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1.0 INTRODUCTION

Heat pipes are at a stage of development where they are often
indispensable elements in the optimum thermal design of spacecraft.
Large gains in heat-pipe performance, however, are still to be had
in control, as well as reliability and capacity. This report is on
continuing efforts in these areas by TRW Systems Group under contract
- MAS 2-8310 with Ames Research Center. In addition, we are reporting the
results from data analysis of two successful zero-gravity flight
experiments that were developed on a previous contract NAS 2-5503.

In Section 2, we report the results of the Ames Heat Pipe
Experiment (AHPE), which is a variable-conductance heat-pipe/radiator
system Taunched aboard the QA0-3 spacecraft in August 1972. -All
available flight data were reviewed, and those from selected orbits were
correlated with predictions of an analytical model of the system:
The principal conclusion is that gas-controlled variable-conductance
heat pipes can perform reliably for long periods in space and effectively
provide temperature stabilization for spacecraft electronics. Furthermore,
the performance of such systems can be adequately predicted using existing
design tools.

Arterial heat pipes offer high heat-transport capacity, however
even a trace impurity of noncondensable gas can be trapped in an
arterial bubble during priming and cause the artery to fail under load.
This critical problem has in the past ruled out arteries for gas-loaded
variable-conductance heat pipes. The second zero-gravity experimeﬁt,
reported in Section 4, studied a solution that allows the gas to vent
through the arterial wall. Zero-gravity was achieved for six minutes
on board a sounding rocket. Two heat pipes had instrumentation inside
the arteries to detect the state of prime. The principal conclusion is
that the solution works effectively in zero gravity as well as on earth,
and the experiment provided confidence that gas-loaded arterial heat
sipes of the type tested will function reliably on spacecraft.
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In conjunction with the analysis of arterial priming on the sounding-
rocket experiment, a glass-walled heat pipe was used to visually investi-
gate the priming mechanism in the 1aboratory. This investigation, which is
reported in Section 5, uncovered the source of a discrepancy between the
actual fluid charge required for the arteries to prime and the predicted
charge, which was low by over 30%. A solution was found that aT]ows the
arteries to prime at a much lower fluid charge

Although arterial heat pipes have a high heat-transport capacity, they
also have stringent leveling requirements for priming, and they are gener-
ally complex to fabricate. In addition, nonarterial heat pipes are inher-
ently more reliable. Under the task reported in Section 6, a high-capacity
nonarterial heat pipe was developed. A combined theoretical and experi-
mental effort was first undertaken to construct a mathematical model of
capiltlary flow through a f1brous wick. The key to high capacity is to use
the model to vary the wick's porosity along its Tength. The eomputer pro-
gram GRADE was written to calculate optimum porosity variations. A half-
inch-diameter all-aluminum heat pipe with ammonia as the working fluid was
designed and tested. Its demonstrated capacity of 226 watt-m at 21 C
is far superior to any existing half-inch-diameter nonarterial ammonia heat
pipe, and the mathematical model predicts an additional 50% increase is
poséib]e by a refinement of the wick's porosity variation.

As part of the effort to develop a high-capacity nonarterial heat pipe,
a task was undertaken, which is still in progress, to experimental]y study
the pressure variation of the vapor flow since it can directly affect the
optimum porosity variation of the wick. The resulis of this study are
deferred to the next research report where we plan to present them with
the results of a theoretical study.

. Our task in the area of heat-pipe control, which is reported in
Section 3, was to develop a flight prototype variable-conductance heat pipe
based on modulating the vapor flow. In the course of the task, ‘we discov-
ered a new control mechanism that circumvents some of the limitations of
the existing vapor-modulated mechanTSm Two heat pipes were fabricated.
The first pointed to several needed design changes, which were incorporated
into the second. The result is a heat pipe with high capacity (in excess of
200 watt-m ) and close temperature control of the heat source (1ess than -
0.04C rise in temperature per watt), independent of large variations in sink
temperature. A -2=
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2.0 A VARIABLE-CONDUCTANCE HEAT-PIPE FLIGHT EXPERIMENT:
PERFORMANCE IN SPACE

The Ames Heat Pipe Experiment (AHPE) is a variable-conductance heat
pipe which was launched aboard the DAQ-3 spacecraft hy NASA in August
of 1972. AHPE is being utilized to control the temperature of the space-
‘eraft's On-Board Processor {OBP}. Variable conductance is achieved by a
noncondensable gas loading contained in a "hot", non-wicked reservoir,

AHPE was developed and fabricated by TRW under a previous contract.
On the current contract, the flight temperature data wereanalyzed and
compared to analytical predictions {see Reference 2.6). With a view of
achieving maximum utilization of the flight data as an aid in future appli-
cations of variable-conductance heat pipes, it was established that the
following questions should be answered during the study:
{1} Does operation of the experiment correspond to established

theory, and can it be predicted with existing analytical
tools?

{2) How effective is the heat pipe in providing témperature
stabiiity for the 0BP, i.e., what temperature would be
expected without the heat pipe?

An analytical model of the heat~pipe system was first generated.
To establish confidence in the model, it was then used to correlate
ground-test data where heat inputs and envirvonmental conditions were
well known, and a large number of temperature measuremenis were available.
Flight data were then collected, examined and several orbiis selected for
correlation. Primary criteria for selection wersthat the data werefor a
full orbit and showed orbital stability, i.e., temperatures at the begin-
ning and end of the orbit were approximately equal. This allowed
correlation of data for an individual orbit without having data from
previous orbits. Environmental conditions for these orbits were input
to the analytical model, and the predicted heat-pipe performance was -
compared with the flight data. Finally, the model was modified to
simulate a fai?gd heat pipe, and the performance of this system comparsd
with the existing AHPE design to give a measure of the heat-pipe
effectiveness in providing temperature control.

-3
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2.1 AHPE DESIGN DESCRIPTION

A complete discussion of the system design and a detailed cescription
of the AHPE hardware can be found in References 2.1 and 2.2. A summary
of thc important design features is given below.

Working fluid: methano?
Control gas:l helium (1.16 x 10”2 g-mole.
Pipe material: stainless steel
Reservoir: Hot, non-wicked (216.3 cm®) -
Wick éystem: Hybrid; homogeneous and fj11ediartery
Maximum heat load (desigc spec.): 22 watts
Radiator sink temperature (design values)*: .-19C (max), -52C (min)
Control range: 14 to 20C '
Radiator: Aﬁzaklcoated aluminum (a/e'= 0.17/0.75)
Reservoir/condenser volume ratio: 10:1

*Includes heat input to back of radiator.

Figure 2-1-shows the AHPE as integratcd into the Orbiting Astronomical
Observatory (0AO-3). OAO-3 has 926 km , circular-orbit. The spacecraft
is in sunlight from 65 to 81 percent of- the time, .corresponding to orbit
planes between 0° and 55° to the.ecliptic. Heat generated by the OBP
electronics is rejected to space by an Alzak-coated .radiator mounted on
an external face of thé spacecraft. The spacecraft is oriented: such that
the panel surface on which thé AHPE radiator is mounted is always parallel
to the sun-earth Tine. Therefore, the radiator gets no direct solar energy
but receives earth emission and albedo plus infrared energy emitted from
the solar array. This solar array IR flux is the dominant external heating
source as can be seen from Table 2.71.

Transfer of heat from the OBP platform to the radlator iS by two
parailel paths. The flrst is direct radiation and the second is through
the AHPE variablé- conductance heat pipe. An exper1ment constraint was
that, for an AHPE fa1lure the 0BP p]atform would not exceed 60C. This
required the radiative heat-transfer path in para]]e] ‘with the heat pipe.

=4
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Table 2.1. Incident External Heat Fluxes on AHPE Radiator™

Solar Infrared

Albedo Earth Solar Array
Max - 49.29 | 57.43 159.36
Min 19.74 | 34.85 42.45

+watts/m2, Orbital Average.

The AHPE design is shown in Figure 2-2. Methanol was chosen
as the working fluid because of its sqpééior properties for
control. The control gas is He to maximize diffusion rates. It is stored
in the unwicked reservoir that is Jocated inside the evaporator.
Stainless steel is used for the heat-pipe walls and wicks because of its
Jow thermal conductivity, which is beneficial to control performance,
and it is comﬁatib]e with methanoi.

The saddie for mounting the heat pipe to the OBP piatform is of
aTuminum for 1ight weight and high conductance. As discussed in Reference
2.1, the -optimum characteristics for the radiator are high conductance
perpendicular to the condenser tube, to yield high radiator effectiveness,
but a Tow conductance in the axial direction to minimize the control
temperature range. This leads to the segmented radiator shown in
Figure 2-2. Low-conductivity fiberglass épacers are fitted between
high-conductivity aluminum fins.  The region of the radiator nearest
the reservoir entrance has finer segments to locally give an even sma1]er

axial conductance. Low conductance in this region is important to
achieve maximum utilization of the radiator surface.

The back of the main section of .the radiator is painted black to-
provide a heat-transfer path in parallel with the heat pipe as a back-up
in case of heat-pipe failure. If the heat pipe should fail, OBP dissipation
would be rejected totally by this path with an increased temperature
resulting. The back of the cold-trap region is insulated with atuminized
mylar to lower its effective sink temperature and thus minimize the partial
pressure of methanol in the gas reservoir.

-6~
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2.2 THERMAL MODEL

An analytical representation of the configuration was developed that
has two major elements: 1) a standard nodal-network representation and’
2) a subroutine which calcd]ates'thg variab]é-coﬁductance heat-pipe
performance. The model is solved on the Systems Improved Numerical
Differencing Analyzer (SINDA) Program, Reference 2.3.

The nodal model of the AHPE is shown in Figure 2-3. .
It consists of 53 nodes to represent the radiator, heat pipe, platform,
0BP and boundary conditions. Two models were generated: 1) a steady-
state representation to correlate ground test data and 2) a transient
model to correlate flight data. A subroutine to the SINDA program was
written to calculate performance of the variable-conductance heat pipe
using the same basic formulation described in Reference 2.4. This
formulation was modified to include the effect of Hiffusion,which is
necessary in this application because sink conditions undergo a large
change each orbit with a corresponding variation in methanol partial
pressure in the cold trap at the entrance to the reservoir.. .,
The partial pressure of methanol in the reservoir will attempt to equilibrate
with the cold-trap partial pressure by diffusion and convection. Under
steady-state conditions, the reservoir methanol partial pressure Qould
become equé] to the cold-trap methanol partial pressure. However, under
the orbital transients of AHPE this assumption would not be valid and
diffusion dynamics must be included in the analytical model.

