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ABSTRACT

Analytical and experimental work have been performed to investigate
the feasibility for heat pipe technology for electronic equipment thermal
control. Temperature level and uniformity, amplitude and the frequency
of thermal cycling have significant adverse effect upon the reliability
and operational characteristics of electronic equipment. In order to pro-
mote heat transfer and improve the temperature distribution, the electronic
equipment cooling plates (cold plates) were provided with integral heat
pipes. The experimental cold plates which were tested can be divided into
three general categories: (1) conventional fin-tube configurations, (2)
fin-tube configuration provided with temperature control capabilities
{constant temperature or variable conductance cold plate), and (3) flat,
continuous cavity configuration. Actual and simulated electronic components
were attached to the plates and used as heat loads,

Test results have shown that the high thermal conductance of the
heat pipes provided excellent temperature distribution throughout the
plates, thus maintaining all of the equipment attached to them at a
uniform temperature. Close temperature control of the plate could be
achieved by utilizing variable conductance heat pipes with noncondensible
gas reservoirs. Thermal cycling caused by equipment duty cycles or heat
sink temperature changes was significantly reduced. Application of heat
of fusion materials or evaporative coolants within the cold plates can
also reduce thermal cycling or extend operational time for the safety of
flight equipment under emergency conditions.

It must be pointed out, however, that all of the cold plates tested

were quite sensitive to orientation. Only a few degrees of inclination

iii



with the evaporator section up caused degradation of the plate's themmal
performance, while inclination with the condenser end up improved per-
formance. Dynamic forces caused by aircraft maneuvers will also have
effects upon heat pipe performance; these effects, however, were not

investigated under this study.
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SYMBOLS

area, sq. ft.

wick area, sq. ft.

specific heat, Btu/1b, OF

heat capacity, Btu/°F

diameter, ft

wick friction factor

acceleration due to gravity, ft./hr2 or ft/sec2
mass velocity, 1b/sec,

2

universal gravitational constant, ft. Tb,/1bs hr

height Sf liquid column, ft or, heat transfer coefficient, Btu/
hr ft¢ OF

Heat of fusion, Btu/1b

latent heat of vaporization, Btu/1b
thermal conductivity, Btu/hr. ft. OF
thermal conductance, Btu/hr O
permeability constant, ft2

i1Kpres§gre recovery in the vapor (for zero pressure recovery
v=

length, ft

length of adiabatic section, ft.

length of condenser section, ft.

length of evaporator section, ft.
mass flow rate, 1b/hr

mesh size, wires/inch

pressure, 1b/ft2



capillary pumping pressure, 'Ib/ft2

pressure drop in liquid phase, lb/ft2

pressure drop in vapor phase, 1b/ft2

pressure due to difference in elevation, b/ ft2
heat flow rate, Btu/hr

radius of the wick pores, ft

wire radius, in.

radius of the vapor channel, ft

inside radius of pipe, ft

resistance to heat flow, OF hr/Btu

thermal resistance of liquid saturated wick, °F hr/Btu
temperature

overall heat transfer coefficient, Btu/hr ft2 OF
flow velocity, ft/sec

slope angle (measured from horizontal)}, degrees
contact angle, degrees

porosity,e = (V¢ - Vg)/V¢

absolute viscosity of liquid, 1b/ft/hr

absolute viscosity of vapor, 1b/ft/hr

kinematic viscosity of liquid, ft2

kinematic viscosity of vapor, ftz/hr

density of 1iquid, 1b/ft3

density of vapor, 1b/ft3

surface tension, Tb/ft

time, hrs
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I INTRODUCTION

Effective heat transfer and removal is essential to the achievement
of long life, high reliability and performance of electronic equipment.
Operating temperature is a major factor in microelectronics reliability,
and failure rates are commonly related to the junction temperature.
Transistor characteristics, such as the transfer ratios, switching time,
reverse current, breakdown voltage, etc. may vary with even small
temperature changes. In order to minimize the failure rate and achieve
successful operation of electronic equipment, low, stable temperatures
are required. Reference 1 points out that failure rates increase by
approximately a factor of 10 between 259 and 125°C. In addition, for
electronic stability, a constant temperature environment is also required.
Most failure modes in integrated circuits are openings in the metal
films that interconnect integrated circuit components, open bonds between
the metal films, and lead wires that provide for electrical connections
to the exterior. It is a known fact that cracking is caused by
thermal cycling. Reference 2 points out that temperature cycling
of electronic parts in a system have a significant adverse effect on the
reliability of the system. The same reference has also shown that
when the cycling environment was made less severe {reduced fregquency of
cycling), there was no observable difference between the reliability of
the cycling systems and the constant temperature systems. Also, Reference
3 came to the conclusion that temperature cycled part Tife may be as much
as six to seven times less than similar parts operated at constant temperature
conditions. This reduction occurred even though the constant temperature

parts were operated at a temperature approximately 100°F higher than



the maximum temperature of the cycled parts.

RADC Reliability Handbook (Reference 4) presents two rating points
for each device: one for maximum permissible junction temperature and
the other for the maximum case or ambient temperature at which 100
percent of the rated Toad can be dissipated without exceeding the
specified maximum junction temperature (derating point, Ts). Some
maximum ratings are based on operation at 25°C ambient temperature,
while others on a 259C case temperature (the latter generally for
nower devices used on heat sinks). Figure 1 shows a rating chart for

a microelectronic device.
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FIGURE 1. RATING CHART OF A MICROELECTRONIC DEVICE

Ts - the temperature derating point (usually 259C)
Tmax - Maximum junction temperature

Ty - ambient or case temperature



Maximum junction temperature is normally 175°C for silicon and
1009C for germanium devices. The maximum junction temperature for
copper oxide rectifiers is from 65°C to 80°C, and for selenium about
859C. In order to operate semiconductor devices at higher power levels,
the environmental or heat sink temperature must be lowered. This has
been done by using temperatures as low as that of liquid nitrogen. As
far as air cooling is concerned, a common "rule-of-thumb" is that forced
air cooling is not required 1T the heat flux {total dissipation divided
by case surface area) is less than 1/4 to 1/2 watt/inz. The higher
value applies to well vented cases with parts mounted conductively.

When forced air is used for cooling, heat fluxes of approximately 2
watts/inZ can be removed. Reference 5 showed that a power transistor
which could dissipate 70 watts when mounted on a heat sink at 25°C

had a maximum power dissipation of approximately 2 watts when mounted

in free air. Furthermore, present weapon systems, because of the large
amount of electronic systems and thus Targe heat generation rates, impose
limitations on the amount of air available for cooling. Also, conventional
air cooling systems diminish in effectiveness at high vehicle speeds and
high altitudes.

The above considerations, therefore, must eventually lead to alterna-
tive cooling methods such as circulating liquids, expendable coolants,
and fuel heat sinks or combinations of these. Present and near future
developments indicate that power densities can reach values up to 103
watts/in3 for conventional solid state devices. In IMPATT diodes the
wafer power flux can reach values up to 106 watts/in? (Reference 6).
These extremely high heat generation rates are well above the heat load
capabilities of present conventional cooling systems.
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When considering the cooling of semi-conductor devices, the most
practical method of removing waste heat from the device is by metallic
conduction. Such cooling techniques can be best provided by application
of cold plates cocled by a circulating liquid. Two general designs can
be realized from such cold plates: (1) the cold plate is provided with
passages through which coolant is circulated, and (2) the cold plate
is provided with heat pipe passages which collect and transfer the
equipment waste heat to the circulating coolant. This effort, however,
will be mainly devoted to development of electronic equipment mounting
plates (cold plates) provided with heat pipe passages. Such plates
can provide not only uniform temperature equipment mounting surfaces,
but can also provide temperature control by introducing non-condensible
gas into the condenser section of the heat pipe. Quite a close temper-
ature control can be achieved by this technique without application

of sophisticated thermal control systems.



IT THERMAL PERFORMANCE OF HEAT PIPES

Although thermal analysis and performance characteristics of heat
pipes héve been covered in many technical reports and papers, the basic
theory and equations will be presented in this report. Figure 2 shows a
schematic of a heat pipe consisting of a constant cross-sectional area

vapor flow passage surrounded by an annular wick,
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. J - v A A A S o va . RAABASACAT O i R
BRER H RERER R
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FIGURE 2. SCHEMATIC OF A HEAT PIPE

The working fluid is evaporated at the evaporator section, transferred
through the vapor flow passage to the condenser section where it is
condensed, and returned through the wick by capillary action to the
evaporator section. As both the boiling and condensing processes take
place at a constant temperature, the internal temperature of the heat
pipe is practically constant (assuming a negligible pressure drop in

the vapor space).



For optimum operating conditions, the wick thickness can be determined

from the following expression given by Reference 7.

Y = 273 (1}

Assuming that the maximum heat flux which the heat pipe can transfer
depends upon the capillary pumping pressure, the following equation must
be satisfied:

APy + APy + APg = AP (2)
When the heat pipe orientation is horizontal, ng = 0, and

AP, = APy + AP (3)

The capillary pumping pressure or driving force results from the

adhesive force of interfacial wetting and can be expressed as

20C0S0 (4)

e
The maximum driving pressure occurs when the wetting angle & = 0, and

under such conditions

AP = 20 (5)

The gravity head is given by

APg = pg—g—-L sin « (6)
dc

Neglecting effects of gravity, the wick provides the only resistance to
liquid flow from the condenser to the evaporator. Because of the low
flow rates and velocities encountered in capillary flow, it can be

assumed that the flow is laminar and Darcy's law, therefore, will apply



aPy = Megla (7)

Ancther expression, based also on Darcy's law, can be used for determining

the liquid pressure drop as a function of heat flow

APy = V& Q (le+latlc) (8)
For a cylinderical pipe, the pressure drop in the vapor passage as given
by RCA is:
2
wpy = O3 (9)
8Ry*py 9¢

Equation (8) is based on the assumption of uniform heat input in the
evaporator section, and uniform rejection in the condenser section.

The only unknown in the above equation is the permeability constant, Kp,
which can be determined experimentally using laboratory test techniques.
Neglecting APy and assuming that Lz = 0 and o = 0 Reference 8 gives the

following expression for Quax:

. - hf
Qmax = 4 (ONfgy KpAwdc - 2 pg"fg, g sin (10)
( Vg ) TCL ( vy ) pAW *

Neglecting gravity forces the second term disappears, and

Qmax

( ) (17)
v rCL
The wick friction factor, expressed as fy, = 1/Ky can be measured by
passing fluid at a known rate through a sample of known size. The
pressure drop across the sample can be measured, and f, can be determined

from the following expression:



£, = AL APF (12)
AX  ug Wy,

where At is the total cross-sectional area of the sample perpendicular
to the liquid flow direction, ax is the length of the sample, APf is
the pressure drop across the sample, and w2 is the liquid flow rate.
With reference to Equation (5), accurate prediction of AP, however,
is impossible because wick surfaces do not exhibit clearly defined uni-
form circular openings with measurable radii. In addition, wettability
is a function of the working fluid and wick material, and values of @
cannot always be obtained or assumed to be zero. AP, can, however, be
determined experimentally by using wick capillary pressure tests.
Reference 9 gives the following expression for determining capilliary

radius of wire cloth wick

e = N T Pw (13)

Where M - mesh size, wires/inch

ry - wire radius, inches

1. Radial Heat Flux Limitations

There are two limiting factors which must be considered in the design
of heat pipes: (1) when the vaporization rates are too high, the
capillary forces may not be sufficient to deliver liquid to the
evaporator séction of the heat pipe, and (2) if vapor does not leave
the vaporization interface at the rate it is produced then, liquid will
be excluded from the interface and the vapor will expand and blanket
the heated surface. In either of the two cases the effects would be

a sharp increase in the heat pipe wall temperature at the evaporator



section.

