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CONSTRUCTION AID TLSTING OF A GAS--LOADED,
PASSIVE-CONTROL, VARIADLE-CONDUCTALICE HLEAT PIPE

C.A. Depcwl, u.J. Saucrbreyz, and B.A. Benson2

ABSTRACT

A methanol hLcat pipe using nitrogen ggg for temperature control has
been constructed and tested. The system was run over a power ratio of 15
(2 to 30 watts) with the heat source near ambient temperature and with the
heat sink at a nominal value ot 32°F., Control was obtained with a metal
bellows gas reservoir which was actuated by an internal liquid-filled
bellows. The liquid bellows was pressurized by expanding liquid methanol
vhich wvas contained in an auxiliary reservoir in the evaporator heater
block. It was derounstrated that the temperature variation of the heat
source was reduced from 36°F for the heat pipe with no control to 7°F

wvith the actuated tellows control.

INTRODUCTION

3

The heat pipe as conceived by Grover [1] and Trefethan [2] and devel-
oped by many other rescarchers has demonstrated its ability as a high

thermal conductance device which has rwany useful applications. llowever, in

order to become a fully operaticnal themal control device, the conductance

* .
Kumbers in brackets designate Refercnces at the end of the report.
1 Professor of Mechanical Engineering, University of VWashington,
Seattle, Vashington
2

Research Lugineer, The Boeing Company, Seattle, Washington



must be controllable. For if a heat pipe is closcly coupled to a low
temperature hcat sink, and the maintcnance of the.tcmpcraturc of the source
depends only on the fixed impedance external to tﬂc pipe, the hecat source
(which in many applications may be electronic controls) can approach inop-~
erable temperatures dndef low load conditions. It is desirable and neces-
sary, in mos. cases, to design a heat transfer device which has a high
therral conductance at high power but one which reduces its conductance at
low pover dissipation levels. It is also desirable to require no electrical
pouer to actuate the device to minimize the power drain and to increase

the reliability.

Several control techniques have been advanced. Since the heat pipe
operation depends on transport of the high energy vapor to the condenser and
return of the liquid to the evaporator, perhaps the most obvious control
mechanisms utilize control of the vapor or liguid flow rate., These mech-
anisms require a pre:sure drop in the vapor or a dry out condition in the
evaporator [3]. They may have limited flexibility and reliability due to
the inherent heat pipe principles and rewetting and restart features. Other
techniques are based on the variation of thermal impedance with active
condenser area. This variation can be accomplished by condenser flooding
with excess liquid. The conductivity of most liquids is low encugh such
that significant irpedance changes can te realized by altering the thickness
of the liquid layer.

Another mechanism for altering the active ccndenser area is to impede
the diffusion of vapor with a noncondensible gas. Any gas in the pipe is
carried to the condenser vhere it accurulates and presents a blockage effect

to vapor. The extent of the blockage depends on the mass of gas, the gas



temperature, and the heat pipe total pressure. Since the gas is contained

in the "shut-off" portion of the condenser, its temperature is nearly the
same as that of the heat sink. This gaseous portion is a mixture which is

in equilibrium with the liquid contained in the wicked wall and which con-
tains a mole fracticn equal to the liquid saturation pressure at the sink
terperature divided by the heat pipe total pressure. For ; fixed sink temper-
ature, the saturation pressure is constant, and the gas partial pressure is
directly related to the heat pipe tetal pressure. As the t&tal pressure is
governed by the saturation pressure of the pure working fluid in the pure
vapor, the gas bartial pressure is governed by the pure vapor temperature.
And this vapor teéperature is related to the source temperature through the
source terperature and heat flux. It is apparent through the abtove described
mechanisn that the volutie of noncondensible gas is inversely related to the
source temperature. Thus the conventioral heat pipe has inherent -control
aspects. As the source temperature increases, the gas plug decreases in
volume and more condenser area is exposed to allow a higher heat load.
‘Inversely, as the heat load dec:i:eases and as the source temperature is de-
creased, the gas expands to increase condenser tlockage and to maintain a
higher source temperature than would otherwise exist.

The contrcl of the conventional gas loaded heat pipe can be enhanced by
the addition of a gas reservoir which is to be attached to the end of the con-
denser to hold excess gas [4,5,6,7,8,9,10,11). Tor the same relative total
pressure change, Ap/p, the same rclativé.volume change, Av/v, olcurs, %hus

if the gas volume is larger, the volume change is larger, and the active con-

denser length is more significantly altered. Also the reservoir allows the



heat pipe to be vacated of gas such that the entire condenser can becore
active. The fixed volume reserveir control can be further enhanced with
the use of an electric heater elerent which controls the terperature (and
the density) of the gas resident in the reservoir. Active control of the
~heater temperature requires auxiliary power. It, therefore, requires an
external power supply, and it is subject to power failure. These two draw-
backs are circumvented by the use of a self-actuated variable volume reservoir.
The self-actuated variable reservoir volume system as conceived by
Dynatherm Corporation [12] utilizes two extensible metal bellows. The large
bellows serves as the gas reservoir, and it is piped directly to the con-
denser end of the ‘heat ipipe. A smaller bellows is mounted concentric to
the large bellows. The srall bellows contains a liquid which is called the
anxiliary fluid and vwhich is connected te a liquid volwe in thermal con-
tact with the heat source. The gas bellows is actuated by the small bellows
which is pressurized by the expanding liquid as tl-: source and auxiliary
reservoir increase in temperature. ILxtension of the gas bellows displaces
a portion of the gas from the heat pipe which causes the vapor-gas inter-
face to move towards the ~nd of the heat pipa exposing more active condenser.
The enlarged condenser arca attenuates the heat source temperature increase.
Desired design features of this system are: large thermal expansion, smali
compressibility; large gas bellows area, small liquid bellows area. The
fluid properties are limited by available compatible materials and the
bellows areas are limited by ranufacture, choice of spring constant, mater-
i als compatibility, and small bellows maximum ailowable pressure. The
objective of this study was to construct and test a self-actuated, variable-
reservoir-volune, controlled hecat pipe as conceived in the report by Dynatherm

Corporation [12] and as described above.