Figure 2-4 shows the manner in which the -heat pipe is mddé}ed and
gives a block diagram indicating the method of solution for a transient
probiem. The heat pipe is divided into a number of nodes with all condenser
and evaporator nodes connected to a single vapor node. Initial temperatures
for all nodes are input to start the calculation procedure. Time is then
advanced, boundary temperatures are updated and the nodal network solved
for the new conditions. Reservoir and heat-pipe wall temperatures calculated
are input to the VCHP subroutine, which then calculates a new heat-pipe
vapor temperature. Flow of vapor into or out of the reservoir due to
diffusion and convection during the time step are next calculated, as

-8-
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well as the new reservoir vapor pressure (see Appendix A for details of
these calculations). A new gas length in the condenser is next calculated
and condeaser—to-evaporator conductor values updated. If a condenser

node is completely blanketed by gas, its conductance to the vapor node

is set to zero. If the gas front is located somewhere within the boundary
of a particular node, the conductor value is calculated from the fraction
of the node which is not blanketed by gas. The evaporator témperature

and conductor values thus calculated are then input to the nodal-network
solution routine and'used during the next time step.

2.3 CORRELATION OF GROUND PERFORMANCE TESTS

Thermal-performance tests were conducted to verify the predicted
performance of the AHPE for the fluctuations in power dissipation and.
gxterna] boundary conditions anticipated during fiight. Of particular
interest were ‘the control range and axial temperature profiles, the
minimum and maximum pipe conductances and the maximum heat-ioad capacity.
A1th0ugh these tests simulated the thermal energy incident on the radiator
during flight, their purpose was to determine the performance of the
AHPE jtself with well-defined thermal boundary conditions, rather than
attempting to simulate the complex interactions within the OA0-3/G-1
bay. Thus, these tests were ideal for verification of the thermal model
and VCHP simulation subroutine.

The test set-up is shown in Figure 2-5. The AHPE was mounted
on the vertical supports so that the centerline of the evaporator
was approximately 0.64 cm above the centeriine of the condenser.
Teflon washers were used to conductively insulate the AHPE from the
support structures, and guard heaters were used to minimize heat losses
through the thermocouple leads and from the back of the evaporator. All
but the outboard surface of the radiator was insulated with approximately
20 layers of crinkled aluminized mylar. The albedo (S) and infrared
energy (IR) incident on the radiator during flight were simulated by a
shroud completely encompassing the radiator's field of view and heated
to an effective space temperature {Tg) defined by the equation

ceT 4 = oS + eIR

-11-
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where « and e are the sglar absorptance and-infrared emittance of
the Alzak radiator. The heated shroud was lined with: open-cell honeycomb
and painted with Cat-a-tac black to yield a shroud emittance of nearly
unity. Power to the evaporator was éupplied by four flight-type foil
heaters bonded to the sides of the evaborator saddle.

The test conditions were specified to map the heat pipe's performance
under maximum and minimum external flux conditions. In the flight
configuration the inward-facing surface of the cold trap has a low-
emittance coating while the inward side of the main radiator is painted
black. This results, as indicated in Section 2.4, in an effective sink
temperature variation between -19C and -52C for the main radiator.

The effective sink temperature for the cold trap is lower because its

Tow emittance coating on the inward-facing surface resu]ts-in;a reduced
heat Toad from the 0BP platform. Calculated sink-temperature range for_
the cold trap is -28C to -77C. During ground test for the Tow-sink
condition, the cold-trap sink temperature was approximately the same as

the main-radiator temperature, i.e., -51C. Since the difference in methanol
vapor-pressure between the specified sink tempeﬁatures of -77C -and -52C

is very small, it was judged unﬁecessary to simulate the 1oﬁer~temperature
cold-trap sink. However, for the maximum sink conditions the shroud |
temperature-profi1e was controlled to give effective sink temperatures
approximating -19C and -28C for the main radiator and cold trap
respectively.

Figure 2-6 shows comparisons’ between test data and analytical
predictions of the heat-pipe control characteristics. Good correlation
is achieved except at very low power levels where small heat leaks which
are difficult to accurately predict are dominant. Figure 2-7 shows a
representative comparison of analysis and test data for the condenser
temperature profile. Aga%n, reasonably good agreement is in evidence.

-13-°
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2.4 FLIGHT DATA ANALYSIS, NORMAL OPERATION

A great deal of flight data has been accumulated over the two plus
years the spacecraft has been. in.orbit. All available.data was reviewed
and a summary of OBP platform temperatures is shown in Table 2.2.

Table 2.2. Summary of AHPE Orbital Data

Orbital Average 08P
Orbit No. % Time In Sun Platform Temperature (°C) 8*(Deg. )
420 66 19 - 62
426 _ 66 19 26
967 " 66 21 30
1592 69 21 . 2
3360 66, . 19 - . +
4225 81 - 22 30
5716 67 - 24 51
5801 ' 68 21 93
9852 79 23 27
17336 77 21 29
*g = Spacecraft pitch angle.
+ = Not available.

The data shown in Table 2.2, representing over three years in orbit, showe
some evidence of possible minor degradation in heat-pipe performancef

For example, orbits 4225 and 9852, which are approximately 400 days .
apart, have about the same environmental conditions but the latter orbit
shows a 1°c higher OBP platform temperature. The last data point, however,
after about three years is near the orbit 4225 data. Comparing temperature
with early data is not readily accomplished due to different orbital .condi-
tions, but any changes in heat pipe operation appear to be minor.

A1l data discussed in this section are for the nominal OBP power
dissipation of about 15 watts.- Some data slpplied by NASA indicated -
higher power levels: however, fhose‘werg for only short time perfods
or for conditions not sufficiently speéified to warrant presentation.
Data for higher powers using the flight heaters was obtained. This
datay 1is discussed-in the next section.;_From_the data, a few orbits
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representing a broad range in environmental conditions were selected for
correlation with the andlytical model. ‘Environmental conditions for
these“orbifs were input to the analytical model and the predicted heat-
pipe performance compared with the measured flight data..

Figures 2-8, 2-9, and 2-10 show comparisons between analytical .
predictions and f1ight data. Flight instrumentation of the radiator
consisted of two thermistors, one on the heat pipe at the cold trap and
one at the beginning of the condenser. This Tatter thermistor thus
indicates turn-on and turn-off of the heat pipe. Tufn-on of the heat
pipe is defined as when the gas front location reaches the beginning of
the condenser. This condition is indicated by an increase in the reading
of condenser thermistor. Turn-off is defined as when the gas front
Tocation recedes into the adiabatic section or evaporator and results
in a decrease in the condenser thermistor reading. -Additionally, there
were two thermistors on the evaporator and one on the OBP platform.

A1l results shown are for one complete orbit where‘orbital stability
was achieved, i.e., temperatures at the beginning and end of orbit are
approximately equal. The comparisons indicate that the zero-g performance
of the heat pipe is indeed in accord with theory. There is a fairly large
discrepancy between analysis and data for the cold trap, the most probable
explanation for .which is a faulty cold-trap thermistor. Study of all flight
data has shown that readings from this thermistor were inconsistent and,
in some cases, appeared to be physically impossible. For example,.in
séme cases  the co]d-trap thermistor has a higher reading than the condenser
thermistor which is unrealistic.

A number of other possibilities were explored in an attempt to
analytically match the flight data before it was judged highly probable
fhat the cold-trap thermistor was giving faulty readings. Assuming the
cold-trap thermistor readings were correct and inputting these values into
the analytical model, we then determined under what conditions flight
performance of the heat pipe could be reproduced. It was found that
flight performance could be fair{y well matched by either assuming the
evaporator thermistors were reading about 2°C too low or that there was
approximatély 10 pefcent Tess “nonconderisable gasfﬁn the heat pipe than the

=17~



_8 l...

TEMPERATURE C(F)
N .
-

H00d ST HHVd TVNIDIEO
THL J0 ALII9iDNAodddd

16(60)

-7(20)
-18(0)

-29(~20!

I_ .« l'
. FLIGHT DATA

A EVAPORATOR
'@ CONDENSER

ﬂ(w)r' B COLD TRAP EVAPORATOR ™
’ 66 PER CENT SUN TIME - / (ANALYSIS) ‘
T AT T AT T g A T AT T AT T A A A — A= A= =B -~ — = —— = A A Y

o

S}-!ADOW

HEAT~PIPE TURN~ON POINT
(TEST)  (ANALYSIS)
@

. {TEST) (ANALYSIS)
IEAT-PIPE TURN-OFF POINT a

]

»COLD TRAP
(ANALYSIS)

al | | | N

30

50 - 60 70 80 90
TIME (MINUTES

Figure 2-8, Correlation of Flight and Analysis Data, Urbit 4Zu.

75-30¢C

00-M4-1209-£929¢



-6‘..»

21(30)§~

16(60)

Ly

TEMPERATURE C(F)

~7{20)

“HEAT-PIPE. TURN=OFF "9
~, -POINT, TEST AND
ANALYS1S

FLIGHT DATA

» EVAPORATOR -

CONDENSER
GOLD TRAP

58 PER CENT SUN TIME

i)

] : di

2

-y

1

{

3
63
;

COLD TRAP
{ANALYSIS)

H j

CONDENSER

{RNALYSTS) o
_. o
g?l © _
{ARALYSISH{TEST) o
HERT-PIPE TURN~ B
ON POINT &

e, SHADOK
W A— R A

EYAPORATOR {ANALYSIS)

(V. 20

Figure 2-9.

ki

40 50 80
ORBIT TIME (MINUTES)

70 80 96 1o

ot L B0 13

Correlation of Flight and Analysis Data, Orbit 1592.