Although there is a very small temperature dropvalong the longi-
tudinal axis of the heat pipe, the main temperature gradient occurs in
the radial direction at both the evaporator and condenser sections. Only
limited effort has been devoted to heat transfer studies of wick covered
surfaces and only limited data are available about boiling and condensing
heat transfer coefficients from wick covered surfaces. The heat transfer
rate, based on the overall heat transfer coefficient, can be expressed
as follows:

Q = UAat (14)

The total thermal resistance of a heat pipe consists of the series
resistances of the evaporator and condenser

Rt =Re+Re=(—L) * (1 _
t e C(UA . (UA )c (15)

For a tight, Tow porosity wick, RCA gives the following radial conduction

equation:
Kp = 2Tl Kyby (16)
(R
Ry
where
kwty - Composite thermal conductivity of the wick, 1iquid and

possibly intrapped vapor bubbles
When nucleate boiling takes place within the wick, the evaporator con-
ductance is expressed by:

Ke = 27Ry Lgh (17)
where

h - boiling heat transfer coefficient determined for the

specific fluid, heat pipe and operating heat flux.



h = Kug (18)
Sy

kwg ~ Thermal conductivity of liquid saturated wick -
condition at low heat fluxes

Sy = thickness of wick, ft

For heat transfer surfaces covered with thin metallic wicks, equa-

tion (18) will give values which are too high, and other analytical
expressions must be used for determining evaporative heat transfer coef-
ficients. Reference 10 has investigated evaporative heat transfer coeffi-
cients for a 1.0 inch outside diameter horizontal copper tube embedded in
water saturated ceramic fiber wick. The data were correlated over a heat

flux range from 1000 to 10,000 Btu/hr. £t.2 OF by using the following

equation:
" c 0.6 0.21 -0.77
( |) ( 1 ) ( pfl g ) = 0.072 (DEG ) (]9)
CG K p2 u
Where G' = WE%E 1b/hr ft2 (20)
De = 4ry = 4 _E_ (21}
As

In the above reference the author concluded that, at low heat flux, the
evaporative heat transfer coefficient for a wick covered surface was
higher than that for pool boiling from a plain surface. The following

reasons have been given for the above phenomena: (1) wick fibers
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increase the effective transfer surface area and provide active sites
for bubble formation, and (2) the wick fibers greatly increase the ratio
of heated surface to 1iquid volume (this increases the rate of superheat
of liquid near the surface, thus aiding the formation of vapor bubbles).
Reference 11 presents results of pool boiling of distilled water

(at one atmosphere pressure) from horizontal, stainless steel tubes
spiraled by 1/8 and 1/4 inch diameter organic fiber wicking in a coil-
1ike manner., The test runs were performed with eight, sixteen and
twenty six evenly spaced spirals. It was observed that the wick
spirals around the heater section produced much earlier nucleation
in the saturated liquid pool. At about 29F, superheat sites were
activated while about 10°F was required without wicking. Also, as
the number of spirals increased, the greater was the improvement
in the film coefficient over no wicking runs. With 26 spirals of
wicking around a six inch heater Tength, the film coefficient was four
times greater than for a non-wicked surface at atgat of 20°F. The
wicking spirals, however, did not increase the critical heat flux of
the heater surface. The improvement in heat transfer could be observed
at the Tower heat fluxes only. The results are in complete agreement
with Reference 10.

'Extensive experimental data have been presented in Reference
12, where evaporative heat transfer coefficients were determined
from planar wick covered surfaces using water and Freon 113 as

evaporants. This reference points out that equivalent or superior
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performance can be obtained with wick covered surfaces as compared to
surfaces with no wicks. The data, however, indicate that, depending
on the structure of the wicking material, the entrapment of vapor
bubbles in the wick matrix may cause premature film boiling in the wick
at relatively low heat fluxes. Reference 12 also points out that the
boiling heat transfer coefficient of two-Tayer thick screen is signi-
ficantly higher than that of the seven-layer thick sample. Figure 3
shows results of wick boiling tests with Freon 113 as presented in
Reference 12.

Based on the studies performed, a conclusion can be made that the
approximate critical heat flux can be determined by a semi-empirical

equation developed by Rohsenow and Griffith (Reference 13).

0.25 0.6

gcr = 143 heg ov (L) (elp¥) (23)
9¢ A

or the following equation developed by Zuber

-0.25 0.5
9cr = 0.18 hgg pv [Eiﬁfé%;lgﬂgj (pﬂ-iv) (24)
P

Correlations with Equations 23 and 24 have also been performed for Freons
E2 and C51-12.
The condensing heat transfer coefficient can be estimated by

Nusselt's equation for film condensation on horizontal tubes

2 0.25
he = 0.725 9" g k3
Duat
or, when the value of g {4.17 x 108 ft/hr?) is removed from the brackets,

(25)

the equation may be expressed as

3
he = 103.7 (k PN g (26)

12
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where st - difference in temperature of the vapor and wall, O,
If the thermal resistance of the liquid saturated wick is large compared
with thermal resistance of condensation, the following equation may
be used for determining condensing heat transfer coefficient:

he = I;_:L | (27)
Reference 9 gives the following equation for determining thermal
conductance of liquid saturated wick:

kwg = ekg + (1-€) ky (28)
where ¢ is porosity of the wicking material.

Heat transfer through the condenser section of the heat pipe,

(see Figure 4), can be divided into four separate items.

/— Wick

ANANNNNN

FIGURE 4. CONDENSER SECTION OF HEAT PIPE

(1) Condensation heat transfer coefficient on the wick covered
surface.

(2) Conduction heat transfer through 1iquid saturated wick.
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(3) Conduction through tube wall.
(4) Convection heat transfer to coolant {heat sink).
The overall heat transfer coefficient at the condenser section of the

heat pipe, therefore, can be expressed as follows:

- 1+ X+ oo+ 1 (29)
U hj K1 k2 ho

or
U = 1

1 + X1 + x2 + (30)

R

Both the evaporator and condenser surface areas are important items
in heat pipe thermal performance. When the evaporator is covered with
a vapor film, a critical heat flux is reached which will cause a drastic
rise in the temperature of the evaporator surface. This condition should
be avoided. For a given heat load, the evaporator surface area must be
properly sized to ensure operation below the critical heat flux.
Similarly, care must be taken for properly designing the condenser sec-
tion in order to reduce the radial temperature drop. Under gravity condi-
tions some portion of the condenser can be designed without a wick,

significantly reducing the resistance to heat flow.

2. Constant Temperature Heat Pipe
The constant temperature heat pipe was an early development at RCA

employing an inert gas blanket in the condenser section. Figure 5

shows such an arrangement.
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FIGURE 5. CONSTANT TEMPERATURE HEAT PIPE

The inert or noncondensible gas is employed to control the heat rejection
area of the condenser section. Under low heat transfer rates the non-
condensible gas will occupy most of the condenser length reducing the

heat transfer area. As the heat load is increased the noncondensible gas
will be forced by the working fluid vapor flow into the reservoir exposing
a larger condensing surface area. As a result, the heat pipe becomes a
device of nearly constant temperature. Because of the short mean free
path of the vapor molecules at normal internal pressures, the vapor pene-
tration into the non-condensible gas is quite small and the interface has
a very sharp temperature gradient.

Although the operating temperature of the constant temperature heat
pipe will be higher at lower heat dissipation rates than an equivalent
conventional heat pipe's temperature,fluctuations caused by heat load changes
can be significantly reduced by this simple passive thermal control tech-

nique. This technique of temperature control can be applied to electronic

eguipment cooling when the amplitude of thermal cycling must be reduced.
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IIT COMPONENT MOUNTING AND HEAT REMOVAL

Semiconductor devices (rectifiers, transistors, resistors, etc.) of
medium and high power dissipation have power losses which cannot be suffi-
ciently transferred to the heat absorbing medium without special provisions.
For air cooling techniques this usually has been achieved by specifically
designed heat §inks consisting of heavy and large metal bases provided with
extended surfaces. For forced air or liquid cooling systems the heat generat-
ing components are mounted on the fluid cooled chassis or cold plates. Because
the forced flow heat transfer coefficients are much higher than the natural
convection coefficients, particularly when liquid coolants are used, a signi-
ficant weight and volume savings can be achieved.

Consider an ordinary air cooled heat sink with a power diode or rectifier
mounted on it. Heat, generated by the device flows mainly to the base of
the device, then across the mounting joint and through the heat sink to the
surrounding air. Figure 6 shows a rectifier mounted on an air cooled heat

sink. Electronic Component
Heat Sink

A m@'r)hf—x o Rj-b

| T,

Resistance Network

FIGURE 6. COMPONENT MOUNTING ON A HEAT SINK



The total thermal resistance {R¢) can be expressed as follows

Rt = Rj_g = Rjop *+ Ry.g + Rgg (31)
where
Rj-b - thermal resistance from junction to mounting base
Rb-s - thermal resistance from component mounting base to heat sink
(contact thermal resistance)
Rs-a - thermal resistance between the heat sink and the ambient air.

Actually, the heat sink will also have a certain resistance to

heat flow and will cause a temperature drop. However, because of the
large cross-sectional area and high thermal conductance of the material,
this resistance is usually neglected. The above thermal resistances can
be found in manufacturers handbooks, and the junction temperature can be

determined from the following expression:

Tj - Ta =P (Rj.p + Rp.s + Rs-3) (32)
where P is the power generation rate in watts.

The junction temperature for stud or flange mounted devices is the
base or flange temperature plus the product of the thermal resistance
{(Rj-b} and the power dissipated in the device, or

T3 = Tp + PRy-p (33)
The thermal resistance from junction to ambient or any other type of
heat absorbing medium is an important characteristic in design of transi-
stor circuits. Increase in temperature from the specified value will re-
sult in changes of the transistor characteristics. Operating a transistor

at or near its maximum power dissipation Timits can cause a
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condition known as “thermal runaway". If the heat generated at the
transistor junction is not dissipated at a proper rate, current flow
through the junction will increase and the transistor will burn out.
Figures 7 and 8 show rating charts for two types of RCA transistors.