THE EZPLRIMUNTAL. APPARATUS

The experimental program consisted of two phases. Phase 1 includes
construction and testing of the basic heat pipe aAd gas reservoir control
system. This system war modeled with the TRLW-CASPIPE computer piogram, and
tests were performed.to assess the performance in various modes of opera-
tion. " prirary nodification to the system for Phase 2 cons' ted of the
insertion of a hollow plug into the condenser volume to increase the sensi-
tivity. Since the screen wick whiéh was used during Phase 1 was damaged
during this modification, a new wick of slightly different characteristics
was installed for Phase 2. The modified system was also tested in various

modes, and comparison of the results for the two programs was made.

The Heat Pipe

The "Feedbac. Control Keat Pipe Asserbly"” is shown scheratically in
Figure 1, and the details of the basic heat pipe are shown in Figure 2.

Specifications for the heat pipe are listed below in Table 1. The wick

Table 1  HEAT PIPE SPECIFICATIONS

material stainless steel

length 36 in.

outside diameter 0.500 in,

wall thickness 0.016 in,

end flanges stainless steel

flange seals buna-n "0" rings

fluid - methyl alcohol (laboratory purity 99.9%)
wick ) | 2 layers of 200 mesh stainless steel

screen with an artery formed by 0.018

in. dia. wire as shown
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1/16 0.C. Stainless
Stecl Access Tubes

in - )
dlb A= :T]
RN A \ :
\\//\\/\//\’/\\//i :
A § v\ .ng Y i §
CLLP A < g ]
Heat Pipe Shell End Flange (2)
tainless Steel Stainless Steel
0.50" 0.D. x 0.016" Wall Buna-N 0-Ring Seals
36" Long (6) 8-32 Clamping Screws
SECTION A-A

End Flange

Pressure Shell

Wick- Two Layers
200 Mesh Stainless
Steel Screen

e ——

Vapor

Wick Retainin
Core ?

Spring (Steel

.018 Flow Channel -
Forming Wire

Liquid Return
Channel

FIGURE 2 Basic Heat Pipe Design Features



consists of 2 layers of 200 mesh stainless steel screen which is held against
the wall by an expansion spring having 4 coils per inch of 0.02 in. wire.

A longitudinal wire between the wick and the wallzforms a liquid return
artery. The heat pipe was made with removable end flanges to facilitate
_wmodification, and the "0" ring scals were found to be trouble-free and
adequate in all respects. The pipe was divided into thirds for evaporator,
condenser, and adiabatic sections of equal size.

The aluminum heater block has overall dimensions ¢f 3 x 1 1/2 x 12 inches.
It is split into two halves and machined to receive the heat pipe and 2
auxiliary fluid reservoirs. WYhen assembled it is fastened together with 22
bolts. The heaters were fabricatcd by laying nichrome wire in shallow
channels with epoxy in the top and bottom faces of the block. Each of the
2 heaters hac a resisteonce of abeut 50 ohime., The channel for the heat pipe
was drilled oversize such that a 1/16 in. layer of indium metal could be in-
stalled. The indium metal was nade slightly thicker than the gép such that
it was squeezed upon assembly. Six thermocouples were installed at regular
intervals betveen the indium metal and the keat pipe, and they were pressed
into the indium in good contact vith the wall.

The condenser section cooler was fabricated from 0.625 in. insicde diam-
eter x 0,125 in. thick wall trass tube with copper tutes for the cecolant
brazed with a2 full fillet to the outside. The split bLrass tute was oversize
to accourodate fi}ler material which was used to introduce a fixed thermal
irpedance. For this study, ncoprene rubber was used as a thermal impedance,
and the 2 halves of the brass tube h;at sink sections were clamped tightly
to the heat pipe. Thermocouple wires were inserted through the brass tube

and rubber, and the individual junctions were pressed Letween the rubber and



the pipe wall. The installation was such that the thermocouple junctions
vere nounted on a horizontal midplane along t:e pipe on 1 inch intervals.
The coolant fluid was ethylene glycol which was circulated from a constant
terperature bath controlled to 0.1°C according to the manufacturer's speci-
fications. The flow rate was sufficient to maintain the entire brass tube
in a nearly isothermal condition. The neoprene rutber liner served an
important function in ;ddition to acting as a fixed thermal impedance. Without
the rubber, the heat pipe wall would have bLeen maintained ag a nearly uniform
ternperature close to the ccolant temperature (always near §2°F in this
study) . Tﬁus in both the active portion of the condenser where heat trans-
fer takes place and in the blocked portion the temperature of the wall would
have been nearly the same. lewever, the rubber thermal impedance caused
'the 7all temmerature fo be 2+ 2 sfignificently higher tempercture in the
active portion tham in the bl.cked portion.