00-Mi-1208-£929¢



H00d 81 DVd 'TYNIDIYO
JHTL 40 ALITTEHINA0YJHY

[ I 1 I | I I | 1 ™
FUGHT. DATA : .

& EVAPORATOR |
‘ © CONDENSER
TR & COLD TRAP )
EVAPORATOR
81 PER CENT\SUN TIM L pvsrou
et b R N A

)

16(60

o
HEAT-PIPE TURN-OFF POINT,
TEST AND ANALYSIS CONDENSER
(ANALYS|S)

. HEAT~PIPE TURN-ON POINT
: (TEST)  (ANALYSIS)

0]

COLD TRAP
(ANALYSIS)

m(-—n;L = L ! - [ ! I [ | L.

0 “lo 20 30 40 50 40 70 80 %0 toq_
TIME (MINUTES)

Figure 2-10. Correlation of Flight and Analysis Data, Orbit 4225.

00-Md~1209-£929¢



26263-6021-RU-00

nominal initial charge. Both of these possibilities are unlikely.

There are two evaporator thermistors giving consistent readings -which

are also in accord with the OBP platform thermistor. On the other hand,
the 10 percent reduction in noncondensable gas loading is well beyond the
gas loading tolerance of approximately +2% and & gas leak is inconsistent
with the rise in operating temperature with time discussed previously.

in addition, to match the cold-trap thermistor data, a significantly
higher external heat input would be required for the cold trap than for
the main radiator. However, calculated.external heating is nearly
uniform over the entire radiator cold-trap surface.

The heat pipe, in all three orbits, has a somewhat unusual turn-on
and turn~off performance as shown by the flight data and also reproduced
analytically, Figures 2-8, 2-9 and 2-10. The heat pipe undergoes a
turn-on turn-off cycle every orbit as indicated by the condenser femperature
profile which corresponds to a thermistor Tocated at the beginning of the
condenser section. It is interesting to note that the turn-off of the
heat pipe does not coincide with a decreasing evaporator temperature nor
does the turn-on occur with a rising evaporator temperature as one might
expect of a gas-controlled heat pipe. A closer look at the results,
however, shows that the heat pipe's control function was not responding
to variations in OBP power dissipation {which was nearly constant throughout
the orbit)., but to variations in radiator sink conditions as reflected
by the cold-trap temperature profile. The heat pipe turn-off coincides
with an increasing cold-trap temperature which results in an increase in
methanol partial pressure within the gas reservoir. This, in turn,
displaces a quantity of noncondensable gas into the condenser which shuts
the pipe off. Conversely, the turn-on occurs while the sink conditions
(cold-trap temperature) are fa1ling. The corresponding decrease in
methanol partial pressure in the gas reservoir causes noncondensable
gas to flow from. the condenser into the reservoir, thus turning the heat
pipe on.

Turn-on turn-off characteristics of the VCHP are very sensitive to
the noncondensable gas loading. This is, in part, due to the fact that
under nominal OBP power (=15 watts) the heat pipe carries very little load

-21-



26263-6021-RU-00

(most is by direct radiation between platform and radiator),and hence

the gas front is.very near the evaporator end of the condenser. Active
lengths of the condenser are short and a small increase in gas inventory
would turn the pipe completely off. For exampie, a one percent change in
gas inventory corresponds to a gas-front movement of approximately five
cm. In correlating the flight data it was found that a better match

to experimental data was achieved if a reduction of 2 percent in gas
loading from the nominal value was assumed. This tolerance is within the
accuracy to which the pipe was filled and thus is not felt to be a
discrepancy between analysis and flight data. When the nominal value

of gas loading was used in the analytical model the results indicated
that the pipe would never turn on.

Because a hot, non-wickéd reservoir is utilized in this design, the
partial pressure of vapor in the reservoir is established by diffusion of
vapor through the gas tube between the reservoir and cold trap section of
the condenser. The ramifications of this phenomenon were studied in detail
and reported in an earlier publication, Reference 2.5. Reservoir working-
fluid partial pressure has a significant effect on heat-pipe control
characteristics since any vapor in the reservoir displaces control gas
into the condenser. -Under steady-state conditions, the partial pressure
of vapor in the reservoir would become equal to the partial pressure at the
end of the wicked portion of the condenser, the cold-trap region in this
case. However, during the 0A0-3 flight, the sink temperature is changing
throughout the orbit and steady-state conditions are not realized.

Figure 2-11 shows analytical predictions of cold-trap and reservoir
partial pressures for a typical full orbit. The effect of the diffusion
is to damp fluctuations in the reservoir vapor pressure and to cause a
time delay between cold-trap and reservoir vapor-pressure peaks. The 13-
minute time delay shown in Figure 2-11 reflects this diffusion phenomenon
as well as variations in total heat-pipe pressure due to evaporator
temperature changes. Clearly, diffusion dynamics must be considered to
accurately predict transient performance of hot-reservoir heat pipes.

-22~
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2.5 PREDICTED PERFORMANCE WITHOUT HEAT PIPE AND AT-HIGHER POWER LEVELS

The analytical model was next modified to eliminate the heat-pipe function,
and comparisons were made with the system having an operating heat pipe.
Table 2.3 shows OBP platform orbital-average-temperature data compared
with analytical predictions with a non-operating heat pipe (all conductors
between vapor and condenser wall set equal to zero).

Table 2.3. Comparison of Results With And Without Heat Pipe

Orbit % Sun 0BP Platform Average Temperature
Number Time Heat Pipe (°C) Heat Pipe (°C)
Operative Non-Operative
420 65.0 20 22
1592 69.0 21 23
4225 81.0 22 26
17350 | 79.0 25 44
17370 79.0 31 58 (Est.)
17387 78.0 41 71 (Est.)

Differences in OBP heat-sink temperatures with and without the heat pipe
are quite small

of the heat is transferred by the radiation path with very little energy
being carried by the heat pipe. The effect of the heat pipe is to reduce
fluctuations jn temperature due to changing sink conditions by about 2°C.

At higher power levels the effect of the heat pipe in stabilizing
0BP platform temperatures is more dramatic. Figure 2-12 shows calculated
control characteristics for OBP dissipations between 10 and 30 watts. The
heat pipe reduces the predicted temperature variation of the OBP platform
from a value of 18°C to 4°C for the same 20-watt dissipation range.

-24- REPRODUCIBILITY OF THE
ORIGINAL PAGE IS POOR



,.92—

ORBITAL AVERAGE HEAT TRANSFER (WATTS)

50

i i i i i i I
ORBIT
17387
~ o)
OPERATING RANGE, 1030 WATTS, HEAT PIPE NOT OPERATING
40 |- : -
OPERATING RANGE,
- 1030 W _[
WITH HEA
T PiPE OBP PLATFORM

30 WITH HEAT PIPE - -

OBP PLATFORM

FLIGHT DATA HEAT PIPE NOT
20 |- POINT, ORBIT OPERATING i

#4225
81 % SUN TIME

8= 30 DEG

10 / _
|  HEAT-PIPE VAPOR TEMP,
J  HEAT-PIPE HEAT TRANSFER,
!
/
0 ’l) l i : ) (wlo) mlo) (1210) —=R
(70 (80) 90
‘?2’ 21 27 32 38 43 49 54
5- 53

ORBITAL AVERAGE TEMPERATURE C(F)

Figure 2-12. Analytical Predictions of AHPE Control Characteristics.

00~M4~1209-£9292



26263-6021-RU-00

Design goal for the heat-pipe evaporator was 17 + 3C for heat pipe
energy rates between 2 and 20 watts for the predicted radiator sink range
of ~52C to -19C.  Of this 6°C temperature range, 3°c is due to the
variation in sink conditions. Therefore, for a given sink condition, the
variation in evaporator temperature for heat rates between 2 and 22 watts:
should be 3°C with a maximum temperature of 20C at 22 watts and a -19C
sink condition. The predictions shown in Figure 2-12 are for orbital
conditions near the maximum sink conditions and should thus result in an
evaporator temperature range of about 17C to 20C for a 2- to 22-watt
heat-pipe power variation. However, the actual predicted range is 21¢
to 26C, which can be explained as follows.

This discrepancy is believed to be primarily due to sink-temperature
effects. First, the actual orbital-average sink temperature for this
condition as derived from flight data is approximately 9C as compared
to the design maximum value of -19C. This can be expected to cause an
increase in operating temperature since more of the heat-pipe condenser
must be active for a given amount of heat rejection. This requires a higher
evaporator temperature. Also, the higher sink temperature results in a
higher gas temperature and vapor pressure in the reservoir, further
increasing the required operating temperature for a given heat rate.
it is estimated that the effect of increasing the average sink temperature
to 9C s to raise the evaporato% operating temperature to about 23C
at 22 watts which would only account for one-half the discrepancy.

Sink temperaturesspecified for design of the heat pipe were based on
orbital-average heat rates. Using an orbital average would also be
expected to result in an increased operating temperature when the system
operates under actual orbital fluctuations. This is because the variation-
of vapor pressure with temperature is extremely non-linear. Thus,
orbital-average reservoir vapor pressure will corespond to a higher
temperature than the orbital-average sink temperature based on environ-
mental héating. The net result will be for a higher heat-pipé evapor-
ator temperature being required when the system is exposed to the actual
fluctuating sink conditions. Effect of the actual variable sink condi-
tions as compared with an average value of -9C is estimated to raise
the evaporator operating temperature an additional 2 to 3C.
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2,6 FLIGHT TEST USING ON-BOARD HEATERS

" Between orbits 14462 and 14482 on-board heaters were exercised in an
attempt to obtain flight data at higher powers to correlate the analytical
data in Figure 2-12. Results are shown in Figure 2-13. At orbit number
14462 the 10 watt flight heater was turned on. Up until this time, without
the heater, the -0BP platform temperature was about 19C which correlates
well with the 65%-sun-time prediction of 19.7C..