It can be seen that when the temperature is increased over a specified
limit, the power dissipation rate must be reduced. The AFSC Design
Handbook for Microelectronics indicates that: "The thermal engineering
design of equipments incorporating integrated circuits must be oriented
toward lowest practical junction temperatures. In no case, however,
should such designs allow these temperatures to be higher than 50°C
below the maximum junction temperature specified for the circuit".
Power transistors are generally furnished in packages that can be
attached to heat sinks or cold plates. All germanium power transistors
are packed in air-tight hermetically sealed metal cases. Many silicon
transistors are made in hermetic cases, but since the surface of sil-
icon devices can be passivated to prevent contamination, molded plastic
packages are also used. Such packages can provide economy and good
performance but require more careful heat sink design. In accordance
with Reference 14 for power transistors in which the junction is
mounted directly on the header or pedestal, the total internal resistance
from junction to case {(or mount) varies from 50°C/watt to less than
19C/watt. Thermal resistance from the mounting flange or base to the
heat sink can be made quite small, and usually is within a fraction of
a degree per watt. To compensate for the Tow convection heat transfer
coefficient from the heat sink to the ambient air, and thus reduce the
thermal resistance, the heat transfer area of the heat sink must be made

large.
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Under many conditions {unless a grounded collector circuit is used)
some form of electrical isolation must be provided between the case
and the heat sink or cold plate. The best washer materials for this
application are mica, teflon, beryllium oxide and anodized aluminum.
Figure 9 shows an arrangement when washers are used for electrical
isolation. The increase in thermal resistance using mica or aluminum
oxide washers is about 0.59°C/watt minimum. Beryllium oxide, however, is
five to six times better as a heat conductor than aluminum oxide.
It can be assumed that application of such washers will increase the
contact resistance, Rh.g, by a factor of about 10. Since the total
thermal resistance must have a fixed maximum value for a given power
dissipation and cooling medium temperature, the increase of Ry_g

has to be compensated by a reduction of Rg-j.

Teflon Washer ﬁj;ﬂ - MICA Washers

/,_ Heat Sink

Y AN SIS = J 75

Terminal Lug

Lock Washer

FIGURE 9. STUD MOUNTED RECTIFIER ASSEMBLY

This can be achieved by using larger heat sinks, or cold plates cooled
by circulating liquid coolant. Compared with air cooled chassis or
cold plates, Tiquid cooled cold plates are much more efficient.

Conventional cold plates can be cooled by a fluid forced through
tubes which are in contact with one side of the plate or plates, or

the plate may consist of a sandwich type heat exchanger, Effectiveness
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of such cold plates will depend upon spacing of fluid passages, fluid
flow rates and fluid properties, plate thickness and thermo-physical
properties. If an avionics system cooling was based on such a cold
plate design, a significant length of tubing would be required making
the system vulnerable to general leaks and battle damage, besides
pressure drop and flow distribution problems. Application of heat pipes
in cold plate design will not only significantly reduce the length and
amount of tubing, but will provide simple, passive control techniques
for temperature sensitive electronic equipment. Furthermore, the heat
pipes can also be utilized as structural members thus providing a
weight advantage.

Consider a cold plate having heat pipe passages and some circulated
fluid as an ultimate heat sink. Heat, generated by the electronic
component, will be transferred into the component's mounting base or
flange and from there, crossing the mounting joint, into the plate.

Figure 10 shows such an arrangement.

+

/'K////f- ETectronic Component

! {
— Heat Pipe or Fluid Flow Passage

FIGURE 10. ELECTRONIC COMPONENT MOUNTING ON A COLD PLATE
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Figure 11 shows all the thermal resistances from junction to the heat

pipe working fluid.

FIGURE 11. THERMAL RESISTANCE NETWORK OF EVAPORATOR SECTION

As already indicated, the first two resistances are given by the
manufacturer of the electronic components and the heat sinks. The
joint thermal resistance between the base of the device and the cold
plate, however, will depend upon the mounting plate {cold plate) thick-
ness, assuming other aspects such as surface finish and flatness constant.
Also, the thermal resistance of the plate itself cannot be neglected.
Previous studies (Reference 15} performed on joint thermal performance
indicated that the plate itself induces the largest resistance to heat
flow and not the actual joint interface. As far as the interface is
concerned, the effective contact area is not changed significantly by
the surface finish if at least one of the surfaces is of soft material
such as copper. Fillers, such as silicone grease, applied to the
surface will also reduce the joint thermal resistance. Neglecting thermal
resistance to and across the wall of the heat pipe. heat is transferred
to the working fluid by evaporation,which has been discussed previously
(Section II),

It can be assumed that there is no temperature drop along the heat
pipe, and the heat pipe passage itself, therefore, will not provide

any resistance to heat flow. A certain thermal resistance will occur at
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the condenser section associated with some temperature drop (see Section
1I). Figure 12 shows the overall thermal resistance network from the

component junction to the ultimate heat sink - circulating fluid.

Q
:E\}_d:i-b Rb-Cp ch Revap Reond Re Reonv
Tj T Tel Teo Thp Tw1 T2 Ter

FIGURE 12. TOTAL THERMAL RESISTANCE NETWORK

Thermal resistances of the thin walls at both the evaporator and
condenser sections have been neglected. The total thermal resistance,
therefore, can be expressed as follows:

Rtot = Rj-b * Rb-cp * Rep * Revap * Reond + Ruw * Reony (34)
where
Rp-cp - thermal resistance from component mounting base to cold plate.
Rep - thermal resistance of cold plate.
Revap - thermal resistance of evaporation.
Rcond - thermal resistance of condensation.
Rew - thermal resistance of liquid saturated wick.
Reonv - thermal resistance of convection.
There is certainly another path of heat flow, i.e., from the component
case and plate by radiation and convection to the ambient air. This
thermal resistance, however, is very high unless the component is liquid
immersed.

The most significant thermal resistance will probably occur within
the component mounting surfaces and in the condenser section. Steps,

therefore, should be taken to reduce these resistances to a minimum.
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Resistance of mounting surfaces can be reduced by selecting materials
of high thermal conductivity and reasonable thickness. More careful
design will be required to reduce thermal resistance of the condenser
section where consideration must be given to two main items: (1)
conduction heat transfer across the liquid saturated wick, and (2)
convection heat transfer to the circulating coolant. Under the con-
ditions when the whole condenser surface area is covered with wick,
the liquid saturated wick can induce quite a significant thermal re-
sistance, because the working fluids generally used in low temperature
heat pipes have a low thermal conductivity. Under gravity conditions,
however, it will not be always necessary to cover the whole condenser
surface area with a wick. Depending on the plate's orientation, con-
denser arrangement and configuration, a wick might be required only on
a portion of the condenser section.

Transferring heat into the circulating coolant is another problem
associated with heat pipes. The convection heat transfer coefficient
will depend on the coolant properties and flow regime, and will therefore,
be Timited to a certain value. The only possibility of reducing the
convection heat transfer resistance would be by increasing the heat
transfer surface area. Design of the condenser section of the cold
plate will probably be one of the most important items in designing

cold plates with integral heat pipes.

1. Joint Thermal Resistance
Heat transfer rate across the interface of a joint can be expressed
by the following equation:
Q = AKat (35)
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where
A - area of interface, ft2
K - thermal conductance of joint, Btu/hr ft¢ OF

At - temperature difference across joint, Of

If the heat transfer rate, area of the interface, and the temperature

differential are known, thermal conductance across the joint can be
determined from equation (35)
K = _Q (36)
AAt

Approximate analytical techniques for determining joint thermal per-
formance as developed by Lindh et al, Fontenot and Whitehurst are pre-
sented in Reference 15; the general equations and procedures, however,
will also be presented in this report.

Heat transfer across the divect contact area of a joint may be
considered as consisting of two components or conduction paths (See Fig.
13}: (1) heat conducted across the actual contact points, and (2) heat

conducted across the interstitial fluid filling the gap.

FIGURE 13, HEAT FLOW ACROSS JOINT DIRECT CONTACT AREA

26



Total heat flow across the direct contact area can be expressed as:
K= ke + kf (37)
where ke - direct contact conductance, Btu/hr ftZ OF
k¢ - gap conductance, Btu/hr ft2 OF
The total heat transfer rate across the direct contact area can be
determined by equation (35). When some information about 1nterfacé sur-
face conditions is available, thermal conductance across the area of

direct contact may be determined from the following equation:

kK = 156 KF 4o nak, (38)
]'a + 'Ib

iy = 2X1 K2 (39)
ki + k2

k1 and ko are thermal conductances of the materials making up the joint.
ia and p are the root mean square values of surface irregularity (rough-
ness plus waviness) for surfaces a and b respectively.

k¢ - thermal conductivity of the interstitial fluid, Btu/Hr ft OF

a - average radius of contact points

n - nunber of contact points per unit area

Conductance across a gap can be determined from the following equation
K = Kf (40)

Based on known R.M.S. {approximate values of i, and i can be obtained)
ni values versus contact pressure, as determined by Fontenot (Reference

16), can be obtained from charts.
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Figure 14 shows stress distribution in a bolted joint.

b bl T

T
I T
i

7 AN I
| | T

FIGURE 14, STRESS DISTRIBUTION IN A BOLTED JOINT

Using Lieb's (Reference 17) stress distribution parameters, rj can be

found and thus also the average interface pressure

5= T (41)
F = gop (42)
A= 1 (012 - Dp?) (43)

A; - direct contact area, ft?

F - induced axial force, 1bs

T - bolt torque, in-1bs

D - bolt diameter, in.

Any joint can be divided into direct contact area and gap area, and

total conductance or resistance determined

K =1 (44)
R
or
R = (45)
K
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2. Plate Thermal Resistance

It has been found from previous studies that the largest thermal
resistance does not occur at the joint (if the joint is properly made),
but rather within the plate. Figure 15 shows resistance network of

a plate (see Figs. 22 and 23).

FIGURE 15, RESISTANCE NETWORK OF PLATE

Total thermal resistance of the plate can be expressed as follows:

I I I I R B (46)
Rpg, R1 Ry Ro R2 Ry R2
and
Ry, = 1 (47)
p —_
Y ez
Rl Rp

The rate of heat flow between isothermal boundaries can be obtained from
the flux plots outlined in Section IV. Each heat flow tube may be assumed
as a composite wall with equal series resistances through which the rate

of heat flow can be expressed by the following equation:

Ag = (ty - t2) (48)

3'7\-
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where M is the number of curvilinear squares in the channel.

channels of unit thickness the heat flow rate becomes
Q=T|}k (ty - tp)

and for plate thickness b

Q = b N (t] - to)
M
Letting %, = s, and K = bsk
Q = bsk (t1-t5)
or Q = Kat

Where N is the number of channels in a section.
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IV EXPERIMENTAL RESULTS

Under this study program six cold plates of different design were
fabricated and tested. A1l of the cold plates can be divided into the
following two general categories: (1) cold plates with integral heat
pipes provided with heat sinks, and {2) cold plates with integral heat

pipes or cavities.

