 12 4444 445 252 12223 070.8 b0 274 44
- 14.8 —26 ~32.22 gg;g ilé 45.56 489 2 551 12133 01z 4 0oR 295 60
2 i 244.4 118 67 402.8 256 124.44 P66 530 216,07
1.6 -2 EH 20 41.78 494.4 258 125.56 089.8 5y 277.78
—4.0 -2 248. = 48.89 500.0 260 126,87 093.2 il 2ib.g0
04 —18 21 1% 5000 503.6 262 12178 0968 b36 280 00
43.2 16 0.2 14 e 507.3 2i4 128 69 1000.4 538 281.11
+6.8 711 262 4 1“!; 5133 510.8 266 130.00 1004.0 510 262,93
1104 - 266.0 130 51 514.4 264 131.11 1007.6 542 203,33
t140 — 1o “bbe 14 518.0 270 132.23 1011,2 [£8Y 284.14
n e
+;Zg —g ;93-2 }‘ﬁ g:h*' 521.6 27% 13113 10118 510 285.53
+24'B :‘ 570“5 ];“; 5,1-71; 525.2 271 134.44 1018.4 iz} 286.617
+ZB.4 2 2“0'4 ll'ﬂi 56.89 528.8 276 135 56 10020 Hob 287 78
+32'0 +0 21”'0 1'40 GO.G;J 532 4 Rard 1146.67 10400 Sy 293 .33
+32. X . . 536.0 280 13718 1058.0 510 2V8.89
1358 +f nne b oxas §39.6 242 138,60 10760 580 304,44 |
H 428 +6 2048 146 63.33 543.3 281 140.00 tund ¢ 500 110 00
160.4 j*ﬂ 298:{ 148 04'44 546 H &3 1H 1 iz Lo d1a.h6
Ts00 4o 302.0 150 gs.56 Db Sy i HEng el ERY
. 554.0 40 14347 1146.0 (140 326.61
305.6 152 . ; .
NN i}f 3082 150 sa.o1 576 192 P 9060 630 37272
A T 3128 186 6383 o 294 HE 1164.0 G 33778
814 418 316.4 168 70.00 2 344 HEAT  agnlg gan 3301
1e8o 20 32000 180 1111 a4 298 MIGE 100 s 348,69
168, + ! 2120 400 198,84 i436.0 670 39144
+71.8 +22 gg;g }g: ;gig £15.8 502 15000 qagq g 680 200 00
+715.3 T 3308 166 1641 5792 304 15111 12740 690 ol Ao
I 1 334.4 168 15.66 28 o 18222 700 FETRTY
+82. + 338.0 170 76.67 Yan e 154.34 13100 T Pin 67
+88.0  +30 ' ' £90.0 1o 1440 g g 382,29
+89.6 +92 316 172 11.78 n9.4.0 12 155.56 13450 730 38718
4832 + 34 :3,:3; i;a ;g-gg 597 4 $11 150 67 1164.0 710 0433
4 96.8 4-8¢ 3524 178 Rt Aoy b 16 167.18 IRTIERN 250 K
-+100.4 +98 : : ut sin 1ot 8y 1460.0 0 404 14
+104.0 +40 ag8.0 180 82.23 £14.0 EY 166.00 1418.0 770 410.00
107.8 42 360.8 102 83.33 f11.0 Gy 16114 1436 0 T8t 415 0
11:1.2 41 ggg; }:3 ﬂ‘-g‘f £15.2 :’:'I 162 ’1? 1454 0 o 4 ;‘ 1
114.8 16 se e Bg.dg 6108 e 163.3% 14120 i) 420 6
118.4 48 370 4 80. 622.4 HEeY 1641 44 14410 0 10 430000
1220 50 3140 190 81.1¢ 6260 @50 105.58 15090 820 43776