The 10-watt increase in dissipation caused an increase in OBP platform
temperature of about 6°C to 25C.  Steady-state conditions appeared to
have occurred after orbit number 14468. Referring to Figure 2-12, it
can be seen that the analytical prediction for a power increase of 10 watts
is a 5°C rise in OBP platform temperature. Until orbit number 14473, it
could be concluded that the AHPE was operating in close agreement with
prediction. However, at orbit 14474 the platform and heat-pipe temperatures
starﬁed\to rise. These temperatures were still increasing when the 20-watt
heater was turned on at orbit 14480 and when the test was terminated at
orbit 14482. When the heaters were turned off, the system recovered such
that platform temperatures of approximately Z1C were reached after about
30 orbits.

The cause of the increase in temperatures between orbits 14473 and -
14480 has not been explained. It does not appear to be a heat pipe
failure since the difference between evaporator and condenser temperatures
remains fairly small.. The on-board heater tests were repeated between
orbits 17338 and 17400. Results are shown in Figure 2-14. The data show
that no.high-temperature anomaly occurred as in the previous test. The
system was able to reject a total of approximately 44 watts (30 watts
heater end 14 watts OBP) and the OBP temperatures correspond closely to
those predicted in Figure 2-12. After the heater shutoff, the OBP temper-
ature came down to its normal operating temperature in about 22 hours.
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2.7 DISCUSSION AND CONCLUSIONS

The principal conclusions of this study are that gas-controlled,
variable-conductance heat pipes can perform reliably in the space environ-
ment for long periods of time (3-1/2 years to-date) and can effectively
provide temperature stabilization for spacecraft electronics which have
wide variations in power dissipations and/or thermal boundary conditions.
Very little (if any) degradation in performance of the system was detected
during the more than two-year period for which data were evaluated.
Effect of the VCHP is to reduce a potential temperature variation of 36°C
due to a heat-dissipation range of 20 watts down te13°C. Variation in
the OBP temperature due to environmental changes was only about 2°C in
this application.

Performance of the YCHP system can be accurately predicted by an
analytical model consisting of a nodalized network coupled with a subroutine
to calculate location of gas front in the condenser. Diffusion-dynamic
effects must be considered when calculating the gas-front location in
this case where a hot gas reservoir is utilized and boundary conditions
are changing.

Under normal OBP-power dissipation, the heat pipe turn-on turn-off
characteristics are determined by the variations in sink conditions over
the orbit. Turn-on of the pipe coincides with a decrease in cold-trap
temperature and hence a decrease in reservoir methanol vapor pressure
(lagging somewhat because of diffusion effects) and turn-off occurs
when the cold-trap temperature rises. The analytical model was able to
predict this phenomenon. |
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3.0 DEVELOPMENT OF VAPOR MODULATION AS A CONTROL MECHANISM

of the var1ous mechanisms for achieving variable conductance of a
heat pipe, the one currently in widest use is blockage of the condenser
with noncondensable gas. This mechanism, however, has drawbacks under
certain conditions often encountered in spacecraft applications. For
example, with a passive heat pipe, that is, without the use of a feedback-
controlled reservoir heater, close temperature control of the heat source
is impossible when the sink temperature varies not far below the source
temperature. When close control is required, active feedback control
must be used. In some applications, however, electrical power for the
reservoir heaters is unavailable. Two alternative conductance-control
mechanisms based on modulating the vapor flow overcome these drawbacks.
Although their principles of operation are basically different, both
mechanisms utilize a vapor-flow throttling valve activated by 1iquid
expansion in a sensor volume that s in thermal contact with the heat
source. Thus close feedback control is achieved without electrical power.
In addition, the vapor-modulated control mechanisms are inherently
insensitive to sink temperature variations even when the sink temperature
approaches that of the source. Other advantages are that no bulky gas
reservoirs are needed and no special design of the heat sink is required
to minimize axial conduction as is often the case with gas-controlled
heat pipes.

The present contract calls for development of flight-type prototype
vapor-modulated heat pipes, first for a moderate-heat-load requirement of
approximately 20 watts, then for a high~heat-Toad requirement of 100 watts.
The following sections describe these efforts.

3.1 VARIABLE CONDUCTANCE BY CONTROL OF THE VAPOR FLOW RATE

The first of the two mechanisms for achieving variable conductance
by vapor-flow moduiation is illustrated in Figure 3-1. In this configuration
the sensor volume is inside the evaporator and controls the temperature of
the vapor. A configuration with an external sensor volume that controls
the heat-source temperature is also possible. The -pressure difference
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that drives the flow through the valve is provided by the difference in
saturation pressures in the evaporator and condenser regions. The valve
is actuated by expansion of 1iquid in the sensor volume in such a way that
the valve's opening is proportional to the deviation of the heat-source
temperature from the set-point temperature. Thus, the source seeks a tem-
perature close to the set point such that the Tatent-heat transport
through the valve exactly matches the rate of heat from the source. IT,
for example, the Ssource heating rate suddenly increases, at first the
Tatent-heat transport is insufficient to prevent the source from rising in
temperature. As it does so, the valve opens until the latent-heat transport
again matches the source heating rate,and the source temperature stabilizes
at a slightly higher level. As another example, consider the effect of a
sudden decrease in the sink temperature. If the flow through the valve is
choked, which occurs if the ratio of condenser to evaporator saturation
pressures is below the critical value, the decrease will not affect the
source temperature. If, on the other hand, the flow is not choked, then
the decrease in sink temperature temborari]y increases the latent-heat
transport above the source heating rate. The result is a slight drop in
‘source temperature, and the valve closes until the latent-heat transport
again matches the source rate. A water/monel heat pipe of the type de-
scribedwas developed on a previous. contract, Reference 3.1. It demonstra-
ted good control characteristics with control range of 2.2°C for large
variations in sink temperature and heat Toad.

The primary limitation of vapor-flow-rate control is that the maximum
temperature difference that can be sustained between the source and the
sink is set by the capi]{ary—pressure 1imit of the wick. The vapor-
1iquid pressure difference that the wick structure must sustain includes
the pressure drop across the valve in addition to the usual liquid-flow
pressure drop in the wick. Once the wick's 1imit is exceeded, vapor
"hTows thru" where the wick.penetrates the valve bulkhead. Table 3.1
gives the pore size of the wick required to prevent blow-thru when the
condenser side is 220 K and the evaporator side is 294 K. With the
exception of water, the fluidfwick combinations listed have Tow transport
capacities. Unfortunately, water must be ruled out for the often occurring
applications where the condenser side falls below 273 K because the water
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Table 3.1, ' Fluid-Wick Combinations for vapor-riow Control

B VAPOR PRESSURE | ° PORE DIAMETER TO HEAT PIPE © FREEZING

FLUID AT 294K PREVENT BLOW-THRU* FIG. OF MERIT. TENP.
Amonia 6720 torr . | 1.44 x 107 e 70 x 10° w/m? 205
Methanol 100.8 0.00067 37 x 107 175
Water 18.97 | 0.01146 180 x 10° 273
Isopropyl Alcohol 32.88 | 0.00198 5,26 x 107 187
Isobuty! ‘Alcoho 9.28 0,00688 3.03 x 10°. 165
fsoariy? Alcotol 2.50 | 0.0279 2.85 x 107 156
Octane 10.71 0.00609 10.15 x 10° 216
Nonane 3.46 0.0177 7.47 x 10° 219

*Egaporator Temperature = 294K, Condenser Temperature = 220K.
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would freeze in the condenser and be unavailable for return to the
evaporator,

-Two approaches can be taken to increase capacity. First, as
illustrated in Figure 3-1, an artery can be used. However, enfrappment of
an arterial bubble of residual noncondensable gas during priming is a
problem. Priming foils (Reference 3.2) offer a practical solution only
for pore sizes down to- approximately 0.013 cm. For smaller pores, the
foil must be impractically thin. A second approach to increase capacity
is to make the vapor-modulated heat pipe as short as possib1e‘and use it
as a variable-conductance coupier between two conventional heat pipes.

An increased overall temperature drop in the full-on condition is incurred,
however, becagse of the additional evaporation and condensation processes.

3.2 VARIABLE CONDUCTANCE BY INDUCED WICK/GROOVE DRY-QUT

An alternative mechanism for achieving variable conductance by
vapor modulation is not limited by vapor biow-thru. Consider.the double
heat-pipe configuration illustrated in Figure 3-2(a). If the source temperature
falls slightly-be1ow the set point due to either a decrease in heat load or
a drop in-sink temperature, the valve closes and the increased pressure
droplis imposed on the-groove/wick structure,which then begins to empty.
Regions of the evaporative interface between the two pipes dry out and the
overall ﬁherma1 resistance of the system increases. Conversely, if the
source temperature rises slightly above the set point. the valve opens which
relieves the pressure and-allows the dried-out regions to rewet. Thus,.
this induced dry~out mechanism establishes a temperature drop across the
interface that accounts for the temperaturé difference between the set
point and the sink.

Other mechanisms that have been proposed for achieving dry-out control
are throttling the liquid return or interrupting the wick. The vapor-
modulated induced-dry-out mechanism, however, has a crucial advantage.

When the valve closes and the pressure builds up, the wick structure
empties by the 1iquid flowing out of it to the other side of the bulkhead.
This occurs rapidly. On.the other hand, when dry-out is achieved by
thrott]ing'the Tiquid return or interrupting the wick, the wick structure
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empties by evaporation. This takes a Tong time especially when the source
is turned down to a very low heat-rejection rate and large temperature
undershoots can be expected.

3.2.1 Design Features of the Induced-Dry-Qut Mechanism

Although a double-heat- p1pe configuration is shown in Figure 3-2(b),
single-and triple-pipe configurations are also possible [Figure 3- 2(a) and
(c)]. With the single heat pipe, the valve induces partial dry-out in the
evaporator which can result in a severely nonuniform temperature distribu-
tion. On the other hand, it has the Towest overall thermal resistance with
the valve fully open and hence, the single-pipe configuration can maintain
temperature control of the source for a higher sink temperature than the
other configurations. The multi-heat-pipe configurations have the advan-
tage of maintaining a uniform temperature distribution of the source.

Also, there is generally less w1ck to reprime after the valve opens and,
hence, the response -is faster w1th less overshoot. For each conf1gurat1on,
the heat-transport capacity is limited by the wick' s ability to reprime '
under load when the valve is fully oben. The three-heat-pipe configura-

- tion, which consists of two conventional heat pipes coupled by a short -
vapor-modulated variable-conductance heat pipe, has the highest capacity,
although also the highest open-valve thermal resistance.