1. Electronic Equipment Cold Plates Provided with Heat Sinks

In aircraft cooling systems provided with circulating fluid loops,
electronic equipment cooling will be performed mainly by cold plates
or chassis, cooled by the circulating fluid. If such a system, because
of enemy action or other reasons, would develop a leak, overheating of
the electronic equipment would follow within a very short time. To
avoid a catastrophic failure of some of the equipment essential to
"safe return", a means must be provided to extend the operational time
of such equipment without causing damage to the equipment by overheating.
A way of doing this could be by providing the equipment mounting plate
(cold plate) with some additional heat sink, for example heat of fusion
material or evaporative coolant.

Two cold plates of similar design, shown on Figure 16, were fabricated
and tested. The cold plates are made of copper (for fabrication reasons)
and incorporate 1/2 inch diameter heat pipes. 3Space, formed between the
two mounting surfaces, is sealed and can be filled with some heat absorbing
material. Heat, generated by the electric heaters, is transferred to the
heat pipes and from there to the circulating coolant. Heat of fusion
materials were used on Cold Plate No. 1, while evaporative coolants were

used in Cold Plate No. 2.
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a. Cold Plate No. 1 Results

Filling the plate with the heat of fusion material was performed
through the two filler tubes located at one end of the plate. The experi-
ments were performed with the plate in a horizontal position and the filler
tubes l1eft open. Most heat of fusion materials expand approximately 10
percent during melting and, therefore, an allowance, must be provided for
such expansion within the plate housing so that deformation and damage
can be prevented, Another filling technique has also been used, where
the space is filled with 1iquid fusable materiai at higher temperature
than the expected maximum plate temperature and the filling ports sealed.

The cold plate shown here is not very effective as far as speed of
response is concerned. The heat of fusion materials have a rather low
thermal conductivity, and to accelerate heat transfer into this material,
a finned type internal structure is needed. It is also important that the
distance between the heat transfer passages be kept as small as practical.
To avoid manufacturing difficulties the plate was made without internal
fins.

Many chemical compounds are available for use in heat storage
devices. However, in selecting such a material several aspects must
be considered; for example, they must be non-toxic, non-corrosive, non-
flammable and chemcially stable. They should also have large heat of
fusion, high thermal conductivity and specific heat. Furthermore,
selection should be based on the melting temperature of the material
so that phase change will take place at some temperature above the
initial cold plate temperature and below the maximum allowable cold

plate temperature. The total operational time of a cold plate (after

33



coolant circulation is discontinued) provided with heat of fusion
material is the sum of the following three items: (1) the time required
to heat the cold plate with the heat of fusion material to the transition
temperature, (2) the time required to transfer the heat of fusion
material from solid to liquid, and (3) the time required to heat the cold
plate and liquid heat of fusion material to the maximum allowabie temp-
erature.

Considering a cold plate filled with a certain amount of heat of
fusion material, the total thermal capacitance of the system will consist
of the heat of fusion material plus the plate itself, or

Ct = Cm + Cp, (52)
where C = Wc heat capacitance, BTU/OF
When the specific heat is assumed to be constant, the rate of heat flow
to a heat storage device can be expressed as follows:

Q=wc:.t=cgi (53)
T T

where
- dtr is a time increment
dt is temperature change during the time increment
From equation {83) the time during which a certain amount of heat can

be absorbed, can be expressed as follows:

v = Ot - %) (54)
Q
t] - temperature at the beginning of the time interval, OF

to - temperature at the end of the time interval, °F

The time required to heat the heat storage device (cold plate and heat of
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fusion material) to the maximum allowable temperature can, therefore,
be expressed as follows:
¢ = lT [(Cpg Mp, * Cfs Wg) (ter-ti) + H Wp +
(Cpy Wo, * Cry We) (tmax-ttr)] (55)
t - Operational time, hrs
Q - heat input rate, Btu/hr
C,, - specific heat of cold plate, Btu/1b°F
Cfs - specific heat of solid heat of fusion material, Btu/1bOF
Cgy, - specific heat of liquid heat of fusion material, Btu/1b°F

Wpy, - weight of cold plate, 1bs

Wg - weight of heat of fusion material, 1bs

ttp = heat of fusion material transition temperature, OF
t; - initial temperature of cold plate, °F

tmax - maximum temperature of cold plate, OF

H - heat of fusion, Btu/1b

As far as thermal performance prediction of heat storage devices is
concerned, very little information is available about heat transfer at
the melt interface. Likewise, very limited data is available about
thermophysical properties of such materials.

The experimental cold plate {shown on Figure 18) was cooled by
circulating an ethylene glycol - water coolant at a flow rate of approx.
100 1bs/hr at an inlet temperature of approximately 75%F.  Two types of
heat of fusion materials (purchased from E. H. Sargent and Company)
were used in the cold plate.

1. Beeswax

Heat of fusion 72 Btu/1b
Melting temperature 1430F
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2. Acetamide, C2 HgON

Heat of fusion 104 Btu/1b

Melting temperature 160°F
The cold plate was filled with 300 grams of the heat of fusion material,
and two types of tests performed: (1) a constant electric power was
applied to the electric heaters attached to the plate, while the coolant
was circulated through the condenser section of the cold plate. After
equilibrium conditions were reached, the coolant flow was discontinued
leaving the power input at the same level. (2) Power input cycling
tests where the power dissipated by the plate was changed from a minimum
to a maximum value.

Figure 17 shows temperature changes at the central section of the
plate versus time during constant electric power input to the electric
heater of 25, 50, and 75 watts. As seen from the figure, at electric
power input of 25 watts a time period of more than two hours was needed
before the plate's temperature reached 1700F. At a power input of 75
watts the plate's temperature reached 170°F in about 18 minutes. This
short time period of reaching the high temperature, and the form of the
high heat load curves indicate that the melting process of the heat of
fusion material was retarded. The curves should show a level-off section
when the heat of fusion material reaches its melting point. Absence of
the internal fins slowed heat transfer to the heat of fusion material,
and the temperature of the heated plate, therefore, rose at a faster rate.
Connecting the two external plates with conducting fins, heat transfer
into the heat of fusion material would be promoted and the time period

for reaching the maximum temperature extended.

36



MO1d INV00D ON ONV S3LVY INdNI ¥3MO4 INFY3IJ410 1Y L “ON 3LYd 47103 40 IWIL SA SIONVHD WNIWVIWIL -/ F¥UN9I4
sanoy *aw) bupgedadp 430 MOL4
0°¢ S L 0L 5°0 Jue|oo)
) |
7 1 oot
/

\ X ot
pa ! g
7 /1 a1 3
L
o
7z \\ \\\ m.
3008 24njedadus) 331U Jue|00) (2) ‘\\\A / OEL &
o
(NO%HZ9) / 2
] I IR DIL[L] 31R[d (1) | -S3LON \ 7oL g
P / o
|~ 7 oSt 3
s33eM 62 N \ / o
""" 7 1 oo

o — ¥ﬁ \
G~
] i -
i - T 081

S31BM G/ 493edH 01 Indul 4SMO4 2143293

37



Figure 18 shows a comparison of the thermal performance of cold
plate no. 1 with and without heat of fusion material under variable
power input rates. The electric power input to the plate was varied
periodically (15 minute intervals) from 50 to 100 watts; as can be seen,
the amplitude of the temperature cycling was reduced from approximately
1159F to 18OF when the plate was filled with bees wax. With improved
design of the cold plate, amplitude of the temperature cycling can be
further reduced. Using an electronic equipment mounting plate with heat
of fusion material, two general goals can be achieved: (1)} reduced ampli-
tude of temperature cycling during heat load changes, and (2) emergency

cooling when the fluid coolant loop fails.

b. Cold Plate No. 2 Results
Problems of extreme heat concentration and high ambient temperature

are usually solved by the evaporation cooling technique. In this cooling
technique, heat is removed from the electronic components and/or systems
by a change in state when the coolant evaporates during absorption of
heat. For a given weight of coolant, vaporization cooling provides
more effective heat removal than any other methad. Similarly as in
the case of the heat of fusion material, the evaporating liquid can be
stored within the equipment mounting plate and will provide cooling when
an emergency occurs. The evaporating 1iquid can be simply discharged
overboard as a vapor. To insure wetting of the equipment mounting sur-
faces, the space filled with the evaporant should be provided with a
wick. Selection of the liquid should be based on the allowable temp-
erature of the mounting plate, Water has the greatest latent heat of

vaporization, but it has disadvantages in its high boiling temperature
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and freezing point. The boiling temperature, however, is lowered with
increasing altitude, and the freezing temperature can be lowered by
adding methanol. When liquid distribution is not required, the freezing
problem is not so severe if space for expansion is provided. Other
fluids, Freons for example, can be used if the plate temperature must

be maintained below the boiling temperature of water.

When coolant flow through the system is interrupted, the temperature
of the equipment mounting plate will start to rise until it reaches the
boiling temperature of the evaporant stored within the plate. Temperature
rise of the plate at this point will stop until all the evaporant is
evaporated. Heat capacity of the liquid filled cold plate can be
determined from the following equation:

Q = WeCo{top-tp) + WpaCpe (top—tb) + Wehfg (56)
Wy, =~ MWeight of evaporant, lbs
Wpy - Weight of the equipment mounting plate, 1bs
C, - Specific heat of the liquid, Btu/1bOF
Cpg - Specific heat of the plate material, Btu/1b°F
top - Operating temperature of the plate, °F
t, - Boiling temperature of the evaporant, OF
Time, during which a certain amount of heat can be absorbed, can be
expressed as follows:

hrs (57)

T = T
gen

Qgen - heat generated by the equipment, Btu/hr
Figure 19 shows the thermal performance of an experimental equipment
mounting plate {cold plate no. 2) provided with an evaporative coolant.

General design of the plate is the same as shown on Figure 16 except
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for the loose wick installed between the mounting surfaces. Experiments
have been performed with two types of coolants, i.e., water and Freon 113,
and simulated equipment heat loads ranging from 25 watts to 150 watts.
As can be seen from the figure, water provides the best heat sink as

far as time of operation is concerned. The 262 cubic centimeters of
water provided an operational time of over 4 hours at a heat load of 50
watts after the coolant flow was stopped. The temperature of the plate,
however, is quite high when operation occurs at sea level. Using Freon
113 as the heat sink, the plate temperature can be maintained at quite a
low level, but the operational time, because of the Tow latent heat of
evaporation, is short. The operating time can be increased by providing
additional space for the evaporant.

Figure 20 shows comparison of cold plates' no. 1 and no. 2 thermal
performance with the same electric power input of 50 watts, and conditions
indicated on the figure. The figure is self explanatory and shows the ad-
wntage (in case of emergency) of providing the cold plate with some

additional heat sink.