The Phase 1 heat pipe was modified for Phase 2 to increase the control
sensitivity. The modificatioun consists of the addition of a 5/16 in. dia.
x .020 in, wall x 12" long stainless steel tube on the center line of the
condenser section of the heat pipe. The tube was added to reduce the
internal volure of the condenser. The reduced condenser volume yields a
larger bellows to condenser volune ratio and consequently a greater movement
of the gas-vapor inteiface per unit change in bellows position. The 5/16 in.
dia. tube reduces the condenser volume to approximately 1/2 of its original
value. The tube was added to the pipe by machining a new end flange for the
condenser end of the heat pipe and soft soldering the new tube to the flange.
The tube i{s scaled at the end in the pipe and open eneded where it protrudes

through the end flange. Twelve chromel/constantan thermocouples were located
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on the top center-line of the tube at 1 in. Inter The thermo-
couples were threaded through holes drilled 1a the ¢ e with * e junctions
formed in the soft solder puddled over each of the drilled holes. Tle lead
wire was routed out of the heat pipe through the interior of the 5/16 in.
dia. tube. Two 1/16 in. dia. stainless tubes were attached to the new tube
in the same manner as the thermocouples. These tubes were located approxi-
mately 0.30 inches from the flange end of the condenser and protruded
roughly 0.03 inches above the surface of the condenser plug tube. Their
radial orientation was 15° on either side of the tob center-line of the plug
tube, and they were used to connect the condenser to the béllows system and

to act as a fill or vacuun access.

The Cas Reservoir and Auxilisry TFluid Actuaticn System

The placerent and orientation of the centrol cempenents is shovm in
Figure 1, and the details of the bellous assembly are shown in Figure 3,
Figure 4 is a phctograph of the bellows ..ssemhly as used in Phase 1., Table
2 contains pertinent inforration regarding the control system. The bellows
assembly as shown in Figures 3 and 4 was used in the FThase 1 study. It con-
sis: e of the inner and outer bellows, their flanges and attachment fixtures,
and a clear plexiglas housing. The vacuum housiug alloved control of the
external pressure on the gas bellows, and the extension rod was used for
mounting a dial indicator for measuring the bellows displacement. The flanges
vere welded to the bellows by the manufacturer, and the inner bellows was
supplied with 1/8 in. np.t. nipples whicﬂ passed through che outer bellows end
plates. “’is design eliminated seals between the inner and outer bellows.

The "0" rings shown on the auxiliary belllows flanpes were used to seal te-

tween the gas reservolr and the vacuum chamber. Aligument pins were located
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Table 2 COUTROL SiSTLY SPECIFICATIONS

noncondensible gas nitrogen

auxiliary fluid liquid methyl alcohol

auxiliary reservoir 0.50 in. I.D. x 12 in. long

bellows system* gas . auxiliary
inside diameter, in. 2.00 0.20
outside diareter, in. 2.99 0.40
spring constant, 1lb./in. 16, 15.

max. press, differential,

psi - 200
length in compression, in. 0.35
length in extension, in. 1.05
stroke 0.70

Bellows procured fror letal Bellows Corp., Chatsworth,

California.

at 4 locations to eliminate squirming of the inner bellows when under pres-
sure. The bellows assembly was rodified for Phase 2 of the study to reduce
friction which caused hystcresis in the assembly motion. The modification
consisted of a larger plexiglas cylinder with alumin. end flanpes, removal
of the "0" rings for the extension rod, and reroval of the retainers which

had limited the tellows motion as shown in Figure 5.
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TEST COXDUCT AND RESULTS
The test program consisted of many preliminary tests lecading to the
final testing of the feedback controlled heat pipe. The procedures and

results are presented chronclogically to shew how the progranm developed,

Simple Leat Pipe Checkout

The pipe was pumped down with the rechanical vacuum pump and charged
with 10 cc methanol. Operation at low pouver levels (about 5 to 10 watts)
was success{ul irmediately. Residual noncondensible gas was evident at the
condenser end,but this was casily elirinated by successive "burpings" to the
vacuum system. At power levels greater than 10 watts, the tewperature at

the far end of the evaporator would rise above the other terperatures in the

'J'
.
‘\l$

evanrrater by an crount which indicoted Iacipient wick dry--out. It was
necessary to overcharge the heat pipe by about 15CZ to raintain near iso-
therral operation. Uhile it was disappointing to rely on excess liquid for
adequate performance of the heat pipe, it was not ncessary to have a per-

fectly working heat pipe to deronstrate the variatle conductance rechanisms.

Characteristice cf the Feedback Loop

After successfully demonstrating the performance of the sirple heat pipe,
the next tes* was to check out the operating characteristics of the feedback
systen, The complete bellows assembly was fitted vwith a loading plate and
placed in a compression testing machine in its operaticnal attitude as shown
in Figure 6. Figure 7 shows the results of this test. 7The unloading curve
{5 not an accurate assessment of the hysteresis since it was observed at lover

forces that the loading head was roving faster than the bellows. At sore
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points after 10 to 15 minutes, the bellowvs force was still changing., The
loading curve is quite lincar over the middle 0.4 inches of travel and was
used to calculate a spring constant of 3.15 lbflin.

Following the test for spring constant, the bellows assembly was con-
nected to a vacuum syster as shown in Figure 8. The bellows was loaded by
adjusting the manifold pressure causing it to travel fr;m fully open to fully
closed. Figure 9 snows the system hysteresis vhen going from the ope-
"equilibrium pressure” condition to fully compressed and then rcturn.ng.

The bellows movement is plotted against the pressure differential so that
the effectie pressure areca, Al, of the large bellows coulﬁ be calculated.

This was done by using the calculated spring constant, and Al was found
to average 4.46 in? for the center 0.4 inches of travel. The belly:ng of
the slopes of the loading and unloading curves indicates the cffective
pressure arca of the bellows does change as they are opened and that it is
largest when the telloaws are near a rest position.