To ensure that the grooves and wick completely dry out when the valve
is closed, the wick is separated where it penetrates the valve bulkhead by
a short segment of porous material of a much smaller effective pore size
than the wick or grooves. Onhe blow-thru has occurred and before the pres-
sure d1fference across the bulkhead has reduced sufficiently for the
grooves and wick to reprime, the capillary barrier will re-establish itself.

3.2.2 Advantages of the Induced-Dry-0ut Mechanism

The primary advantage of the induced-dry-out over vapor-flow control
is that blow-thru is not a Timitation and therefore there is no restriction
to very-low-pressure fluids. Ammonia and methanol, which both have good
heat-transport capabilities and low freezing points, can be used. Another
advantage is high thermal resistance in shut-down operation. With the
groove/wick structure completely dried out, the heat-Teak path is down
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the tube wall that surrounds the dried out region. The vapor-flow .control
mechanism, on the other hand, leaks heat directly across the valve
bulkhead. Therefore, with the dry-out mechanism, control of the source
temperature can be maintained for much Tower source heating rates.

3.3 DEVELOPMENT OF A MODERATE-CAPACITY PROTOTYPE VAPOR-MODULATED HEAT PIPE

The first development was a prototype heat pipe for a typical
spacecraft application with heat loads up to 20 watts, a set-point
temperature of 294 K, and a sink that varies from 220 K to nearily as
high as the set point. The first design considered was based on vapor-
flow control. Although it was eventually abandoned, we briefly discuss it
here because it led to the induced dry-out mechanism. The design began
with a search for the best working fluid. The propertiés sought were:

e Freezing point below 220 K

o Practical wick pore size (>0.01 cm) that will prevent
bTow-thru in the cold-sink conditions

_e. Highest possible figure of merit.

Referring to Table 3.1, we see that nonane is the best candidate. Its
figure of merit-is-Tow, though, S0 a three-heat-pipe system was selected.
Nonane would be used only in a 20-cm-Tong vapor-modulated coupling section.
X-13 felt metal was selecfed as the wick, and its capacity witﬁ-nonané
preéicted to be 7.47 watt-m (294 watt-in) per $quare cm of wick area. To
attain a capacity of 20 watts with an adequate safety margin, the cross-
sectional area was taken as 0.90 cmz. Some increase in performance is
attained by shunting the wick on the condenser side of the bulkhead with

open-ended screen tubes-.

The capac1ty pred1ct1on for X-13 metal felt and nonane was verified
with the test of a simple circumferentially grooved, slab-wick heat pipe.
Although the measured axial transport of the wick agreed with theory, the
circumferential grooves (40/cm) dried out. Clearly, the capillary Timit of
the grooves was far lower than the wick. Much finer grooves could be fabri-
catéd for the actual heat pipe, and predictions showed the performance of
the finer grooves would be marginal with the valve fully open. With the
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valve partially closed, however, the grooves.would not function because
of the increased capillary load imposed by--the pressure drop across the
valve. This was of concern until we realized that the temperature drop
associated. with groove failure reduces the difference din saturation
pressure across either side of the valve and hence contributes to the
reduction of latent-heat transfer through it. Thus, groove dry-out
enhances the control. It was then realized that vapor-flow control was
not needed at all if one designed for both groove and wick dry-out when
the valve closed. Because of nonane's marginal open-valve groove perfor
mance, it was decided to switch to a methanol heat pipe with the new
control mechanism.

The design of the heat pipe that was fabricated and tested 1S shown
in SK740903 {pg.136 )} in Appendix B. The most important features of the
design, the bellows/valve subassembly and the wick feed-through, are dis-
cussed below. )

3.3.1 The Bellows/Valve Subassembly

The bellows/valve subassembly is shown in SK740907 {(pg.J42) and also
in the photograph of Figure 3-3. The bellows is welded into a can, thus the
control fluid is on the outside of the bellows and compresses it upon
expansion. The can is held in place by three posts that also serve ﬁs '
valve guides. The valve is held in place by the conical return spring.

The valve stem is not connected to the_bellows so in the closed position
the spring causes automatic alignment. _

The sensor -volume is shown in SK750310E (pg.153). . A bellows is welded
into the end of it,and the extension of the bellows is adjusted with a screw
to provide convenient set-point adjustment. The sensor volume contains
2.2 cm3of control Tiquid. Perfluoropentane was selected because of its
high coefficient of thermal expansion (2.06 x 10'3/°C). The displacement
aX of the valve for a temperature change AT of the control iiquid in
the reservoir of volume V& 1is given by

AX/AT- = g/(A/V¥2 + oK/A) = 0.141 mm/°C
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Figure 3-3. Bellows/Valve Subassembly and the Wick
Feed-Thru for the Moderate Capacity Heat Pipe.
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where
B =2 2,06 x 10‘3/°C at 25°C is the thermal expansion coefficient
A = 0.316 cm? is the effective area of the bellows
K = 23.3 N/cm is the spring constant of the system and
« = 3.24 x 105 cm?/N is the compressibility at 25°C.

The pressure drop AP across the valve is derived from the model
depicted in Figure 3-4. The resulting expression in terms of the heat
transfer rate d, latent heat hfg’ vapor density p, valve diameter D,
valve opening AX and contraction coefficient C. is

2

P = 75 D] [3.1]
For methanol at 294 K and for a heat-transfer rate of 50 watts, we find that
the pressure drop is approximately 1 mm of methanol for a valve opening
of 0.75 mm. We take this as the fully open displacement, since 1 mm of
methanol is small compared to the capillary pressure generated by the wick
and grooves. The valve goes from completely closed to fully open when the
sensor-volume temperature increases 5.3°C. This temperature excursion is
then the approximate control range of the heat pipe. The bellows is
protected from damage due to liquid expansion for temperatures above the

set point. For example, the valve opening at 30°C above the set point is
4.23 mm, at which point the bellows is still not bottomed out.

3.3.2 The Wick Feed-Thru

The wick feed-thru is shown in the subassembly drawing SK740910 (pg.
145) and also the photograph of Figure 3-3. The capillary barrier consists
of two layers of 250-mesh stainless-steel screen, which is sintered between
two tubes. This sintered assembly is welded into a hole in the bulkhead.
The two ends of the wick are formed into a round cross-section and pinned
into the two wick clamps. The wick is cut square, pressed against the
capillary screen and pinned in place. A disc of X-7 stainless-steel felt
metal 0.254-mm thick was placed inside the wick tunnel on each side of the
screen when cracks in the screen were found after the wick tunnel was welded
into the bulkhead. -42-
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3.3.3 Test Results

The heat pipe was instrumented with thermocouples as shown in
SK750324E {pg.135). The condenser was clamped to a cold plate with saddle
blocks. The evaporator and sensor volume were clamped between two aluminum
blocks having double saddles. Strip heaters were used on the ouiside of
these blocks. To simulate a thermal resistance betiween a heat pipe and the
equipment whose temperature is being controlled, 0.15 mm of Teflon
were used between the heat pipe and the heater blocks. The sensor voiume,
on the other hand, was thermally close-coupied to the heater blocks with RTV.

The test demonstrated the functioning of the induced-dry-out mechanism,
however, the overall performance fell short of the goals, The development
of this heat pipe was nevertheless essential for pointing out design
features that must be incorporated into a high-performance version.

The steady-state performance is displayed in Figure 3-5 where the
temperature distribution along the heat pipe is shown with a 10-watt
Toad and three different sink temperatures. In curve {a), the sink is
above the set point and the vaive is fully open. The overall open-valve
temperature drop between the vapor temperature of the input and output
heat pipes corresponds to an average heét~gransfer coefficient of 6800 watt/
m2w°c (1200 BTU/hr—f%Z:?) for condensation and evaporation at the interface,

which is an exceptionally good value for methanol and stainless steel. The
heat pipe-was practically free of noncondensable gas when the data for

curve {a) were taken.

- Curves (b) and (c) show temperature distributions with the sink below
the set point. The valve has partially closed and the induced dry out
maintains the source temperature relatively stable. A portion of the over-
all temperature drop is due to noncondenéab?e gas blockage of the condenser.
Gas generation is atiributed to the fact that the heat pipe was not vacuum-~
fired at a high temperature (980C), which is part of our normal cleaning
procedure for methanol/stainless-steel heat pipes. The vacuum firing was
eliminated so.the bellows and valve-return spring would not anneal.
Subsequent to testing, the heat pipe was run continuously at 38C, generation
went to completion,and the gas was vented from the pipe.

Yy e
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A peculiar control characteristic of this heat pipe is that the source
temperature increases with decreasing sink temperature. . Figure 3-6
displays this dependence. Theré are threé contribitifig'factors.’ ~The
primary factor is that when the valve shuts down, the bellows temperatuxe
is set by conduction to approx1mate1y the vapor temperature in the output
heat p1pe. The volume of control 1iquid surrounding the bellows is
significant (approx1mate1y 0.56 cms). Its contraction as the sink
temperature falls must be compensated for by expansion of control fluid
. in the sensor volume. The required source temperature increase is
approximately 0.28 C per °C drop in sink temperature, which is shown by
the dashed line in Figlire 3-6. The second factor is that as the sink ‘
temperature is lowered,-the figure of merit for methanol degrades which
results in a contribution to dry-out from the increased liquid-flow -
pressure drop in the wick.. The third factor’is.that for a fixed heat-
transport rate, a decrease in the vapor temperature, and hence vapor
density of the output heat pipe results in an ‘increased pressure drop
across the valve. This increased drop is relieved by the source r151ng
in temperature and opening the valve.

The dependence of source temperathre on heat-transport rate is*
displayed in Figure-3-7. "The increase in- source temperature is greatly
in excess of what one would expect solely from the induced-dry-out
control mechanism. The Tiquid pressure drop in the wick, which increases
proportionally to the heat-transport rate, is the other contributing
factor. The fact that the effect is so large is because the output heat
pipe is operating close to the repriming 1imit of the wick.