2. Electronic Equipment Cooling Plates With Integral Heat Pipes

Four experimental electronic equipment cooling plates (cold plates),
provided with heat pipe passages for promoting temperature distribution and
heat transfer, have been fabricated locally or purchased, and the thermal
tests performed. In order to accommodate variations in heat Toad resulting
from equipment duty cycles, one of the plates was provided with thermal
control. Design of the cold plates, their thermal performance, and methods
used for electronic equipment heat load simulation will be described in

the following paragraphs.
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a. Cold Plate No. 3 Results

Figure 21 shows Cold Plate No. 3 which has been fabricated locally.
It is a welded construction made of aluminum. For reliability reasons
the heat pipe passages of the cold plate are divided into two separate
sections each of which is cooled by circulating Tiquid. The heat pipe
passages are provided with two layers of 100 mesh screen as a wicking
material and charged with Freon 11. A total of sox "dummy" components,
four stud mounted and two flange mounted, were bolted to the 1/8 inch
thick plates as shown on the figure. The "dummy” components were made of
copper, and are similar in size and configuration to some electronic com-
ponents selected from the Philips Semiconductor Handbook. A 150 watt
blanket type heater was also attached to one of the plate's surfaces.

Figure 22 shows Section A-A of Cold Plate No. 3 with a simplified
flux plot. Heat, generated by the "dummy" component, will be transferred
from the component's mounting flange across the joint into the plate,
and from there into the heat pipe passage. For simplicity reasons it is
assumed that all of the heat flow takes place in a direction perpendicular
to the axis of the two parallel heat pipe passages only. Actually the
heat flow will be two-dimensional; however, because of the much longer heat
flow path in the other direction, this resistance will be quite large
and is, therefore, neglected.

Figure 23 shows the total resistance network from the component
mounting flange to the heat pipe passages. Starting with the mounting

joint, determination of all the thermal resistances will be outlined.
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FIGURE 22. SECTION A-A OF COLD PLATE NO. 3
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FIGURE 23, THERMAL RESISTANCE NETWORK
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Figures 24 and 25 show sections and flux plots of Cold Plate No. 3.
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FIGURE 24. SECTION B-B OF COLD PLATE NO. 3

(1) Thermal Resistance of the Evaporator Section
The heat transfer rate from the plate into the evaporator
section of the heat pipe passage can be expressed as follows:
Q0 = UAat (58)
where U is the overall coefficient of heat transfer, Btu/hr ft2 OF,
For flat or slightly curved walls the overall heat transfer coefficient

can be determined from the following equation
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+ 1 (59)

o] Y
o
o

where

% - thickness of the wall, ft

h - evaporative heat transfer coefficient, Btu/hr £t2 OF

k - thermal conductivity of the wall, Btu/hr ftOF
For practical purposes, sufficiently accurate results of the overall heat
transfer coefficient for thin walls and high thermal conductance passages
can be obtained by assuming

U = h

and the thermal resistance of evaporator secltion can be expressed as:

hA
Determination of the evaporative heat transfer coefficient on wick
covered surfaces is discussed in Section II of this report. Determination
of the exact heat transfer area, because of the fin effect, is difficult,
and, depending upon the analytical technique used, only some approximate
values could be obtained.
(2) Thermal Resistance of the Condenser Section

Heat transfer through the condenser section of the heat pipe
has been discussed in Section II of this report. Figure 26 shows arrange-
ment of the condenser of cold plate no. 3. As can be seen, only the
Tower part of the condensing area is covered with wick, thys providing
better heat transfer at the upper part of the condenser. Gravity force
is here utilized for returning condensate to the wick covered surface.
Neglecting thermal resistance of the coolant tube and heat pipe passage

walls, the overall heat transfer coefficients for the two portions

of the condenser can be determined as follows:
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FIGURE 26. SECTION D-D OF COLD PLATE NO. 3

2 - 1+ 1 (61)
U he hey

d o= 1+ X+ 1 (62)
U he kw1 hev

kwl (thermal conductance of liquid saturated wick) can be determined
from equation (28)

X is thickness of the wick

hey is convection coefficient of coslant, Btu/hr ft2 OF

The convection coefficient, depending on flow regime, can be determined
from equations found in numerous heat transfer handbooks.

Figure 27 shows temperature distributions for Cold Plate No. 3 as
measured at the central heat pipe passage. The tests were performed at
three different levels of electric power inputs to the electronic
component heat flux simulators (two "dummy" components and a blanket
type electric heater). A condition was also investigated when there
was no working fluid in the heat pipe passages. It can be seen from the
figure that temperature gradients within the cold plate can be signi-

ficantly reduced by application of heat pipes. The largest temperature
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distortion within the piate occurred at the evaporator section, where
the concentrated heat load from the "dummy" components were applied.
Based on the total heat transfer rate of 230 watts (approx. 780 Btu/
hr) and coolant inlet temperature of 759F, a temperature drop of 50°F
occurred at the condenser section with the largest portion accounted to
convection heat transfer.

Figure 28 shows temperature distributions from the "dummy" component's
mounting base to the circulating coolant at the different electric power
input rates indicated on the chart. The figure clearly shows that
the largest temperature drops occur within the component mounting surfaces,
and at the plate's condenser section - transferring heat into the cir-
culating coolant.

Figure 29 shows comparison between analytically and experimentally
determined temperature distribution from the mounting base of "dummy"
component 1 to the circulating coolant. As can be seen, quite a close
agreement between the predicted and actually measured temperatures was
obtained. The largest difference of only 70F occurred at the highest heat
input rate. A certain inconsistency between the analytical results,
however, must be pointed out. While at the higher heat input rates the
predicted component mounting base temperature was higher than measured,
at the lTower heat input rates it was lower. Because of the limited data
available about evaporative heat transfer coefficients from wick covered
surfaces, these coefficients were determined from temperature and heat
transfer rate measurements.

Figure 30 shows temperature distributions for Cold Plate No. 3 (short

section) when both "dummy" components "2" were energized. Figure 31
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shows conditions where both "dummy" components "3" were energized, and
Figure 32 when all of the "dummy" components were energized. Because
of limitations imposed by availability of temperature recorders, it was
not possible to obtain complete actual temperature readings throughout
the cold plate. Only the components' mounting base or flange actual
temperatures, therefore, are shown and the overall distributions represent
analytically determined values. A certain inconsistency between the
analytical and experimental results can also be observed here. Under
a total power input rate of 270 watts (all four components energized),
the actual component "2" mounting base temperature was 14°F lower than
predicted, while component "3" actual mounting flange temperature was
129F higher than predicted.

The inconsistency could be caused by differences in the mounting
joint thermal resistances and variations in the welded joints connecting
the mounting plates to the heat pipe passages. Particularly large differ-
ences in the mounting joint thermal resistance could occur at the flange

mounted components because the surface of the plate was not machined.

b. Sample Calculation

A sample calculation for determining heat transfer and
temperature distribdtions from "dummy" component 1, attached to Cold
Plate No. 3 as shown on Figure 21, will be performed. Thermal resistances,
starting from the component's mounting base to the circulating coolant,
will be determined analytically, and temperature differentials found
from the resistances and heat flow rates. Comparison between the
analytical and experimental results, based on the same power dissipation

rates and coolant inlet temperature, is shown on Figure 29,
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(1) Thermal Resistance of Mounting Joint
Based on a stud torque of T = 35 in-1b, aluminum plate
thermal conductance k = 100 Btu/hr ft OF and component copper mounting
base thermal conductance k = 180 Btu/hr ft OF, the joint thermal
conductance of the direct contact area was determined to be

12,800 Btu/hr ft2 OF

kj
or, for the direct contact area of A, = 0.0023 ft2,
K; 12,800 (.0023) = 29.4 Btu/hr °F

and the mounting joint thermal resistance

Ry = _1 = _1 = 0.034 hr °F/Btu
Kj 59.4

(2) Thermal Resistance of Plate
From Equations 5la and 51b the thermal conductance is expressed as
K = bSk

and the thermal resistance, therefore, is

R ‘ = 1 » R = 1
T B 2 BSok
where
N1 No
351 = My and Sp = M,
b = 0.125/12 = 0.0104 ft

100 Btu/hr ft OF

=
1l

From Figure 22,57 = 0.80, $»,=1.0

1
R = TOTOAT 1877100 1.2 hr OF/Btu

1"
—
n

Ry 0.96 hr °F/Btu

.0104) (1){100
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Thermal resistance of the plate can be expressed as

1 1 1

Rp] = R] + Rz

1 1 1

Rpm = T.2 + 0.9 = 0.83+1.04=1.8
1

Rpl = T.87 = 0.535 hr OF/Btu

(3) Thermal Resistance of Evaporator Section
Because there are practically no analytical techniques for
determining evaporative heat transfer coefficients from wick covered
surfaces, an approximate value of 375 Btu/hr ft2 OF was estimated for
this particular evaporator arrangement. The heat pipe passage side
wall effectiveness was estimated to be 50 percent, and the evaporative
heat transfer area was estimated to be approximately 0.0232 ft2. The

thermal resistance was determined to be

1 1 = 0.715 hr °F/Btu
Ry = hA = 375( 0232

(4) Thermal Resistance of Condenser Section
Because only a small portion of the condenser section Js
covered with wick, the following simplified equation was used for

determining the thermal resistance:

R. _ 1
¢ T hehAc

Applying Equation 26 the condensation heat transfer coefficient was
determined to be h, = 440 Btu/hr ft2 OF, The condensing surface area
was determined by adding the external surface area of the tube and

upper and lower portions of the condenser channel. This area was

determined to be 0.125 ft2.
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] - 0
RC = A90(.125 = 0.0182 hr “F/Btu

(5) Thermal Resistance of Forced Convection
Neglecting resistance of tube wall, the convection thermal

resistance can be expressed by the following simplified equation:
RCV = hcvn
The convection coefficient hgy has been determined by the equation

recommended by McAdams

6.2 0.223 60(.75) 0.2
00258 o3y )

k wcy0.2
hCV = 6.2 'ﬁ (H‘)

150 Btu/hr ftZ OF
Convection coefficients determined by the above equation correlate
quite well for ethylene-glycol-water coolants at the lower temperature
ranges and streamline flow. At higher temperature ranges (somewhat
over T009F) temperature correction factors must be introduced.

While the whole surface area of one section of the tube (located
within the condenser channel) can be considered as transferring heat,
oniy a portion of the other section is effective. The convection heat

transfer area was determined to be approximately 10.5 in2 = 0.073 ftz.

1
Rey = T50(.073) ° 0.091 hr OF/Btu

At a condenser surface temperature of approximately 120°F, a temperature
correction factor of 1.25 was introduced, and the convection thermal

resistance, therefore, becomes

1

= 0
Rev = TEOIT.25Y( 073 0.073 hr “F/Btu
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After the thermal resistances have been determined, temperature
differentials across each of the resistances can be determined from

the following equation:

At
Q= 7
or At = QR

To calculate the At values, the heat flow rates in each of the

resistance network branches must also be known. Two different levels

of electric power input were applied to each of the dummy components.
by
Q2

Figure 33 shows resistance network of the evaporator section where

20 watts

1

20(3.4) = 68 Btu/hr

"
1]

40 watts = 40(3.4) = 136 Btu/hr

“dummy" components are attached.