It had been assumed that the effective area published in the manufact-
rer's catalog meant both effective "pressure" area and "volure displacerment”
area and, hence, the term Al in all the derivations was used for both pur-
poses. The schere shown in Figure 10 was used to measure the initial (closed
bellows) volume and to determine the change in volume as the bellows opened.
The results of this test are shown in Figure 1l1. effective area, for vol-
ume, is then the slope of the curve in Figure 11 or 5.08 in?. This compares
with the mean effective pressure area of 4.46 and the catalog value of 4.89
(which does not have the area of the ;mnll bellows of approximately 0.075 in?
subtracied out). It appears that the publisned value could be used with

only a smoll error introduced,
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Cas Dellows/Auriliary Fluid Svstem Response

Analysis of the bellows system response appears in Appendix A. This
analysis was used in the selection of the tellows sizes, although availability
and cost were over-riding considerations. Although the expression given for
bellows movement during actual operation is governed by Eq. (A-9), the rodi-
fied Eq. (A-12) plotted in Figure A- 2 could be checked without operating
the pipe. The auxiliary reservoir was connected to the bellows assembly and
charged with liquid methanol. The heét pipe ':as then evacuated (no methanol
in the pipe). The vacuum wanifold used to maintainlthe bellows assembly
back pressure was adjusted until the bellows just began to open. The auxil-
iary fluid reservoir fill valvé was then sccured, sealing the system. The
heater bleck terperaturé was raised slowly but the bellows did not respond
urtil the terperature had risen substantially, in somec cases as much as 4C°F.
Once the rotion started it’ continued linearly until the bellows was full
open., Possibly the auxiliary syster had some resicdual gas which had to be
compressed before the bellows would function.

The reservoir charging technique had consisted of simply evacuating the
reservoir with a vacuum system and subsequent back filling with methanol.
The ultimate pressure of the vacuum pmp was less than 1 torr tvhich should
have been adequate. Since the atove results indicated residual gas in the
systen, the technique was changed to include bLringing the reservoir above
the normal toiling point and letting the vapor discharge through a liquid
methanol filled flask. It was hoped Fh&t any trapped gas would be carried
out with the methanol vapor and when the reservoir cooled, only mecthanol

would re-cnter it. Subsequent tests showed that this procedure was also
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apparc:tly not adcquate for charging the auxiliary reservoir. lowever, in
the course of operating the system, it was found that the.auxiliary liquid
could be prepressurized using a simple scheme. The back pressure on the
bellows was adjusted to open the bellows approximately 0.10 inch. Then
after sealing the auxiliéry system, the back pressure was increased causing
the bellows to prepressurize the auxiliary fluid to approximately 30 psig.

Now, when the scurce temperature was increased, the bellows responded
inmediately. The results of this system checkout both before and after the
prepressuring technique was employed are shown in Figure 12, This test
pointed to a serious deficiency ii. the setup; that of not being able to
independentiy adjust the auxiliary liquid pressure. Therefore, at this
point an auxiliary fluid pressure adjusting chacber was added to the systen,
It consisted of a thick walled brasg cylinder witli a screw piston which
altered the volume (pressure) of the reservoir.

The'bellows sensitivity, that is, displaceisen. due only to a heater
block temperature change, was approximately .021-,023 in/°F. This was con-
sideratly lower than the design prediction of .038 in/°F Irom Figure A-2.
The repeatability of the slope of the test results indicated that the system
response was as reasured and that the error lies in the calculated predic-

tions. Therefore, the final phase of the test program was begun.

Variable-Conductance Operaticon

The entire assembly, as shown in Figure 1, was next operated as a unit.
The systenm was charged in the following manner. First, the auxiliary system
was charged with the methods outlined atove (evacuate, backfill, boil and

backfill), with the fill ports left open. fot, tle heat pipe and gas bellows
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system were evacuated by pumping through the manifold for approximately 24
hours. The valve between the heat pipe and bellows was then closed. MNote
that with the valve arrangerent shown, either the heat pipe or the gas
bellows could be evacuated independently, Next the heat pipe was back filled
with approximately 20 cc of methanol. The source was thgn turped on so that
the condenser thermocouples would be driven above the sink termperature. The
vacuum was then opened to the hea; pipe interior and the condenser termpera-
ture monitored. When the couple nearest the end came up to the rest of the
condenser, indicating a fully active heat pipe, the vacuum valve was closed
and secured and the power and cooling loop turned off. The bellows back
pressure was then adjusted to bring the btellows full open.

When the pipe came back to equilibrium at room temperature, the nonec- -
densible pas (nitrogfen) was introduced into the bellows until the total
pressure was approximately 1 psi above the heat pipe total pressure. This
over pressuring preve :ted methanol from entering the bellows when the valve
between the heat pipe and bellows was opened. Next the cooling loop was acti-
vated which caused the heat pipe to start cperating in its normal rode.
After a few minutes the rain valve was opened and the nitrogen gas entered
the heat pipe. Eeccause of the mass of the heater block, it had not yet
started to drop in temperature. The over £1llinp with nitrogen caused the
vapor/gas interface to mecve far into the adiabatic section. Carefully the
vacuun valve to the heat pipe was opened and as the nitrogen was slowly pumped
out, the movement of the vapor/gas interface could be seen along the con-
denser by watching the thermocouples ;ise in turn .o near the vapor tempera-

ture. The bellows back pressure was then increascd until the bellows was
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wvithin atout 0.050 in. of being closed. The nitrogen gas was then pumped

out until the vapor/gas interface resided at approxirately the number

twelve thermocouple (0.5 in. into the condenser from the adiabatic sectien).
Finally, the fill ports in the auxiliary reservoir werc secured and the pre-
pressuring screwv piston was adjusted until the bellows just began to move.