To find, the open-valve capacity of the output heat pipe, the
temperature of the source was maintained at 38C by adjusting the sink,
which assures that the valve remains open. As shown in Figure 3-8, the
heat input was increased in 5-watt increments until the temperature difference
between the vapor in the input and output heat: pipes increased markedly
which defines failure of the saturated wick. The heat input was then
decreased in 5-watt 1ncrements until the heat p1pe recovered which did not
occur until the power was reduced to 10 watts. Tp1s result is in 1ine with
the hvetsvacic hahavior of fibrous wicks, that is, the capillary-pressure

A6~
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- 1imit for a wick on the verge of emptying is twice that for a wick that

is priming. The predicted open-valve capacity was 50 watts for the saturated
wick and thus 25 watts for repriming under load. The fact that the

measured capacities were 50% lower is attributed to the Tiquid flow
resistance of the feed-thru, which was nedlected in thé prediction.

The heat pipe was generally well behaved in its transient response
except for a steady-state temperature oscillation that occurred only at
a 5-watt heat load. This is displayed in Figure 3-9 where the oscillatory
behavior at 5 watts and the steady behavior at 10 watts are seen. The os-
cillations result from the thermal time Tag between a chenge in the source
temperature and the response of the valve as well as the time it takes for
the dried-out wick to reprime. For example, as the source increases in
temperature, the valve opens, which in turn allows the wick to reprime and
finally the source-temperature drops. By the time the sensor volume de-
tects the drop and closes the valve, the source has cooled below the set
point. The valve remains closed until the source again increases in tem-
perature, and the cycle begins again. Evidently, the parameters goveﬁning
oscillatory behavior allowed it only at the 5-watt level:

The set-point control mechanism was demonstrated to be particularly
effective. A set point changed 4C per turn of the screw, which approxi-
mates the preliminary design calculation of 5C per turn.

3.3.4 Conclusions and Recommendations for the Moderate-Capacity Prototyp:
Vapor-Modulated Heat Pipe )

The principal conclusions from the effort to‘develop a moderate capa-
city prototype vapor-modulated heat pipe are:

o The heat pipe that was fabricated and tested demonstrated the prin-
ciple of operation of the new induced-dry-out control mechanism.

o The new mechanism provides a means of avoiding the restrictions of
the blow-thru Timit of the conventional vapor-modulation mechanism
and provides a much higher shut-down thermal resistance.

The development uncovered some secondary elements that adversely affected

performance. These are:
¢ Low capac1ty especially at low vapor- temperatures of the condenser
heat pipe .
¢ Gas generation
@ Set-point dependence on heat load and sink conditions

¢ Steady-state oscillations in some cases
-GN
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Design modifications to solve these problems include the use of
a three-heat-pipe system. The vapor-modulated coupling heat pipe
should have an optimized hydrodynamic design that includes a Targer wick

cross-section and a redesigned Tow-flow-resistance wick feed-thru and
capillary barrier. The increase in capacity should allow the short

vapor-modulated coupling section to operate well below its hydrodynamic
Timit. In this way, the Tiquid-flow pressure drop will not contribute
significantly to groove and wick dry-out, and the set point will be
relatively independent of heat Toad. To eliminate the set-point dependence
on sink temperature, the bellows container should be thermally coupled

to the input heat pipe.and isolated from the bulkhead. The Tiquid

around the bellows would then be stabilized at a relatively constant
temperature. Thermal osciliations would be minimized by shortening the
thermal lag of the:sensor volume, which can be accomplished by providing
internal fins or reducing its diameter, and optimizing the wick hydrodyna-
mics to shorten its repriming time. These refinements as well as the switch
to ammonia as the working fluid are incornorated in the development of the
second prototype for a high-capacity application.

3.4 DESIGN OF A HIGH-CAPACITY PROTOTYPE VAPOR-MODULATED HEAT PIPE

The high-capacity design, shown in SK75044 (pg.J56 )} in Appendix C, uses
a short vapor-modulated heat pipe to coupie two conventional heat pipes.
Several factors contribute to increase its capacity over the previous
methanol prototype. For example, the effective length of the vapor-
modulated section is 4.4 times shorter, and the cross-sectional area of
the wick is 2.8 times larger. In addition, a two-step gradation in
porosity is used, that is, on the condenser side of the bulkhead the
porosity is 86% which provides Tow flow resistance and on the evaporator
side it is 76% which provides the necessary capillary pressure. The
switch to ammonia provides a capacity increase at 294 K of 1.84 over
methanol because of its higher figure of merit. This factor is considerably
higher at Tow sink conditions because ammonia's figure of merit increases
and methanol's decreases as the temperature falls.

Other design features include the use of aluminum for the relatively
long output hegt pipé to demonstrate'wejght—saving potential for an actual
application. A stainless-steel/aluminum transition joint is used just
outside the vapor-modulated coupler section. The use of aluminum saves
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160 grams. Aluminum could similarly be used as the material for the input
heat pipe. This would leave only the variable-conductance coupler heat
pipe of stainless steel, which is desirable for a low shut-down heat Tleak.

For good transient response it is crucial to minimize the thermal time
lag of the sensor volume. This was done by designing one with a small
diameter (0.635 cm compared with 1.27 cm for the methanol prototype).

The set-point-control feature of the preGious pipe was abandoned, thus 1in
an actual application final adjustment of the set point would be made

at the time of the functional test,and the feed tube to the sensor volume
would then be sealed.

Since ammonia has a much higher vapor density than methanol, a
smailer diameter valve can be used, which allows a more compact desién.
The various components were carefully arranged to fit inside a 2.54-cn-
diameter tube (compared to 2.18 cm for the moderate-capacity methanol
heat pipe). The wall thickness of the coupler heat pipe was reduced from
0.71.mm to 0.51, which, along with its smaller diameter and a longer
Tength (15.2 cm compared to 11.2 cm}, reduces the shut-down conductance
along the tube by a factor of 0.418.

3.4.1 Bellows/Valve Design

As recommended after the test of the first prototype, the bellows
can has been placed on the end of the input heat pipe where its temperature
remains relatively stable. The valve return spring has been moved to
the low pressure side of the valve, which, along with the use of a shorter
bellows than before, allows the distance between the input and output heat
pipes to be minimum. ‘Since ammonia pressure is on the inside of the
bellows, a strong spring is not required to overcome the bellows spring
‘constant. As the controi liquid in the sensor volume contracts, the extension
of the bellows is primarily due to the ammonia pressure; the return spring
which exerts a force of approximately 0.3 kg, is required only to seat the
valve after the bellows has displaced away from the valve stem. In
addition, the ammonia pressure is impressed on the control fluid which
ensures that it remains subcooled and does not vaporize. (The boiling
point of perfluoropentaneis only 29.3C). For the methanol heat pipe,
the stronger 1.8 kg spring was needed to prevent vaporization.
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A bellows/valve test assembly was fabricated to test all aspects of
the design from fabricability to performance. The test assembly, which
is shown before assembly in.Figure 3-10 and after assembly in Figure 3-11,
is identical to the final design except that the output heat pipe and
half of the coupler heat pipe were deleted, and a plain tube was substituted
for the input heat pipe. No fabrication problems occurred. The valve
displacement was measured as a function of pressure difference across the
bellows. The results showed .00214 mm/torr and a slight pressure differ-
ence of 67 torr was required to close the valve. When a bubble-point
test of the wick feed-thru was carried out, which is discussed in the
next section, the valve seal was found to be upsatisfactory. In fact,
unltess the valve séét was wet with acetone, it would not sustain a pressure
difference. Examination of the valve with a microscope showed that the
problem was particulate contamination between the valve and the seat.
For the assembly of the actual heat pipe, a high level of cleanliness was
maintained to prevent this problem. In addition, the bulkhead was laser
welded to the tube to prevent the valve seat from warping from the high
héat that would have resulted from a TIG weld.

-3.4.2 The Wick Feed-Thru

The wick on either side of the bulkhead is separated at the bulkhead
by two layers of 250-mesh screen, which forms the capillary barrier.” The
screen is seam-welded to the bulkhead which ensures no leak path past it.
The wicks are inserted into the wick holders, pinned in place, trimmed
flush and pressed against the capillary barrier. The wick holder is
spot-welded on its flanges to the bulkhead.

The effective pore size of the capillary barrier in the test assembly
was found by a bubble-point test. The high-pressure side of the bulkhead
was pressurized with the valve closed and the wick was saturated with
acetone. The pressure continued to rise until the capillary barrier
failed and .bubbles were observed emerging from the wick. The pressure
at failure corresponds to.an effective capillary pore size of 0.076 mm.
The pressure then fell until the capillary barrier re-established itself.
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Figure 3-10. Test Subassembly of the Ammonia Vapor-Modulated
Heat Pipe Before Assembly.

Figure 3-11. Test Subassembly of the Ammonia Vapor-Modulated
Heat Pipe After Assembly.
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A pore size of 7.165 mm corresponds to this pressure. Both pore

sizes for capillary-barrier failure and re-establishment are sufficiently
small to ensure that the evaporator side of the bulkhead will dry out when
the valve closes and remain dry.

3.4.3 Test

Before the heat pipe was charged with ammonia, the sensor volume and
bellows can was filled with control fluid. The fluid was then pressurized
to 1.10 x 103 torr, which was previously found to be the pressure at which
the valve just began to open when the pressure on the other side of the
bellows was atmospheric. Thus, the set point of the heat pipe should be the
temperature of the sensor volume at the time the valve to it was
closed, which was 22 C. The actual set point found during test, however,
was 31 C. A possible reason for this discrepancy is that a small bubble
of noncondensable gas was trapped in the sensor volume or bellows can.

When the coupler heat pipe was charged with ammonia, the high pressure
impressed on the control fluid compressed the bubble and it diffused

into the liquid. In any case, since the set point was selected arbitrarily,
no attempt was made to change it.

After the heat pipe was charged with ammonia, it was instrumented
according to SK75061. To simulate the thermal mass of typical electrical
equipment, a 1.4 kg aluminum block with tape heaters on it was used for
the heat source. The sensor volume was inserted into a hole drilled
into it.