“J
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T..3

. PP -
Properties of Air

i o T 3a X, . ) =
opecific Vo ad Thermal k Coeff.of a x 107°
Temperature Heat, |Density, |Viscosity, Conductivity, | Prandt) | Therral Free con~-
tu 1b. lc. 3tu Number | Bxpsnsion | vection
(1bX°F) | cu.fb. | (£t.)(ar.) (hy Y £1.)(°F) 1 Liodulus
. -z -
1 T : R +
°F (O
[ (cu. ft)(°F)
50 -6 0.239 | C.0968 0.036 0.0116 0.7 | 0.002uL 5.5
0 1 -17.8 0.239 0.0863 0.040 0.0132 0.72 0.00217 3.00
50 0.5 0.240 0.0779 0.0L3 0.01L5 0.71 0.00156 1.81
100 37.4 0.2L0 0.0728 0.046 0.0158 c.70 0.001.79 1.20
10 05.b 0.2L1 0.0651 0.0L9 0.0170 0.7C 0.00164 0.82
20C 93.3 0.2L41 0.0601 0.052 0.0182 0.69 0.00152 0.58
2561 121.1 | 0.2L2 | 0.0559 0.055 0.0192 0.68 | ©.001L1 c.ll
300 2L8.9 0.242 0.0522 ¢.oc%8 0.02i0 0.68 €.0013z 0.31
3%c| 176.7 | 0.2L3 | 0.0L90 0.060 0.0216 C.48 | 0.C0123 0.23 |
400 | 20L.L 0.2U45 0.0461 0.062 0.0227 0.47 0.00226 c.18
)450; 232.2 0.2L6 C.0kL36 0.065 0.0239 0.57 0.0011C 0.14
500 260.0 | 0.247 | 0.0L13 0.067 0.0250 C.66 | 0.0010h Cc.li
550 286.0 | C.2L9 0.0393 6.070 0.025h 0.66 0.00099 0.2%%
60C | 315.0 | 0.250 | 0.037h 0.072 0.0271 0.66 | 0.00094 0.9369
650 343.0 0,252 0.035¢ 0.074 0.0282 0.66 0.00050 0.055%
700{ 3711 ] G.233 0.034h2 0.07% 0.0291 0.55 0.20086 C.obk
*  Tuwle derived mainly from Ref. 11
S gpecific Heat at Constant Pressure
¥ pengity and Convection Modulus for Atmospheric Pressure (25.92 in Hg)
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TABLE 19

Properties of Air, Helium, Hydrogen, and Nitrogen

at 100°C, (212°F.)

c y 22 k a
Btu 1b. 1b. Btu Che 1
(W)EOF) | cu.ft. |(ft.)hr.) | (hr)(£t.)(°F) k | (cu.rt.)°F)
Air 0.241 | 0.0591 | 0.0527 0.0184 | 0.689 539,000
Helium 1.25 0.00816 | 0.05LL 0.097 0.700 9,810
Hydrogen 3.43 0.00L11 | 0.0254 0.129 0.676 11,000
Nitrogen 0.25 0.0571 | 0.0507 0.0180 |o.704 | 566,000
From: OSeveral sources
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TABLE 20

Emissivity Values of Common Materials

Materials "Emissivity at Low Temperature
Lampblack 0.95
Dull-oxide-type paints 0.94
asbestos and most nonmetallic 0.93

insulating materials
Most glass-type paint & enamels 0.88
Oxidized steel 0.75
Oxidized copper 0.70
Oxidized brass 0.60

Aluminum paint
Oxidized nickel or monel
anodized aluminum )

Oxidized aluminum )

¥For higher temperature values, see table 21.

From: Ref. L4

178

0.27 to 0.67
0.h2

0.22 to 0.40 normally, but
may vary from 0.05 to 0.75,
depending on thickness of
£ilm.



APPENDIX C (Contd.)

TABLE 21

Total Bmissivity Values for Various Metals & Glasses¥

Atb

Material Condi tion 100°C 320°C 500°C
Alleghany metal No. 4 Polish .13
Alleghany alloy No. 66 Polished 11
Aiuninum Commercial Sheet .09

" Polished .09%

" Rough Polish .18
Brass Polished .059
Carbon Rough Plate 7 g7 .72
Carbon, graphitized n " .76 .75 71
Chromium Polished 075
Copper Polished .052 to .0k
Copper - nickel Polished .059
Iron Dark Gray Surface .31
Iron Roughly Polished 27
Lampblack Rough Deposit 8L .78
Molybdenum Polished 071
Nickel Polished 072
Nickel-silver Polished 135
Radiator Paint, white Clean .79

" "t cream " J7

" " , black " 8L

" " , bronze " 5l
Silver Polished 052 to .03
Stainless steel Polished 074
Steel Polished .066
Tin Polished .069
Tip Commercial Coat .08l
Tungsten Polished Coat .066
dinc Commercial Coat .21
Fuzed quartz 1.96 mm.thick .775 .76 67
Covex D (glass) 3.40 mm.thick .83 .90 .91
Nonex (glass) 1.57 mm.thick .835 .87 .82
Aluminum paint .29

* (From Ref. 12)

182839 O -56 -13
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TABLE 22

Properties of Water

c m K a x 107
Temp. Btu 1b. Btu cu 1
°%  (16.)(°F)  (ft.)(hr.) (hr.)(ft.)(°F) k  (cu.ft.)(°F)