! evl
!
|

FIGURE 33. RESISTANCE NETWORK OF THE EVAPORATOR SECTION

It has been estimated that approximately 15 percent of the total
heat input was dissipated to the ambient air. The 15 percent heat
loss was further divided in 5 percent from the component itself, and 10
percent from the plate. Thus, 95 percent of the total component heat load

was transferred across the joint, and 85 percent by the heat pipe.
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A certain amount of heat from the evaporator to the condenser section
is also transferred by the plate. This amount, however, because of the
large distance is small, and no attempt, therefore, was made to estimate
its value.

(6) Determination of Temperature Distribution

Temperature Drop Across Joint

Aty = Q Rj
stj1 = QiRj = 64(.034) = 2.2%F
atjz = QzRj = 130(.034) = 4.4°F

Temperature Drop Within Mounting Plates
Under symmetrical heat load conditions (equal electric power inputs to
both components) the heat flow will be equal in each of the two sections

which can be simplified as shown in Figure 34,

Ry Th12  Reyl
Qs ARN——B-2 AR
Q Tp11 Thp

Rp] Th12  Reyz

Q2

FIGURE 34. RESISTANCE NETWORK OF SYMMETRICAL SECTION

Similarly as division of current flow in parallel branches, the total
heat flow in a parallel circuit divides between the branches. Heat fiow
in each branch is proportional to the conductance in that branch, or

inversely proportional to the resistance of that branch. Referring
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to Figure 34 containing two parallel resistances Ry and Ry, the heat

flow in Ry may be

expressed as

R2
0 Qin X R+ Rz
and the heat flow in R
R]
Q2 = Qjn X R1 + Ry
where Ri = Rpl + Reyl
Re = Rp1 * Rewz

The evaporator thermal resistances of each branch will be different,

because the central heat pipe has to absorb a portion of the heat

generated by each of the components.

It is assumed that (because of sym-

metrical and equal heat Toad conditions) only half of the total heat

transfer area for each of the central heat transfer branches can be

utilized.

From previous calculations

1 1 .115 hr F/B

Revi = A7 = F7(ozmy = O11° hr CR/Bu
I S| 0.23 hr OF/Bt

Rev2 = iy = 37ET.oTTey = O:23 hr TF/Btu

Substituting values

0.535 + 0.115 Cr/Btu

Rt = 0.650 hr

0.535 + 0.230

Ry = 0.765 hr OF/Btu

For the lower heat dissipation rates

. 765

07 = 58 g5+ 7g5 = 58(.54) = 31.3 Btu/hr
65

Q = 58 g5+ 785 = 58(.46) = 26.7 Btu/hr

For the higher heat dissipation rate
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.765

116 7§5 + .765 116(.54) = 62.6 Btu/hr

Q

.65
16 —ri-7r = 116(.46) = 53.4 Btu/hr

Q2

As can be expected, the heat load is not evenly distributed among

the three heat pipe channels, the central heat pipe receives the highest
heat Toad, although heat flow through the plate is smaller in the central
direction. This means that the temperature drop within the plate will

not be the same in both directions. A smaller temperature drop will occur
in the central direction; however, because of the larger total heat Toad
to the central heat pipe channel, a larger temperature drop will occur

in the evaporator section.

atp) = Q Rpl

Atp1y = 31.3(.536) = 16.7°F
Atpl, = 62.6(.535) = 33.50F
#tpl, = 26.7(.535) = 14.3°F
Atplp = 53.4(.535) = 28.6°F

Temperature Drop Across Evaporator Section
Assuming same evaporator surface areas, the temperature drop across
the heat pipe evaporator section can be determined for both the central

and outer heat pipes.

atey1 = 31.3(.115) = 3.6°F
Ateyl] = 62.6(.115) = 7.29F
ateyz = 26.7(2)(.115) = 6.1°9F
Aty = 53.4(2)(.115) = 12.3°F
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Temperature Drop Across Condenser Section
ate = Q Rg
where Q represents all the heat generated by the components
Q1 = 2(58) = 116 Btu/hr
Q; = 2(116) = 232 Btu/hr
and with blanket heater also on

Q3 = 232 + 434 = 666 Btu/hr

ater = 116(.0182) = 2.19F
Atep = 232(.0182) = 4,29
ste3 = 666(.0182) = 12.1°F

Convection Temperature Drop
Atey = Q Rey

116(.091) = 10.6°F

232(.091) = 21.2°F

Aoy
Ateyp

ateys = 666(.073) = 48.6°F

H

Based on the coolant inlet temperatures of 71, 73 and 75°F for the
total heat input rates of 136 Btu/hr, 272 Btu/hr and 780 Btu/hr
respectively, the following "dummy" component mounting flange temperatures
were predicted:

tF1 = tin + dtey + ote t Atgy + ATpT t+ AL

Substituting values

teg = 71+ 106 + 2.7 + 6.1 +74.3 + 2.2 = 106.3%F
tfl, = 73+ 21.2 + 4.2 +12.3 + 28.6 + 4.4 = 143.7°F
tf13 = 75 + 48.6 + 12.1 + 12.3 + 28.6 + 4.4 = 181°F

Data provided by the manufacturer for an actual silicon rectifier

diode indicates maximum junction temperature t; (max) = 1500C = 302°F,
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and thermal resistance from junction to base Rj-b = 1.1°C/watt or
1.980F/watt. The expected junction temperature for an actual device

at the different power dissipation rates would be:

tj1 = tbl + 1.98 (watts) = 106.1 + 1.98(20) = 145.7°F
tjp = 143.7 + 1.98(40) = 222.8°F
tj3 = 181 + 1.98(40) = 2600F

As can be seen, under all heat load conditions the diode junction
temperature is within safe operating limits. Furthermore, the
manufacturers data indicate that when the diode is attached to an
ordinary air cooled heat sink providing a base temperature of 125°C
(257°F) a maximum power of 22 watts can be dissipated. This component
when mounted on a cold plate of the design shown, could dissipate more
than double of the rated power without exceeding the maximum junction
temperature,

There is, however, one more item to be considered in determining
thermal resistance of mounting joints. Under many conditions the
electronic components must be electrically isolated from the cold piate
by application of insulating washers. Such washers, depending on the
insu]ation requirements, can induce quite a significant additional

thermal resistance and corresponding temperature drop.

c. Cold Plate No. 4 Results

Figure 35 shows cold plate no. 4 fabricated by McDonnell Douglas
Astronautics Company. The cold plate is made of aluminum and contains
one continuous 0.5 inch heat pipe bent in U-shape, thus forming two
evaporator and one condenser sections. Copper tubing, 1/4 inch outside

diameter, is attached to the condenser section of the heat pipe through

67



b *ON 3LV1d Q100 LNIWGINDI DINOULIITI TVINIWIYIAXI °G€ FUN9Id

suoLjedoq aldnoooumsyl —
\/ adLq jeay

- Y !
p———
. _a___ T _ T ]
.f./ar./ ././_f//ﬁ//z/l.t ........ ./n). o
. P S . N\
;/ﬁ. NN T N X n ' 14
Lo~ - N TN . X G
H N e NI A v
b ,L//.M,p.,b..ar\m./.ﬁ/\/ \ //,,/,,ﬂ
B
— ——— ——— —_— e — -——
e ettt Z =

MY,
s
<

4
WL AN |
[
H
_

.,,/ /.///, T Mr/‘/.// NOX .r/r./“/.. \

S N Y N
N | it el S gy Sufidionc -
S i — =\ &
— . 3 !
NG g | 161

4

aeyeey 13 —

| / Buiqn) jue|oo)

68



which coolant is circulated. A tape type electric heater, attached to the
plate as shown, was used to simulate the equipment dissipated heat load.
The heat pipe was designed for a heat Toad of approximately 100 watts

(340 Btu/hr) and ammonia is used as the working fluid.

Figure 36 shows temperature distribution at the central section of
Cold Plate No, 4 at the four different electric power input rates to the
tape heater. As can be seen the temperature distribution is completely
uniform, This condition, however, is exceptional and can be explained
by two main reasons: First, uniform heat input from the tape heater
throughout the length of the plate, and second, the evaporator section
of the plate is completely separated from the condenser section and no
axial conduction heat transfer takes place.

Figure 37 shows temperature changes of Cold Plate No. 4 (thermocouple
#2 readings) resulting from electrical power input changes. The
temperature change is linear up to an electric power input rate of 75
watts, with some deviation thereafter. This phenomena could be caused
by some noncondensible gas left in the heat pipe, or more heat dissipation
to the ambient air at the higher plate temperature.

Figure 38 shows also Cold Plate No. 4 (McDonnell Douglas) with
two Westinghouse 2N1016 silicon power transistors, and a “dummy"
component used in previous experiments attached to it. The tape
electric heater was removed and the plate modified by drilling mounting
holes for the components. The transistors were attached to the plate
with the manufacturer's recommended torque of 50 in-lbs. Also the
"dummy" component's mounting screws were tightened with 50 in-1bs torque.

Thermal tests of the power transistors were performed with and without
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73

the use of mounting kits consisting of 0.003 inch thick mica washers
and insulating spacers as shown on Figure 3%. No electrical insulating
washers were used with the dummy component; it was mounted directly to
the plate. Before attaching the components to the plate, the mating
surfaces were cleaned with a fine emery paper and glass wool. Effects
of application of silicon grease on the transistor mounting surfaces
were also investigated.

Temperature measurements were made with copper-constantan thermo-
couples inserted into small holes drilled in the plate and component
mounting flanges and/or studs. The thermocouples were secured in place
by adhesive tape or steel wires.

Figure 39 shows Section A-A of Figure 38 - Cold Plate No. 4. As
already indicated, the transistors were attached to the plate by a 50
in-1bs torque, and thermal tests performed with and without the mica
washers., The transistor temperatures were measured on the mounting stud
and external surface of the case as shown. No attempt was made to measure
the junction temperature. This temperature can be determined from
the known power dissipation and the manufacturer's given junction to base

thermal resistance (Rj-p = 0.79C/watt for the 2N1016) from Equation (33).

Mica Washars ///P—: 2N1016 Power Transistor
Thermocouple

Heat Pipe ' - //
—> t=— 5/16-24 Stud

FIGURE 39. SECTION A-A OF COLD PLATE NO. 4



The transistors were energized by applying a constant collector voltage
of 20 volts DC from a power supply. Change of the power dissipation
was achieved by changing the base current with a variable resistance.

An analytical prediction of the temperature distribution throughout
the plate and component mounting base was not performed, because design
details of the heat pipe, bonding material thermal properties and joining
techniques were not known.