3.4.3.1 Steady-State Performance

The steady-state performance is summarized in Figures 3-12, 3-13 and
3-14. Heat-transport rates of 4, 10, 50, 100, 150, and 200 watts were
run at sink temperatures of -54 C, -9 C and 10 C. The performance in
general is excellent. Figure 3-12 shows that the source temperature is
practically independent of sink temperature and from the low load of 4
watts at the Towest sink of -54 C to the maximum design load of 100 watts
at the high sink of 10 C, the temperature range of the source is 4.2 C.
Figures 3-13 and 3-14 show where the temperature drops between the source
and sink occur. The temperature drops of primary interest are between
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the vapor temperature of the input heat pipe (T.C.6) and the output

heat pipe (T.C 7) since these drops are solely due to the variable
conductance coupling section. The other temperature drops are the usual
ones that occur with ordinary heat pipes. The vapor temperature on the
Tow pressure side of the bulkhead is given approximately by T.C.9 and 10,
however, these sometimes run higher than the vapor because the thermal
couples are on the coupler-heat-pipe wall which is not wicked or grooved
on the inside. The temperature drop Tg - Tqg between the vapor in the
input and coupler heat pipes is feedback controlled by induced dry-out
to stabilize the source temperature. The temperature drop Tqg - T1j
between the vapor of the coupler and output heat pipes also contributés
to control. For example, as the valve closes. and induces wick dry out
on the high-pressure side of the bulkhead, the liquid Teaving the wick
flows to the other side and increases the condensation temperature drop
due to increased flooding of the grooves. This is seen in Figure 3-14
where at 100 watts, Tg - Tyg increases with decreasing sink temperature.

As the sink rises in temperature, the valve opens and the overall
temperature drop across the coupler heat pipe decreases. The drop with
the valve fully open is of particular importance because it directly
affects the highest temperature of the sink for which the source temperature
is still controlled. The measured open-valve drop of 7.9 C with a
100 watts Toad corresponds to an average heat-transfer coefficient of
12000 watts/M2-°C for the two condensations and two evaporations that take
place within‘thé coupler.

The minimum conductance for the low power case was measured by setting
the sink at the lowest temperature of -55.6C and adjusting the heat load
to the Towest setting that maintained the source above the set point.
Three watts were insufficient and four were required. This is an upper
bound for the heat leak because the source was running approximately 7°C
above ambient and the leak through the insulation was estimated to be
2.4 watts. A précise heat-leak measurement would require a thermal
vacuum test. ‘
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3.4.3.2 Transient Performance-

The transient response to step changes in power and rapidly varying
sink cond1t1ons is excellent with.small overshoots and no steady-state
oscillations. F1gure 3-15 shows a typ1ca1 run where 1n1t1a11y ‘there was
no heat load-and the sink was at bl C.. At 15:06 a step incréase in
heat load to 150 watts was applied. Since initially the source was below
the set point and the valve was closed, both the source and the input’
heat .pipe rapidly increased in temperature. When the valve opens, the
vapor in the input heat pipe suddenly drops in temperature which prevenis
the source-from rising further, The response is similar for the other
step increases-in load except the initial spike in the vapor pressure of
the 1nput pipe 1s m1ss1ng because the source is not below the set point
when the Toad is appTTed ‘and hence the valve response is more rapid.

For a step decrease in load such as the reduction from 200 to 100
watts at 15:27 or from 100 to 10 watts at 15:48, the source is cooled below
the set point where the valve closes. The source then increases in
temperature -until it reaches the operating state, which takes Tonger at
Tow loads than at high loads.

The high Hegree of. independence of source temperature on sink
temperature is seen where the sink was increased from -51 C-to -9.4 C
as rapidly as possible. The source temperature was hardly affected.

3.4.4 Conclusions

The task to develop a spacecraft prototype vapor-modulated heat pipe
was an example of how a new mechanism was conceived and how the practical
probiems of its implementation were discovered and solved. The motivation
for the new 1nduced ~dry-out mechanisms was the blow-thru 11m1t of the
convent1ona1 vapor ~flow-control mechanism, which restricts the choice of
fluids to ones with unacceptably low transport capacities or water with'
its high freezing point. Although the first prototype based on the induced-
dry-out mechan1sm failed t0 meet its design goal of close temperature
control for sink temperatures as low as 220 K and heat loads up to 20
watts, it did demonstrate the new mechanism and point to design changes
to overcome its deficiencies. A1l of these changes were incorporated into
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Figure 3.5, Transient Response -of Induced-Dry-Out Heat Pipe.
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the high-performance prototype and the result was successful. The heat
p1pe operated at twice the ]00 watt des1gn heat load, which corresponds
to a capacaty in excess of 213 watt- 1nches *The” source , temperature was
practically independent of sink cond1t1ons and 1ncreased with Toad at a
rate of only 0.03 .per.watt. The fu]l -on conductance is 13 watts/® C,
and the full off conductance, while it cou]d not be accurately. measured
was Tess than 0.018 watts/°C.

There is the potential for further improvement. For example, a
larger sensor volume will result in even tighter source temperature controt.
A Tonger coupler heat pipe with optimized grooves at the heat-pipe
interfaces will result in higher full-on conductance. The heat pipe is
inherently insensitive to noncondensable gas and the off heat leak could
be greatly reduced if enough gas were added to block off the condenser
in Tow sink conditions, This would also allow the heat pipé to operate
with extremely low sink temperatures below the fiuid's freezing point.
Since the primary temperature control is from vapor-moduiation, only a
small amount of gas and probably no reservoir_would be required. In its
present state of development, the vapor-modulated heat pipe is ready for
a spacecraft application when a passive feedback-controlied heat pipe
is required.
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4.0 SOUNDING-ROCKET HEAT-PIPE EXPERIMENT

Ames Research Center provided two .of the seventeen heat pipes for the
October 4, 1974 sounding-rocket launch of the International Heat-Pipe
Experiment. The payload reached an altitude of 140 miles, and accelerations
Tess than 200 micro g's were attained for almost six minutes. The two ARC
heat pipes, which were fabricated by TRW Systems Group, are of the same
type that will be used on the Communications Technology Satellite and on
a TRW spacecraft. These heat pipes. utilize arteries to attain high heat-
transfer capacity and noncondensable gas to attain variable conductance.

The priming of arteries without trapping a noncondensabie gas bubble has
remained a crucial problem of heat-pipe technology, and the flight experiment
provided the first opportunity of a zero-gravity test of a solution to

this probiem. The details of design, fabrication and ground test of the
experimental heat pipes can be found in the final research report of the
previous contract, Reference 4.1. The task on the current contract is for
analysis of the flight data. A brief description of the experiment is

given here, however, the emphasis is on the flight results.

To prevent the-entrapment of a bubble, noncondensable gas is vented
from the artery through a. priming foil (Reference 4.2), which is a thin
foil-walled section of artery at the evaporator end with a pattern of
capillary-sized venting holes. The flight-experiment test of this scheme
was especially challenging because of the short time available in zero
gravity for priming and then applying a heat load to verify that a primed
state was achieved. In addition, there were uncertainties as to whether the
so~called "pogo effect” would interfere with priming. If, at the 1nstant
of rocket-eng1ne shut down a surge of excess Tiquid arrives at the -i
evaporator before the artery primes, the evaporator end of the artery may |
i1l with Tiquid and prevent venting. Our task was not only to test whether
or not the heat pipe primeé, but also to obtain some crucial information
on the internal conditions of the heat pipe during the experiment. Each
heat pipe has one of two otherwise identical arteries instrumented at the
evaporator end with a miniature thermistor. The.thermistor, which is
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electrically self-heated, is markedly cooler-when submerged in liquid than
when in vapor. ‘Thus, it detects tﬁe'présencé or absence of liquid in the
priming foil. The research heat pipes, therefore, partially overcome a
nagging'difficulty3of arterial heat pipes, that of diagnosing the cause
of unsuccessful hriming.

Priming failure can have several causes; however, they generally fal
into one of two categories listed below.

1. Evaporator stress™ too high for priming due to:
e insufficient fluid in the heat pipe,
¢ too large a re§idua1 heat load during priming,

e too large of a hydrostatic load due to adverse
orientation in an acceleration field.

2. Entrapment of noncondensable gas bubble due to:
o failure to vént the gas through the priﬁind foil,

' [ a gas bubble at some location in the artery other
- than the evaporator end.

If during the priming period Tiquid is not detected in the evaporator
end of the artery, then-priming féi1ure is attributed to the first category,
excessive evaporator stress. 'If, on the other hand, liquid is detected,
the stress was low enough for priming to take place, and a-subsequenf
failure of the uninstrumented functional artery is attributed to the
second category, entrapment of noncondensable gas.

The thermistor instrumentation also prqvides‘é means or veritying
that a suffiqient heat load is applied to test for the primed state of the
fundtional artery. If ‘the thermistor detects that 1iquiﬁ recedes (which it
should, due to a large hole cut in the instrumented artery), then the heat
Toad is sufficient to empty the functional artery if priming is ﬁnsucéessfuJ.
If subsequently a burnout does not occur, then the primed state of the
functional artery is verified.

*We define stress as the vapor-liquid pressure-difference that is
sustained by surface tension.
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The diagnostic Togic is summarized. in Figure 4-1, where the heavy
Tine represents successful priming and verification of such.

4.1 DESCRIPTION OF THE HEAT PIPES

As shown in Figure 4-2, the heat pipes are of an arterial slab-wick
configuration. The two heat pipes used in the flight experiment differ
only in the details. of their priming foils. For the heat pipes designated
X-2, the active length of the priming foil is 1.5 inches, the holes are
in spiral rows, and the end on the fuhctiona] artery is crimped ciosed,
whereas for the heat pipe designated :X-1, the active length is 0.375
inches, the holes are in straight rows and the end is closed with a plug.
The X=2 configuration priming foil is-a design similar to that used on
the -Communication Techno?ogy Satellite program. X-1 configuration priming
fo11 is an exper1menta1 design that représents an attempt to improve the
ruggedness and minimize the chance of trapping a gas bubble in the last
instant of priming the foil itself.