32 0.0 1.009 L.33 0.327 3.4

Lo L. 1.005 3.75 0.332 11.3 0.3
50 10.0 1.002 3.17 0.338 9.4 1.0
60 15.6 1.000 2.71 0.3k 7.9 1.7
70 21.1 0.998 2.37 0.349 6.8 2.3
80 26.7 0.998 2.08 0.355 5.8 3.0
90 32.2 0.997 1.85 0.360 5.1 3.9
100 37.8 0.997 1.65 0.364 L.5 5.2
110 L3.3 0.997 1.L49 0.368 4.0 6.6
120  L8.9 0.997 1.36 0.372 3.6 7.7
130 Sk.b 0.998 1.24 0.375 3.3 8.9
W0  60.0 0.998 1.4 0.378 3.0 10.2
150 65.6 0.999 1.04 0.381 2.7 12.0
160 71.1 1.000 0.97 0.38L 2.5 13.9
170 76.7 1.001 0.90 0.386 2.3 15.5
180 82.2 1.002 0.84 0.389 2.2 17.1
190 87.8 1.003 0.79 0.390 2.1
200 93.3 1.004 0.74 0.392 1.9

From: Ref. 11
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TABLE 23

Properties of Silicone Fluid -(DC550-112 Centistoke Grade)

c ! k ax 10'8

Temp. Btu 1b. Btu 1b. 1
O °c (1b.)(°F)  (£t.)(hr.) (br.)(£t.)(°F) ou.ft. (cu.ft.)(OF)

60 15.6 0.378 0.0783 67.0

80 26.7 0.386 0.0778 66.4

100 32.2 0.395 0.0773 65.9

120 37.8 0.405 132 0.0767 6L.3 0.32
140 60.0 o.41) 98.0 0.0761 64.8 0.43
160 7.1 0.425 74.0 0.0755 6l.2 0.59
180 82.2 0.437 57.0 0.0749 63.7 0.78
200 93.3 0.452 Ls.0 0.0742 63.2 0.99
220 10L4.4 0.470 36.0 0.0736 62.7 1.22
240  115.6 0.487 30.0 0.0729 62.2 1.45
260 126.7 0.501 25,5 0.0721 61.7 1.69
280 137.8 0.51, 22.1 0.0714 61.2 1.94
300  148.9 0.523 19.6 0.0707 60.8 2.19
320  160.0 0.531 17.3 0.0700 60.3 2.45
340 171.1 0.538 15.9 0.0692 59.8 2.72
360 182.2 0.5L4 1.3 0.0685 59.4 2.99
Flash point min. 300°%
Freezing point -50°
Coefficient of expansion, K x 1000/°C (25 to 100°¢) .75
Dielectric strength 800 volts/mil
Power factor at 25°C

10 cps .00158
10° cps .00003

Dielectric constant at 25% at 102 and 10° cps 2.9
Color Slightly yellow

Courtesy, Dow Corning Corp.
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TABLE 24

Properties of DC-701 Silicone Fluid

Color
Viscosity at 25°C
Freezing point
Boiling point at atmospheric pressure
Flash point, min.
Specific gravity at 25°C
Coefficient of expansion per lOOO/OC, 0°-100°C
Dielectric strength, volts per mil
Dielectric constant at 26°C and 10% and 10° cps
Power factor at 25°C
at 102 cps

at 105 cps

Courtesy - Dow Corning Corp.
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Clear water white
10 centistokes
-60°C

340°%

113°C

1.0L

.93

500

2.63

.0002

.0001
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TABLE 26

Properties of Mineral 0il (10-C Transformer 0il)

c Mo Kk a x 1078
Temp. Btu 1b. Btu 1
°° % (1) (°F) (£t.)(hr.) (hr.)(£t.)(°F)  (cu.ft.)(°F)
60  15.6 L1.7 0.0785 1.00
80  26.7 L2.7 19.9 1.30
100  32.2 L3.7 16.8 1.82
120 37.8 Lh.7 14.0 2.70
L0 60.0 45.7 11.6 3.60
160 71.1 16.7 9.7 L.55
180  82.2 L7.7 8.2 5.50
200  93.3 L8.7 7.1 6.40
220 10L.h L9.7 6.2 7.35
2o 115.6 50.6 5.3 8.30
260  126.7 51.6 L.6 9.25
280 137.8 52.5 4.0 10.20
300 148.9 53.5 3.5 11.10
320 160.0 5.5 3.0 12.05
340 171.1 55.5 2.7 13.00
360  182.2 56.5 2.3
Flash point 132°C
Fire point 149°C

Dielectric strength (nmew oil) 300 volts/mil
Dielectric constant at 1 M.C. 2.22

From: Pender, H. & Del Mar, W. - Electrical Engineers' Handbook, Lth
Bdition, 1951
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TABLE 27