Figure 40 shows comparison of temperature distribution of Cold Plate
No. 4 under conditions when the plate was cooled by circulating liquid
coolant and natural convection to the ambient air. Electric power
input rates to both transistors were the same under both conditions.

As expected, there is a significant temperature difference of the
transistor mounting base, thus showing the effectiveness of 1iquid cooling.

It must be noted that temperature of the heat pipe increased by
69°F without the coolant flow, and was uniform throughout the plate,
except around the energized transistor mounting base. Temperature
increase of the components would be much larger for an ordinary liquid
cooled cold plate without coolant flow. The heat pipe cold plate can
provide a significant advantage as a heat sink under emergency conditions
by increasing the fin effectiveness and thus the heat dissipation rate.

Figure 41 shows temperature distributions for Cold Plate No. 4 from
power transistor mounting base to circulating coolant at two
different power input rates to the transistors (35 watts and 50 watts
to each transistor). The transistors were attached directly tb the

plate without using any electrical isolation or silicon grease. It

74



Temperature, OF

& Coolant Flow 100 1b/hr

O No Coolant Flow

Transistor Mounting Base

Temperature
200 | | SR U
1
190 | 2. _
| |
180 : : of R S 1
J !
i

— E1. Power Input 45 Watts
1 {22.5 W. To Each Transistor)

4 f !
!\_ Heat Pipe ermp. ‘ |
160 t

R

- |

170

140 | _ §
Transistor Mounting Base Temp.
=
10l _ .8 - Kl
+ 1
g /? 2
120 | 3 | 1
= |
110 | -5 - — _E1. Power Input 45 Watts
o (22,5 W. To Each Transistor)
o L .8 1 4¢ SN N IR N
_Heat Pipe Temp.
L J AP R H— SRS (N S U [N U U5
! - Coolant Inlet Temp.
80 L Lo
: l | 5
ﬁ'> | | : ! o

Thermocouple Locations

FIGURE 40. TEMPERATURE DISTRIBUTION OF COLD PLATE NO. 4 UNDER COOQLANT
FLOW AND NO FLOW CONDITIONS

75



190

180

170

160

—
o
o

o
F

—
S
o

Temperature,
@
o

120

110

100

90

80

Transistor Mounting Base Temp.

|

A

. at Joint {without Mica Washers)

LY

=0T

— =2

|

l

!
a
l
| .
\

At Plate |

[
.Ax_;*__
i i
H 1

_1.._—

~— Transistor Mounting Base Temp.

.

E1. Power Input 100 Watts
(50 W. To Each Transistor) -

At Evapo

ratioE !
? —

.

N--E1. Power Input 70 Watts
] (35 W. To Each Transistor)
2
IR, OF - S
§¢ | 4 4 X _ Heat Pipe Temp.
65
Ei R
e s |
i 28 /_ Coolant Inlet Temperature
| ! ‘
— —-—»--——<~}5 ' i i i
|
<> i ' |
Thennocouple Locations
FIGURE 41. TEMPERATURE DISTRIBUTION OF COLD PLATE NO. 4

76

AT TWO DIFFERENT EL. POWER INPUT RATES TO TRANSISTORS



is apparent from the figure that the largest temperature drops occur
at the condenser section and within the mounting plates. These temperature
drops could be reduced by increasing the convection heat transfer area,
using thicker mounting plates or reducing the spacing of heat pipe passages.
Figure 42 shows temperature distributions for Cold Plate No. 4 at the
two indicated electrical power input rates to the transistors. Two mica
washers and a spacer were used to electrically isolate the transistors
from the plate (see Figure 39). As can be seen, with this mounting
technique, the largest temperature drop occurs across the mounting joint.
Figure 43 shows a comparison of temperature distributions for the
following three transistor mounting techniques. (1) mica washers used for
electrical isolation; (2) same as (1) except silicone grease applied to all
mating surfaces; and (3) transistors mounted directly to the cold plate.
The comparison was made at approximately the same electrical power input
rates to the transistors. Based on the test results, the following joint
thermal resistances were determined: (1) transistors mounted directly to
plate, R = 0.119C/Watt; (2) mica washers used for electrical isolation,
R = 0.729%C/watt; (3) same as above, except silicone grease applied to
all mating surfaces, R = 0.51°C/Watt.
Figure 44 shows temperature distributions for Cold Plate No. 4 at
four different electrical power input rates to the "dummy" component.
No insulating washers were used for mounting the component to the cold
plate. Similarly as in the previous experiments, significant temperature

drops occurred within the mounting surfaces.

d. Cold Plate No. 5 Results
Figure 45 shows Cold Plate No. 5 fabricated by McDonnell Douglas
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Astronautics Company. The cold plate is made of aluminum and consists
of two 1/8 inch thick plates and two 1/2 inch diameter heat pipes each
of which is provided with three 3/4 inch diameter by 14 inch long tubes
as noncondensible gas reservoirs. A device, located between the heat
pipe and the reservoir, prevents liquid ammonia from flowing into the
reservoirs. Heat is removed by circulating coolant through the 1/4 inch
diameter copper tubing attached to the condenser section of the heat pipes.
The plates and heat pipes are bonded together with aluminum epoxy. The
cold plate is designed for a total heat load of 250 watts.

The helium gas filled reservoirs provide temperature control of the
plate under conditions when the heat load is changing; At Tow heat load
the noncondensible gas extends quite far into the condenser section, and
resistance to heat flow is, therefore, increased. When the heat Toad
of the plate is increased, the vapor generation and flow rates, and thus
also the pressure are increased pushing the noncondensible gas back into
the reservoir. The displaced gas will expose a larger condenser surface
area for condensation, thus promoting heat transfer of the heat pipe.
Temperature of the plate can be maintained constant and stable because
of the variable conductance of the condenser.

The cold plate was instrumented with 30-gage copper-constantan
thermocouples attached to internal and external surfaces of the plate.
The equipment heat load was simulated by tape heaters attached to both
sides of the plate. DC power supplies were used to provide controllable
electric power input to the heaters.

Figures 46 and 47 show temperature distributions for Cold Plate No. 5

at different electric power input rates to the heaters, and two different
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coolant inlet temperatures (55°F and 72°F). The charts show temperature
measurements taken near an edge of the plate (along the heat pipe).

As can be expected, temperature distribution along the plate is
nonuniform at the lower heat input rates because the noncondensible
gas occupies a large portion of the condenser. However, when the heat
load is increased, the vapor flow rate and pressure are also increased
exposing a larger surface area for condensation and this forces the non-
condensible gas into the reservoir. As a result, only a small temp-
erature increase of the plate occurs. Somewhat larger temperature
changes and also higher temperatures could be observed at the plate's
central section (between the heat pipes). This condition was caused
by the thermal resistance of the plates.

Figure 48 shows temperature changes (readings taken near the edge
located at the middle section of the plate) of Cold Plate No. 5 resulting
from heat load changes. Comparison is also made here between conditions
when the coolant inlet temperatures were 55%F and 720F. As can be seen,
above & heat load of 80 watts, the temperature change is quite small and
linear. A heat load change from 80 watts to 240 watts caused a plate
temperature change of only 10°F. It is also interesting to note that a
coolant inlet temperature change of 179F caused a plate temperature change
of only 2°F. This indicates that not much can be gained by reducing
coolant inlet temperature below a certain limit.

Figure 49 shows effects of orientation upon temperature distribution
of Cold Plate No. 5. Orientation effects were determined under both
conditions - condenser end at the higher Tocation, and evaporator end

at the higher location. When the plate was tilted approximately 15
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degrees with the condenser end up, a hardly noticeable temperature
change took place. However, when the plate was tilted with the evap-
orator end up, temperature distribution started to show effects above
an inclination angle of approximately 2 degrees. At approximately 24
degrees inclination a temperature rise of 20°F took place at the
evaporator end of the plate, while only 59F rise occurred at the middle
section. No temperature change could be observed at the condenser end.
Further inclination caused quite a significant temperature increase at
the evaporator end indicating dry out of the wick.

In order to investigate the thermal performance of different mounting
techniques, Cold Plate No. 5 was altered as shown on Figure 50. The
electronic components were mounted on brackets made of 3/16 inch thick
aluminum angles. The brackets were attached to the cold plate by 1/4-20
hexagon head machine screws as shown in Section A-A, Figure 51. Silicone
grease was used on all joints and the components fastened to the brackets
with the recommended torque. The components selected were N-P-N stud
mounted power transistors widely used in many electronic systems.

Figures 51, 52 and 53 show temperature distributions from the power
transistor 2N1724, 2N2109 and 2N1016 mounting bases to Cold Plate
No. 5. Transistors 2N1724 and 2N1016 were electrically isolated from
the mounting bracket by mica washers and teflon spacers, while transistor
2N2109 was mounted directly to the bracket without any electrical
isolation. To show effects of heat dissipation rates upon temperature
distribution, two electric power input levels were used and are shown

on each of the charts.
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The temperature measurements were performed by copper-constantan
thermocoﬁp1es inserted into small holes drilled into the component's
base or stud and bracket as shown. The thermocouples were secured in
place by steel wires pressed into the holes after the thermocouples were
inserted. Temperature distribution throughout the cold plate is not
shown on these charts, because it has been done previously. It must be
noted, however, that the concentrated heat loads caused certain distortions
of the temperature uniformity. It is apparent from the charts that the
largest temperature differentials occurred in the brackets and component
mounting joints when mica washers were used. Based on the heat input
rate and temperature measurements, the joint thermal resistances, expressed

in OF/watt, were determined from the following equation:

W = At ., watts
R
R = b, OF/uatt
TABLE 1. JOINT THERMAL RESISTANCES
Component Mtg. Joint Bracket -~ Plate
Thermal Resistance Thermal Resistance

Component OF /Watt OF /Watt
2N1724 1.85 0.23
2N2109 0.167 0.135
ZN1016 0.88 0.175

The results indicate quite a significant difference in the component
mounting joint thermal resistances, particularly between joints with and
without mica washers. Comparing component 2N1724 and 2N1016 mounting

joint thermal resistances (mica washers used on both components), a
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difference of approximately 100% is apparent. This large difference
could be caused by the different joint surface area, stud size and
torque, and particularly the thickness of the mica washers. While some
of the washers were less than 0.003 inches thick, others were over
0.005 inches thick. Furthermore, the larger and black surface area of
the 2N1016 case causes larger heat dissipation rates to the surroundings
by both radiation and natural convection. The bracket-cold plate thermal
resistance is quite small.
e. Cold Plate No. 6 Results

Thermal tests performed on all of the conventionally designed (fin-
tube arrangement) cold plates indicated that a significant temperature
drop occurred within the mounting surfaces. This condition introduces
restrictions for the application of cold plates to components of high
power dissipation rates, unless very thick plates are used. To eliminate
this restriction and improve performance characteristics of equipment
cooling plates, a new design was devised. Figure 54 shows this design
identified as Cold Plate No. 6. The plate is made of two rather thin
sheets forming a 3/16 inch wide continuous cavity which is provided with
a screen as wick and is charged with a working fluid. Because of fabrication
reasons the plate was made of copper instead of aluminum, which would be a
more realistic material for airborne applications. The components,
generally silicone power transistors, are mounted to inserts or fixtures
shown in Sections A-A and B-B of Cold Plate No. 6. Heat, generated

by the electronic components, is transferred through the inserts to the
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~ working fluid, and from there *o the coolant circulated through 1/4 inch
diameter tubing attached to the condenser section of the plate.