The variable-conductance heat pipe was ready for operatién. Aétcr a number

of days of takirg data and flexing the systen, it was noticed that the gas/
vapor interface position was not.repeatablc with heat load. It was thought

at first that gas was once again leaking into the system. UHowever, it becare
noticeable that the auxiliary fluid pressure would decay Qlightly vhen the
terperature was held constart, If a single failure was the cause of both
problems it had to be that either the o-ring seal between the gas ana
auxiliary systems was leaking or the small bellows had become lezky allewing
the auxiliary wetharol to leak into the large bellovs gas chamber. The system
was again disassembled. The small Lellows wvas fitted in a test jig so it
could be pressurized with laboratory high pressure air vhen irmersed in a
water tank. Three tiny bubbles foried on the leaves of the bellows growing

at a rate of about 1/16" in diareter in fifteen wminutes at approxiratcly 50 psi.
Atterpts to solder the hnles closed caused the bellows to leak lilie a sieve,

A new bellows was ordered to the same specifications. The wmanufacturer
reminded us that the maximum pressure the bellows was good for was 200 psid.
Looking back through the preliminary tests, there were times when this pressure
vas driven as high as 300 psid and quite possibly higher by inadvertently
driving the bellows tack pressure too high. The sct-up was already quite
cunbersome with too rany possible failure points and unknown valve, fitting

and associated tubing volumes. Therefore, it was decided that the auxiliary



pre~pressuring <hamber could be used to keep the systew pressure within
linits, and no pressure relief valve was installed.

After the bellows arrived, it was imnediatel& installed in the system
and operation started again. Finally, the system performed under all
operating conditions, It was run in a total cf fi.e modes. (1) Normal heat
pipe with no gas; (2) Conventional variab aductance kc~v—c) with just
the condenser volune; (3) c~v-c with a fix osed b:llows volume; (4) ¢-v-¢
with a fixed open bellows gas volume, and (5) the fecedback-controlled mode
wvith variable gas bellows volume. The tests were run over a power range of
2-30 watts, nominal. The results of these tests are shovﬂ in Figure 13‘for
variation of source temperature and in Figure 14 for variations of working

fluid vapor temperature.
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EXPCRIMEUTAL RCSULTS AlD DISCUSSIQI QF SYSTLH PLRFORMANCE

Unrodified Pipe Results

The data shown in Figures 13 and 14 constitute the primary results of
the program. Figure 13 shows the heater vlock terperature versus heater
power, and Figure 14 shows the adiabatic section temperature versus heater
power. The adiatatic section temperaturec was siiown to be essentially the
same as the pure vapor terperature. Data are shown for the 5 modes of opera-
tion, and they show the improvement in temperature control with the use of a
noncondensible gas and further with the feedback control feature. Fascline
operation of the tasic pipe without gas is indicated by the steepest linaz
vhich shows that the source terperature drops to about 38°F from 74°F when
the power is reduced. The perfeormance is improved considerably when gas is
added to the pipe but with no reservoir at all. In this mode the temperature
increased from about 68°F to Z0°F when the power was increased. Jote that
it was possible to adjust the scurce temperaturc tc some value (68°F) at low
power in this rmode; whereas with no gas present, no such regulation was
possitle. The advantage of a gas reservoir is dermonstrated by th - points for
"bellows held closed” and "bellows held oren' operation. These volumes are
2.9 cu.in. and 6.0 cu.in. respectively. The total amount of nitrogen in the
pipe reservoir was the same for both of these modes, and the lower tempecrature
of the open wmode as compared to the closed bellows mode were due to the presence
of less gas in the pipe and hence .morc active condenser, liote that
no data was acquired beyond 22 watts with the reservoir in the
fixed-open positiou. This was due to the fact that the vapor/gas interface
bad moved alrost to the end of the condenser, and operation at hipgher power

levels would have resulted in.complcte elinination of gas from the pipe.
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Continued operation in this state woulid have caused diffusion of methanol
vapor into the reservoir vith subsequent long timg intervals to steady opera-
tion. it is anticipated that the source temperaéure for 30 watt operation
would have been the samc as for the basic pipe, i.e., 74°F. The test control
sensitivity was experienced with bellows actuation by the auxiliary fluid
pressurc. In this mode, terperature variation of the source was limited to
about 9°F. Operation in the .eedback mode preduced a vapor/gas front
moverent of approxirately 10 inches for the full powver change. This displace-
ment represents almost the entire length of the condenser section. The vapor
temperature was lirmited to a 3°F rise for the same conditions as shown in
Figure 14, and it was lesc than the source termperature change for all modes
of operatfon. Table 3 surrarizes the results to the nearest degree, and it is
clear tuat ccatrel is about the sane with a resecrvoir of {ixed size as it is
with a variable size in the range tested.

TABLE 3. HEAT PIPE COLTROL COMPARISONS (UITMODIFIEL PIPE)

Terperature Change (°F) for Pover
Change frem 2 to 30 w

vapor source
Basic heat pipe (no gas) 30 36
No external reservoir (gas in pipe) 18 22
2.9 cu,in. reservoir (bellows closed) 9 13
Variable volume reservoir - feedback control 3 10

The reported data are from runs which occurred over a period of approxirmately
one ronth. In that tire the heat pipe charge and system gas content were not
altered. The temperature rcproducibiliﬁy at both high and low powers indicate
that the system was essentially leali-tight. Approximately forty-five ninutes

vere required for ecach steady-state condition. This did rot allow erough
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tire for the cquilibrium-to exist betueen the molal content of the apor-
gas mixture in the reservoir and the condenser. llowvever, because thn
temperature of the inactive portion of the condenser was nearly constant,

the corposition of the mixture at the condenser end did not vary 3ppreciablj.

For cases where a test condition was left overnight the temperatu.. changes

were not discernible.