Typical Properties of Perfluorocarbon Liquids

Identification

Number FCX-326 FCX-327 FCX-328
Empirical C7F1h CBFlé °8F15°1
Formila
Molecular 350 Loo L416.5
Weight
Boiling 76 102 129
Point
(°c.)
M.P. Glass Glass Glass
Index of 1,2762 1.2858 11.3170
Refraction (30°) (30°) (259)
Density 1.7959 1.553 1.869

(20°) (20°) (20°)

Dielectric 1.69-1.70 1.75 2.03
Constant¥*
Power 0.0045~ 0.0098- 0.0110-
Factor® 0.0005 0.0010 0.0008
Dielectric
Strength (2) 16,600 15,000 12,900
(Volts)
Direct Current
Resistancg 5.2x1012 1.2x1012 1.6x1012
(ohms/cm.”)

The following are the characteristics of Standard Transformer 0il:

Dielectric constant = 2.00 Power factor = 0.0053 - 0.000L
Resistivity = 1.1 x 1012 Dielectric strength = 1,400

¥From 100 cycles to 100 ke.
Notes: (from ref. 24) Method ASTM D 117-43, modified using 0.05L" gap.

Courtesy, duPont
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TABLE 28

Typical Solubility Properties of Perfluorocarbon Liquids

FCX-326 FCX~-327 FCX-328

(C7F1,) (CgF16) (CgF15C1)
Solubility (2)
(wt. % at 279C)
CHC14 7 10 Misc.
cely, Misc. 13¢3) Misc.
CHBOH Insol. 2.5 3.8
Ethyl acetate 15 13 Misc.
Acetone 10 9 L2
Petroleum ether Misc. Misc. Misc.
Ethyl ether Misc., Misc. Misc.
Benzene 3 L.6 21
0-dichloro- Insol. Insol. Insol.
benzene

Notes: (from ref. 2L) Solubilities of less than 1.0% are reported
as "insoluble'.
(At which point solution separated into two
substantially equal phases.)

Courtesy, duPont
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TABLE 29

Properties of Fluorochemical N-43

Formula

Physical state at room temperature
Odor

Formula weight

Boiling point

Freezing point (Glass Point)

Pour point

Densi

t
(g/:::c at 25°¢, 77°F)

Viscosity o o
(Centistokes at 25 C, 77 F)

Refractive index (25°C, 77°F)

Surface tension o
(dynes/cm at 25°C, 77

Coefficignt of volume expansion
(per "C) (25-L40°C, 77-10L°F)
(140-160°C, 284-320°F)

Specific heat R o
(cal/g/°C at 25-40°C, 77°-10L°F)

Heat of vaporization
(cal/mole at b.p.)
(cal/g, Btu/lb)

Vapor pressure o
(mn Hg at 25°C, 77°F)

Trouton ratio
Dielectric strength (ASTM-D 877)

Dielectric constant
(100 cps at 25°C, 77°F)

Power fuctor
(100 cps at 25°C, 77°F)

Volume-resistivity
(ohm-cm at 25°C, 77°F)

(ChF9)3N
Colorless liquid
Odorless

671

177°C  (351°F)
-66°C  (-87°F)
-50°C  (~58°F)
1.872

2.74
1.2910

16.1

11,100
16.5

0.3

2L.6
LO KV

1086

<0,0005

1084 - 1016

Courtesy, Minnesota Mining & Mfg. Co.
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TABLE 30

Properties of Fluorochemical 0-75

Formla

Physical state at room temperature
Odor

Formla w2ight

Boiling point

Freezing point (Glass point)

Pour npoint

Densi

t
(g/%c at 25°c, 77°F)

Viscosity o
(centistokes at 25°C, 77 F)

Refractive :adex (25°C, 77°F)

Surface *tension o
(dynes,’cm at 25°C, 77°F)

Coefficient of volume expansion
(per °C) (25-140°C, 77-10L°F)
(40-80°C, 10L-176°F)

Specific nzat
(cal/g/°C at 25-L0°C, 77-104°F)

Heat of aporization
(cal/wole at b.p.)
(cal/e)
Thermal zonductivitv. Liquid
(BTU /hr./sq.ft . /OF.ft.)(25°C, 77°F)
(60°C, 1LO°F)
Dielectric scrength (ASTM-D877)

Dielectric canstagt o
(100 cps at 25°C, 77°F)

Power factor o
(100 cps at 25°C, 77°F)

Volume :esistivity
(ohm-cm at 25°C, 77°F)

Courtes., Miwescta Mining « biis. Vo.

188

CgF140

Colorless liquid
Odorless

116

101°C (21L4°F)
-113% (-171°F)
~100°C (-1L8°F)
1.760

0.82
1.276

15.2

0.071
0.05Y4
37 KV
1.85

<0.000%

2ot q016
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