Arrangement of the heat pipe cavity and component mounting surface
shortens the conduction path significantly and thus reduces the
temperature differential from the insert to the working fluid. Evaporative
heat transfer will take place from the insert and also both sheets or
plates. The plates act as radial fins and dissipate heat by evaporation
from the internal surfaces, and by natural convection and radiation
from the external surfaces. The largest portion of the waste heat,
however, because of the much higher evaporative heat transfer coefficients,
will be transferred to the working fluid.

In order to allow performance prediction of such cold plates, the
basic analytical techniques for establishing the R-C network will be
outlined.

The evaporative heat transfer rate from the insert can be determined
from the following equation:

Q = hiDb(at} (63)

D - diameter of insert, ft

b - width of insert, ft
Heat dissipated from a radial fin can be determined from equation given
in Reference 18.

Qo = 27Roskme 0[Io(mRo) Ky(mRL) + I7(mRL) Ko(mRo)] (64)
Or, when calculations are based on fin efficiency:
po= (65)

Q4
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Qi = 25 (RLZ-Re?) heg (66)
and Q = nQj (67)
Qi is the ideal heat dissipated when the fin temperature would be

i form.
e 2Rg pL1(mRL)K1 (mRo) - Ki(mRL)I1(mRo)y (4g)

"= mRLZ-Re?)  To(mRo)KI(mRL) + Iy(mR)Ko(mRo)

Determination of m can be based on two conditions

a. both sides of fin are effective

-\/2h
m =\ (69)

b. only one side of fin is effective

0= »[%_ (70)

Ro = radius of fin base or root, ft

RL = radius of fin, ft

I = modified Bessel function, first kind

K = modified Bessel function, second kind
8o = tg - tg

to = fin base temperature

tg = surrounding temperature

Figure 55 shows the resistance network from the component base to
the working fluid of a heat pipe. This resistance can be expressed as

follows:

FIGURE 55. RESISTANCE NETWORK OF EVAPORATOR SECTION



1
R=Rj+Rins *+ 7T . 1, 1 ()
Rp1 + Rev Rey Rp1 + Rey

Where

Rj - thermal resistance of joint

Rins- thermal resistance of insert

Rpl - thermal resistance of plate

Rey - thermal resistance of evaporation

Thermal resistancesof mounting joints and evaporation have been
discussed previously; heat flow and a simplified, one dimensional thermal
resistance determination of cylinders and disks will be discussed here.
Radial heat conduction in a cylinder or disk of thickness & can be ex-

pressed with the following equation:

Q = ks2argt (72)
Integrating within the limits ry and rp
At (73)

Q = k621 Ty - Tnrg

When R-C networks are used for thermal analysis, it is more convenient
to have a simple expression for the heat flow through a disk of the
same form as through a plane wall. This requires the determination of

the mean area, Ay

PO il B (74)
m = TnA2-1nA;
and
Am
at (75)
Q=K rper
also
st (76)
Q= "R
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where

R = Y2~ ", hr OF/Bty (77)
ki ;m

r1 and r2 are the internal and external radii of the disk or radial
fin.

Figures 56 and 57 show the temperature distribution from power transistorg
2N1016 and 2N2109 mounting bases to the plate'’s heat sink-circulating
coolant, at three different power dissipation rates. The transistors
were mounted directly to the plate without using any electrical isolation.
As can be seen, temperature differentials caused by conduction heat
transfer within the mounting surfaces are almost completely eliminated.
Such a design can provide a significant advantage for cooling electronic
components of high heat dissipation rates. The largest temperature
drop occurs at the condenser section of the plate and is mainly caused
by the convection heat transfer to the circulating coolant. This
temperature differential, however, can be reduced by providing larger
convection heat transfer surface area.

Figure 58 shows the temperature distribution under conditions when
the power transistor 2N1016 was electrically isolated from the plate
by application of mica washers. The significant increase in mounting
joint thermal resistance is apparent. This thermal resistance can be
reduced by selecting washers with higher thermal conductivity or
reducing thickness of the washers. It has been already pointed out that
the thickness of the mica washers varied quite significantly. This
variation also caused quite a significant change of the joint thermal

resistance.
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The mounting joint thermal resistance, as obtained from temperature

and heat flow rate measurements, was determined to be
R = %E. = 0.294 hr O9F/Btu = 1.00F/watt

Two types of working fluids were used in the coid plate, Freon 1]
and methanol. However, more uniform temperature throughout the cold
plate was achieved with Freon 11, particularly at the lower heat input
rates. An attempt was also made to determine the maximum possible
concentrated heat load removal rate with this cooling technigue. An
electric power input of 165 watts was applied to the 2N2109 power transistor
without any indication of dry-out of the wick. Because of the cold plate's
internal pressure and transistor temperature considerations, no further
increase was made in the electric power input. At an electrical power
input of 165 watts, the transistor case temperature reached a value of
180°F. Based on a junction to case thermal resistance of Rjc = 0.63°F/
watt, the transistor junction temperature was determined to be

Tj = Te + Rje P =180+ (.63)(165) = 2840F = 1400C

This temperature is below the maximum allowable junction temperature

of 175°C.
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V. SUMMARY OF RESULTS

A total of six different experimental electronic equipment cold
plates provided with integral heat pipes have been thermally tested.
Copper and aluminum materials were used for fabrication of the cold
plates, and 100 mesh copper screen was used as a wick material. Freon
11, Freon 113 and methanol were used as working fluids. The plates
were tested in an ethylene glycol-water cooling Toop provided with a
refrigeration unit and tap water as heat sinks.

A11 of the cold plates tested can be divided into four general
categories: (1) conventional fin-tube design provided with heat of
fusion materials or evaporative coolant, (2) conventional fin-tube
design with heat pipes, (3) conventional fin-tube design provided with
temperature control capabilities, and (4) flat, continuous cavity
(vapor fin) configuration. Electric heaters, "dummy" and actual
electronic components were used as heat 1o§ds.

The test results indicate that all the cold plates performed satis-
factorily as long as the orientation was horizontal or inclined with the
condenser section up. Inclination with the evaporator end up caused
thermal degradation with temperature rise at the evaporator section,
and at the electronic components.

Cold plates charged with heat of fusion materials can provide a
limited heat sink under emergency conditions, or reduce thermal cycling
under conditions when the heat load or heat sink temperature changes.
Evaporative cooling, depending on temperature and time requirements,
can provide much more effective emergency heat sinks. For example,

262 cubic centimeters of water in Cold Plate No. 2 extended the operating

104



time of the cold plate for a 50 watt heat load to over four hours.

Cold plates of the conventional fin-tube design induced significant
temperature differentials within the mounting surfaces when highly con-
centrated heat loads were applied. Application of such designs will
be limited to components of low or medium power dissipation rates. It
is possible, however, to reduce this deficiency by increasing the thick-
ness of the mounting surfaces, and/or reducing the spacing of the heat
pipe passages.

Cold plates provided with temperature control capabilities by in-
troducing noncondensible gas intc the condenser section of the plate
can provide quite a close temperature control under variable heat load
conditions, or when the heat sink temperature changes. A heat Toad
change of from 80 watts to 240 watts caused a plate temperature change
of only 109F. A coolant inlet temperature change from 55°F to 73°F
caused the plate temperature change of approximately 20F.

The flat, continuous cavity {vapor fin) cold plate showed quite a
significant improvement in temperature distribution and heat removal.

A concentrated heat load of 165 watts was removed from a power transistor
without reaching its maximum operating temperature or wick dry out con-
dition. This design can be further improved and still larger concentrated
heat Toads removed.

Comparing performance of the different working fluids, Freon 11 showed
the best results as far as temperature uniformity of the cold plates was
concerned. Limits of the maximum heat fluxes were not investigated.

For comparison purposes a direct liquid cooled cold plate with a

design similar to that of Cold Plate No. 6 was also tested. Instead of
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evaporative heat transfer, ethylene glycol-water coolant was circulated
through the cavity, and component heat was removed by forced convection.
The test results indicated that the temperature of individual components
could be maintained at lower levels with the conventional liquid cooled
cold plate. However, large temperature differentials occurred between
components which had different heat dissipation rates. Significant
thermal cycling was caused by heat Toad changes. More severe component
temperature changes could also be obsei'ved when coolant temperature and

flow rate changed.
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VI. CONCLUSIONS

The application of heat pipes to electronic equipment cooling can
provide significant improvements in equipment reliability and per-
formance by improving temperature uniformity and reducing the ampli-
tude of thermal cycling. Regardless of the design configuration,
temperature distributions throughout the plates were always excellent.
Asllong as heat was applied somewhere at the plate's surface by
energizing one or more of the components, the heat was distributed
throughout the plate, and all of the unenergized or Tow dissipation rate
components attached to the plate's surface assumed its temperature.
This condition, regardless of the different heat dissipation rates,
reduced thermal gradients among components and also thermal cycling
caused by changes in heat dissipation rates.

A simple, accurate and reliable temperature control can be provided
by introducing noncondensible gas into the condenser section of the heat
pipe. Application of this technique can significantly improve the thermal
environment of electronic components by reducing temperature cycling
caused by equipment duty cycles or heat sink temperature changes.

Furthermore, application of heat pipes to equipment cocling plate
design will simplify the whole thermal control system by reducing the
length of tubing, number of fittings and weight of coolant. Such
cooling systems will be lighter, require less pumping power, and have
improved reliability because of reduced vulnerabiiity to general leaks
and battle damage.

Heat of fusion materials and evaporative coolants can provide

thermal protection for electronic systems under emergency conditions
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and will reduce the amplitude of thermal cycling. A short time emergency
protection method can also be provided by installing safety valves in the
cold plates and using excessive working fluid. Even without the above
precautions, such cold plates will be much more effective heat dissipa-
tors when the coolant toop fails.

Two general problem areas which resulted from the experimental work
must be pointed out:

1. A1l of the cold plates tested were quite sensitive to orientation.
Tilting the plate by only a few degrees with the evaporator end up
caused thermal performance degradation. It must be noted, however, that
all the cold plates were designed for horizontal or near horizontal
operation,

2. At the higher heat loads a significant temperature drop
occurred at the condenser section of the cold plates. This problem will
always be present in designing cold plates with integral heat pipes.
When temperature differentials must be reduced, particular attention
should be paid to designing the condenser section of the cold plates
with sufficiently large convection and condensation heat transfer surface

areas.
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