Modified Pipe Results

As earlier discussed, the system was modified for the second phase of
the program.. These modifications were threefold: (1) A plug was irserted
in the condenser gas/vapor volume, (2) the vacuum housing arcund the bellows
asserbly was enlarged to include the dial indicator, and (3) the 3 retaiuner
clips were reroved from around the large bellows. The affect of (1) was to
increase the control sensitivity to creating a larger change in the i.ctive
condenser length for the same tellows displacerent, and modifications (2)
and (3) were to ;educe friction in the tellows motion. Reroval of the
retainer c¢lips also allowed the bellows to expand until it was stopped by
the plexiglas housing. Therefore the "full open" bellows position represents
a gas reservoir volume that is 14Z larger than in FPhase 1.

The results of the tests with the nodified system are tabulated in
Table 4. Comparison of results for cquivalent conditionrs in Tables l and 4
shows that the nmodified pipe had improved control capability. Wwhereas the

terperature rise of the source was 10°F with the full condenser volume

accessible to the gas, the rise was linited to 7°F with the plug installed.
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The total gas content was greater for the Phase 2 operation allowing opervation
of the pipc with the bellows full open and at 30 watts power The larger gas
content caused the temperature levels to te somewhat higher in Phase 2 than

in Phase 1. Comparison of all modes is possible on the tasis of tewmperature

rise per unit power change as is snown in Table 5.

TAELE &, HEAT PIPL CONTRCOL COMPARISORS (MODIFIED PIPE)

Terperature Change (°F) for Power
Chanse from 2 to 30 vatts

Vapor Source -
2.9 cu.in. reservoir (teli¢—rs cicsed) 8 12
6.8 cu.in, reserveir (bellovs open) 5 10
Variable volure resecrvoir - feecdback control 2 7

TABLE 5. COMPARISOn OF MODIFIED AND UNMODIFIED SYSTEM CLARACTERISTICS

Change in Yeater Temperature Per Unit Power,

°F/watt
Unrodified systen Modified svsten
Minirum reservoir vet. 0.46 0.43
Maxirum reservoir vol, 0.46 0.36
Variable reservoir vol. 0.36 0.25

The significantly improved temperature stability offered by gas control tech-
niques in general is obvious when any.of the values of Table 5 are conmpared to
the uncontiolled systems response of %% = 1,29 °F/watt. It is also apparent
that the moidfied system had approximately 307 izproverent in the attenuation

of the ternpcrature change of the source.
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COMPUTER HODELING OF THL CONTROLLED HLAT PIPC

The TRV Systems, Inc. computer pregram called CASPIPE was used to
model the variable conductance heat pipe. This program will predict the
total heat transfer rate given the anount of gas or the total amount of gas
present in the reservoir and the pipe if the heat load is specified. 1In
either case, a fixed size gas reservoir is assumed. The CASPIPL program was
used to calculate the amount of noncondensible gas since no experimental
determination of this quantity was made, and the resulting temperature pro-
files were compared to the experimental temperatures. The progran requires
as input data specification thermal conductance values for the wick-liquid
matrix and for the conduction path from the pipe wall to the coolant. In
this experiment the thermal path from the wall to the coolant is cemplicated
by contact resistances at voti {aces oi tue neoprene rubber and by the
compressibility of the ncoprene itself. A series of 30 runs was made at 5
power scttings while changing the active condenser length by displacing the
gas bellows through adjustrment of thie back pressure in tlie plexiglas chamber.
The results of these tests are showvn in Tigure 15 as adiabatic section tem-
perature (vapor temperature) versus active condenser length for the 5 pover
settings. The average conductance was calculated to be 7.48 wvatts/sq.ft.°F
(+ 6%). Calculated perferrance curves are shown for corparison and the value
specified is considered to represent the data well. The agreement is adcquate
for the resolution of the active condenser length vhich is limited to about
1/2 in. due to the therrocouple Spacipg:' The cendenser conductance and the
otler parareters were used to calculate the gas content for 19 runs over the

power range {rom 2 to 20 vatts and for a range of pesitions. The average
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value was calculated to sc 6.460 x 10—7 1b-meole + 6.-27 for the extremes,

The 10 runs were selected for their range of conditions and for the closeness
of their condenser conductance values to the averace. The calculated pas
amount was ur . with GASPIPE to predict the heat load for 5 out of the above

10 runs. Table & summarizes the results for the 5 runs. -

TALLE 6. COMPUTER MODLLING RESULTS

lleat Load Control Evaporator Heat Load Ratio
Experiment Mode Tempsraturc Calculated Qe
waéts F wgtgs 6:
e . ¢c

2.1 control 67 0.3 6.8

9.0 control 69 9.2 .97
15.3 control 69 18.3 1.1
22,6 bellows closed 76 25.1 .2
29.9 control 73 29.9 1.0

The table shows fair agrcement with the exception of the low pover case wvhere
the fraction of active condenser is extremely sensitive to the gas front 1loca-
tion. At this pover setting, there is less than 1/2 in. of active condenser,
and srall errors in the extent of the gas blockage can significantly alter

the heat load,
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CONCLUSIONS

This program has deronstrzated the value of a variable-conductance
heat pipe ir the control of the temperature of a power source which ranged
from 2 to 30 watts. Vith the heat sink at 32°F, the power source tempera-
ture ranged from 37°F to 67°F, but with a variable-conductance passive feed~
back control system, the source temperature was maintained at 70°F + 3 1/2.
The perfeormance of the feedback bellows volume actuation system 1s less
irpressive when compared to the thermal control which is obtainable with a
fixed volure reservoiz. The best control in this node was found with a ‘
volume of 6.8 cu.in. when the source was maintained at 65°F + 5. Considering
the absolute improvenent in the source temperature variation from 10°F to
7°T (for comparable fincd and wvarfablcs velume rescrveirs
not dramatic. In fact, the size and weight of the bellows and the suscepti-
bility to failure of the bellews system by overpressurizzcion or fatigue
could make the feedback actuation loop impractical.

The addition of a plug to occupy approximately one-half of the con-
denser volume significantly improved the performance. Yor example, in the
variable reservoir volume mode the temperature rise was reduced from 10°F to
7°F for the power range of 2 to 30 watts.

Computer modeling of the gas-controlled heat pipe was done with the TRV~
GASIIPE program. This study was an inadequate test of that progrzm since the
amount of gas in the system was not indépcndently cdeternined; however, the
limited application demonstrated that the program is a useful tool for the

prediction of performance of such systems,
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HONERCLATURE
A area
c constant defined in text
£() function
k bellows combined spring constant
L length
P pressure
Q heat transfer rate
R therral resistance
T terperature
v volune

R

fsobaric thormal empansicn co2fficient

n bellows position
K isothermal corpressibility
A enthalpy of vaporization
Subscripts
1 effective arca of auxiliary fluid bellows
2 eff~-ctive area of gas Lellous
a auxiliary fluid
¢ condenser

et external

g gas

i initial condition (for bellows i represents the unstressed

-

position)
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Subscripts (continucd)

o sink

P heaé pip-

T reservoir

s source

X cross-section
v vapor

x cross-secticnal



Appendix A

This section contains a simplified analysis of the tellows system
with auxiliary fluid actuation. The analysis was used in the design of the

systern and the speccification of the bellows characteristices.
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system.  In sone cases, sizes were adjusted slightly to acccarmodate design
integration, such as the size of the auxiliars cellows. The cost of a
bellows tailored to the exact sizes recozmended vas exorbita~t. Therefore,
some off-the-shelf sizer were substituted after analysis t deconstrate that
they would be suitable. The first step in the design wos to ciioose an
eff~ctive area for the large (gas) telluws. An off-the-shelf size of 4.£9
sq. in. effective area was almost identical to the original design. The
renainder of the bellow dimensions were calculateé after assuuning that enly
the auxiliary fluid would be used to actuzte the Lellows. In actual prac-
tice, the risirg total pressure in the heat pipe would augrent the suxiliary
fluid. Also assuned in this sizins analysis wes that compression of the
nonconceasible pas over the anerating range vould be neclipible. These
assuiptions are ecconservative tut they Jdo place upper lounds on the coptirizing
process,

After choosing 4, it is easily calculated (4n = Lc(Axp)/Al) that a dis=-
placerert of the lellous by 2.3f1" is required to rove the gas/vapor interface
the length of the condenscr.

The actual sizirg of the srall actuating bellovs is cn iterative process
requiring trades between spring constant and operating pressure. Dy igrnoring
the effcct of the heat pipe total pressure on the bellows positicn, Fe. (A-9)
reduces to )

A BV

- - ‘ (A-12)
s Az + Ka‘a 3 .

Figure A-2 shows values of the nreasure of contrel sensitivity, dn/dTg, as a
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~

1. n=0; n=0 (acceleration and velocity darmping are necligible

2. The e:xternal pressure on the bellows system is constant.

3. The entire volure of auxiliary fluid is at Ts.

4, lysteresis in the bellows is neplected.

5. The bellows spring coastant is constant.

6. The cubic exponsion and compressibility factors for the auxiliary
fluicd are corstant over the operating range.

7. The expansion of the auxiliary chacber walls is negligible.
With these assurptions, the following performance equestions are derived:
A force balance on the tellows pesition gives

Pext (A1+A2) + k (n—ni) = PaA + PvA

2 1

differcntiating with respect to Pv and roting thac D = £ (T )

<or a twvo phase system

A, £' (T) + A izﬁ._'p dn_
v 2 dT T dT
v v

1 =0

liext, using assumption 2 and noting Va = function (Ta, P)

a

[ W

av = 1—2) aT + (=2} ¢ or

a \01 a ut f., a
alp a'tT

oV oV
where B = -l- a and K ”'—l— 1
" a Vv an a "~ Vv 3
a alp a

dividing (A-Dly dn, using the chain rule to define

(A-1)

(A-2)

(A-3)
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dr ar dT Y
2 = L ¥ and noting —2 -
dn a1 dn = dn 2
(l‘s"li)
dTa qu dTv
A2 = 6a Va dn “a ‘a E?;’ T W
Combining (£-2) and (A-4)gives
6 dTa vaq k Al dTv
= - < < .l. — v 1 —_— -
A2 a va dn A2 Az “a a f (Tv) dn (4-5)
Py cefinition of Rs’
¢=L ¢ty =21 1) (A-6)
R s VvV X a'v :
. 8 >
differentiatirg with respect to 0
aT aTt
—2 . ¥ 4. =R
dn dn s dn
dT
corbining this with (A-5) and noting gg = 82 . X
< dan dTv dn
ABV_ + A XV f' (T )+ A,3VR 99
d 2"a’a laa v 2"a’'a's 4T
n v
dT = 2 + 4 k ("-7)
v Ay Ka'a
This expression can also be uritten in terrs of Ts
. . y v "~ -~ ) (’Q B
i AZEaVa 4 AlKa‘a f (;v)(l—ds e
4T = 2 or (A"S)
s A? + Ka‘. k
. dTv
4 A rof' (T ST
a A28:1‘a * lKa\a £« v’ dT
LI S (A-9)
de A 2 +K v - .

An examination of the terms in ilq. (A-%) and (A-92) pives sore imsight into

raxinizing performance, cven though an expression for (’.(.‘/(‘.To has not yet been
«)
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developed. The parareter d7 represents the rotion of the bellows (pesitive

dn for an opcning bellows). Therefore, it is desirable to wmaxinize the right

hand side of Eq. (A-3) and (A-3).

1.

S.

Minirize Auxiliary Fluid Cernpressiliility - Although this fact is sore-
vhat rmasked by Lq. (A-9), 2 look at Lq. (A-3) shous the change in dva/dTa
is degraded ly increasing carpressibility.

Haxirize Va - Again, the eflect of Va is not clear ir Iq. (A-2) but Cq.

dp
- a oo Lo T =V e - ———
(A-3) can Le rearranged to sho dVa/d 2=V, ( 2" %2 dTa

and as long
as (6 - dPa/dTa) is positive, vhich it must be [or positive feecback,
‘acreasing Va will always inprove performance,

Tnereasing &, - The extent of improved perforrance uvith increasing A1 is

1
dependent ot the relative value of the terms in the numerator. The tern

including A, cornes about {rem the pressure the gpas/vapor rix:ture exerts

1
on the larce tellows and is really not part of the feecliback lcop,
Increase f°' (Tv) - This term also is not part of the design feedback
loop, tut it is a plus for the system. The magnitude, of course, depeads

on the wvorlking {luid and terperature. Note that this term is positive

as shoun by the Clapeyron relation

ap A T
— = f ' (T) = — = —
dT Ty = V) TV

Incrcase dTv/dTS - By Lq. (A-8) this term is equal to (1 - Rs dQ/de) and
is alvays positive with a stable system. Therefore, to maximize dTv/de

requires that Rs be a minimun. (lote that all parancters in the term

1 . - .
Al ava f (Tv) dAv/de arc positive.)
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6. Maximize the cubic expansion cocfficient, Ba (sce 2 above). This

property, along with the conpressibility, is set by the choice of vork-
ing fluid and Eq. (A~9) shows its effect directly.

Optimize A, -~ For srall changes in vapor temperature the last term in the

2

nuncrator of Lq. (A-9) approaches 0, and it takes the form

dl"l

AZ cl
T where €, and C,, are constants (A-10)
s A

24 ¢, 1 2

2

AZ has a maxirun at ~ VCZ

However, Lq.(A-1) can be altered to show

-

= 1 - v Fy = - P -
LPa (. an - A APV) vhere \Pa I’a I (A-11)

>',_‘

2 1

Eq. (A-11) is alwvays positive with incrcasing source tewmperature if the
bellows feedback syster is wvorking at all. Thrrefore, very small valuves
of AZ ray csuse an exceedingly high pressure in the auxiliary fluid bel-
lows. TFor a typical metal tellows this forces a trade off letween the
spring constant and the btellows allowable pressure,

Minirize the epring censtant, Lk - While this obviocusly improves perform-~
ance the preceding arpument should be heceded before choosing a minimum

wall thickness Lellovs to winimize the spring constant.

The design of the feedback control syctem requires sizing of the bellows

and the auxiliary [luid reservoirs. Since the purposc of this program was to

test a design based on the vorl done in [12] the sizes used in that study

vere uscd for gricelines even though no attempt had Yeen rade to optinize the
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function of A, for various values of bellows spring constants and for values

2
of V, B and X used in the design.

a’ ‘a a

With the assumption that the vapor terpercature undergoes a negligible

change, the small tellows operating pressures can be calculated usirg Figure

A-2 and the folloving rodified form of L[q. (A-11)

An (A-13)

AP_<_-1-;‘!‘—-I
a— 4y

The required stroke is 0.381" and assuming an initial pressure of 1 atm.

X
Ay

-then &P < 14.7 + .381
The equality is plotted in Figure A-3,

The general trend of the curvass indicates a desire to-choose a tellous
vwith a low spring comstant. This dictated looking for a Lellous corbination
vhose spring constant was low but one vhere the zllowable pressure was high
enough.

Typically, the convoluted type bellows have very high spring constants
(>100 1b/in). A tellows with a spring constant of 100 1lb/ir would operate
at over 7C0 psi to get rmaximum sensitivity and the requived stroke. A bellows
type called the "mesting ripple” has low spring constants. However, the thin
wall constructicon limits the maxirmum vorking pressure on srall diameter bel-
lows to about 200 psid. Decause of this pressure linitaticn the optimum
size (AZ) could not be usod. Consequcngly, an off-the-shelf size was picked
with an effective area of .075 in and a spring constant of approximately 15.
This cerbined with the outer tellous spring constant of 16 gav~ a total of
31 Ibg/in., These values set the minfmun design sensitivity at

dn/de = 1.039 in/°F and the maxinum required working pressure at 175 psid.

14
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One of the prime consideraticns of the bellows/heat pipe system is the
Pressure differcential across the large bellows face. A heat pine typically
operates in an internal pressure range that is different than arbient. The
pipe irn this program was designed to operate Letuecn anproximately 30-100°F
corresponding to a total internal heat pipe pressure of about 0.2-4,.C psia.
This reans the extcrnal force or the bellows could be as high as 14.5 x 4.89 =
71 1bs. requiring an auxiliary pressure of 71/.075 = 950 psi just to overcone
the atroshperic pressure. For a vacuun application the irnternal pressure of
the vorling fluic would drive the btellous wide epen rendeving it useless.

This problen was cvercome by encasing the bellows assembly in a sealed charmber.
The pressure in the cliavber could bte adjusted se that et the desired initial
conditicns tiie bellows could bLe set at any position. The charer was wade

cf plexiglas so the btellows uotion could Le observed. An undesirable feature
of the original svsten was the ircbility to externally adjust the auxiliary
bellows fluid pressure once the systen was scaled. This problem was allevi-
ated by imstalling a screw piston in the auxiliary line. These two additions

to the original design gave a good dezl of versatility luring testiug.
&5 b £ g