The instrumentation consists of a bead-type thermistor thét is held
at the apex of the conical end of a cylindrical teflon plug, which in
turn fits into thggendfof one of the priming foils, The platinum leads
from the bead pass.through two holes that run the length of the plug.
The plug is 'held in the end of the primfng'foil by a band of heat-shrink
tubing. The thermistor leads are connected to the prongs of an electrical
feed- through in the heat-pipe end cap. The electronic circuit for the
therm1stor is parttcu]ar1y simple; it consists of a 3000-ohm resistor and
a 28-voit power supp]y in series with the thermtston The circuit output
is the vo]tage across the thermistor. The output voltage is approximately
3.7 voTts when the arter1es are primed and 1.2 volts when deprimed. Sometimes,
however, in the primed state boiling occurs at the bead, in which case the
output osc11}ates rap;d]y about some mean voltage greater than 3.5 volts.
In the depr1med state, d1screte intermediate output vo]tages occur that are
attributed to part1a1 coo]ang of the therm1stor bead by small 1iquid f111ets
around it. W1th sufficient evaporator stress these f111ets are not
rep]entshed from ne1ghbor1no liauid and thev evaporate. which results in

the low 1.2-volt output.
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Figure 4-1.

Summary of Diagnostic
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4,2 FLIGHT RESULTS

The power profile used in the experiment is shown in Figure 4-3 below:
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“igure 4-3. Power Profile for ‘the Fliaht Experiment.

During the first half minute, 100 watts were applied to move excess liquid
to the condenser end of the heat pipe. This amount of heat is sufficient
to transfer 12% of the total amount of methanol. The zeﬁo-power period
from t = 0.5 minutes to t = 2 minutes was for priming. During the
remainder of the zero-gravity period, 100 watts were again applied.

The data from the flight are displayed in Figures 4-4, 4-5, 4-6 and
4-7. 1In both heat pipes, the artery thermistor indicated that liquid filled
the evaporator end of the dummy artery just after rocket-engine shut-down.
Both heat pipes isothermalized after the initial 100-watt 10ad, and the
final 100-watt load was successfully transported without a burnout. No

real-time commands were called for.

The artery thermistor voltage did not suddenly drop and thus indicate
Tiquid leaving the evaporator end of the instrumiented artery during the
final 100-watt load.  The gradual voltage reduction after t = 200 sec. is
due to the overall temperature rise. In the absence éf‘direct indication of
a heat load high enough to verify a primed state of the functional artery,
we must rely on theoretical computer predictions. When primed, the instrumented
artery generates a capillary pressure set by the relatively large hole cut
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in the priming foil.  As shown in Figure 4-2, the teflon plug is cut away
under the hole, but.it. still blocks half of the artery.  The effective
capillary pore diameter, therefore, is taken as half the artery diémeter.
Figure 4-8 shows predicted zero-gravity capacity both with and witﬁout the
functional artery and instrumented artery primed. Curve 2 of the figure,
for example, gives the predicted heat Toad for the liquid in the instrumented
artery to recede pfovidgd the functional artery has primed, while Curve 3
gives that load provided the functional artery has not primed. The fact
that the thermistor did not indicate 1iquid recession is attributed to

the functional artery being primed and the actua] 100-watt load not being
sufficiently in excess of Curve 2. The actua] load is cons1derab1y greater
than Curves 3 and 4, thus a burnout would have occurred if the functionail
artery had not primed. Note from Figure 4-8 that as” the heat load is in-
creased, the instrumentad artery fails (Curve 2) due to its large pore,

but the functional artery remains primed until it fails at a much higher
Toad (Curve 1). This explains thé paradox of Curve 2 with two primed
arteries lying below Curve 1 with one primed artery.

Two features of the temperature profiles of Figures 4-4 and 4-5 merit
discussion. First, the thermistor instrumentation indicafed a temperature
difference of approximately 5°C develops between the evaporator and adiabﬁtic
regions. The temperature difference measured with thermocoup]es~%n ground
test, however, was approximately 1.1°C, correspond1ng to a heat-transfer’

- coefficient of 7380 watts/m2-°C, which is in line with-previous exper1ence
with methanol &nd grooved'sta1n1ess—stee1 tubes. The large evaporator-
adiabatic temperature difference during the flight may be due to ‘poor thermal
contact of the thermistors with the heat-pipe wall. That the Jarge
temperature difference is not a zero-gravity effect can be ruled out because

the same difference was measured with the flight instrumentation in ground
tests

-The second feature of temperature distributions is the low condenser-
end temperature. The MULTIWICK computer program predicts that additional
fiuid required for priming results in a liquid slug in the vapor spaces
at the condenser end. The noncondensable gas added to the pipe causes a
further. blockage. The.low condenser-end temperature was -apparent. in ground
tests as well as during the flight.
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In summary, both Ames heat pipes primed and transported 100 watts
during the flight. The experiment was the first zero- grav1ty test of
arterial heat p1pes that had noncondensable gas intentionally added to
them. The special thermistor at the evaporator end of the artery 1nd1cated
that pr1m1ng occurred just after rocket-engine shut down : Although ‘the
thermistor did not indicate.liquid receding from the instrumented artery,
the MULTIWICK program showed that the 100-watt.load was considerably in
excess of the heat-pipe capacity if the functional artery had not primed.
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5.0 ARTERIAL PRIMING RESEARCH WITH A GLASS HEAT PIPE

The purpose of the glass-heat-pipe research -was to answer some crucial
‘questions regarding a method of priming heat-pipe arteries in the presence
of noncondensable gas. As discussed in Section 4.0, this method was
successfully tested for the first time in zero gravity by the two research
heat pipes provided by Ames Research Center for the sounding-rocket launch
of the International Heat Pipe Experiment. Priming is accomplished by
venting the noncondensable gas, which would otherwise form an arterial .
bubble, through capillary-sized holes in a foil-walled section of the
artery at the evaporator end.

Several questions on the priming method required visual observation -
for answers.  The most important unanswered question was why the computer-
predicted fiuid charge is insufficient for the arteries to prime. The
glass heat pipe was used to uncover the source of the problem and to test
a solution. Other questions were:

e Is a heat load sufficiently low for priming still high enough to
convect an arterial bubble along the artery and into the priming
foil where it would vent?

e Can excess liquid in the vapor épace arrive at the priming foil.
submerge it and thus prevent gas venting before the artery has
primed?

e If a bubble is prevented from venting because the foil is sub-
merged, will application of a heat load vesult in recession of
the excess liquid and venting of the bubble?

5.1 DESIGN AND FABRICATION OF APPARATUS

The gla;s heat pipe to be used in the experimental study was designed
and fabricated on the previous contract and it is described in Reference 5.1.
The main component of the apparatus ‘is a 1.9-cm-0.D. (0.752-inch-1.D.)
1.3-cm-1.D. (0.515-inch-1.D.) glass tube, 109 cm (43 inches) long, with
“machined stainTesg—stee] end fittings. Research in the present program
was limited to methanol which is the ﬁdrking fiuid in the heat pipes
currently being buiit by TRW for spacecraft VCHP applications.
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The cross section of the heat pipe is shown in Figure 5-1. The heat
pipé is designed to closely model the two-artery/slab-wick heat pipes used
on the experimental sounding-rocket heat pipes. The artery is spot welded
to one side of the felt-metal slab wick and a sheathed rod heater is
inserted into a doﬁb1e layer screen-casing that is spot-welded.to the other
side of the wick. " The unheated end of -the heater passes through.and is
brazed into the evaporator end cap. In the condenser region, a stainless-
steel cooling loop extends along the opposite side of the wick as the
artery. It passes through and is brazed into the condenser end cap. A
sheathed thermocouple extends into the adiabatic section so the vapor
temperature can be monitored.

5.2 EXPERIMENTAL'RESULTS"

The experimental effort was first aimed at uncovering the cause of the
discrepancy between computer prédicted fluid charges and the larger charges
actually required for the heat pipes to prime. As shown in Figure 5-2(a),
the foil-walled evaporator end of the artery.(which we call a priming foil)
has spiral rows of 0.0254-cm-diameter-(0.010~inch-diameter) holes. The
foil thickriess is 0.00127-cm (0.0005 1nches) :

Pr1m1ng tests consisted of first elevating the evaporator end of the
glass heat pipe sufficiently so that the~artery empties. A low heat load
was applied. Then the evaporator-end was lowered until the.screen walled
portion of the artery had filled with Tiquid.. The elevation of the evaporator
end relative to the condenser end was measured'with a cathetometer. The
evaporator end was Towered further until the foil-walled portion filled,
and the evaporator elevation was measured again. Figure 5-3 shows the results
at several heat Toads. The crucial finding is that the evaporator end must
be depressed 0.25-cm to fill, the pr1m1ng foil after the screen—wa]]ed portion
has primed. Previous computer pred1ct1ons of requ1red f]u1d 1nvent0r1es for
priming, however, were based on the assumption that the screen-walled and
foil-walled portion of artery have the same cap111ary preésuﬁe for priming,
which is given by 4 x (surface tension)/(artery duameter) While the
actual inside diameter of the foil region is 0.1854 cm (0. 073 in.), the
region behaves, as far as priming is concerned, as if its inside d1ameter
were 0.244 cm (0.096 in.).
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The reason for MULTIWICK underpredicting the fluid charges for priming
is now clear. For example, the previously predicted minimum charge for the
sounding-rocket heat pipes to prime was 17.9 cmS of methanol, which was -
based on priming the 0.160 cm (0.063~in.) - I.D. artery. MULTIWICK now
predicts @ minimum charge of 26.9 cm3 based on .an effective inside diameter
of 0.244 cm (0.096 in.) for the priming foil. Thé actual original charge
of the heat pipes of 22.4 cmSwas, in fact, found to be insufficient for
priming. When the charge was increased above the predicted minimum to
27.9 cm3, the heat pipes primed reliably.

It was suspected that the reluctance of the priming foil to fill might
be due to a finite non-zero wetting angle between the methanol and the foil.
Oxidization is known to improve wetting especially with water. As an attempt
to improve the priming performance, the wick and artery were removed from
the glass heat pipe and oxidized by firing in air. As shown in Figure 5-4,
however, oxidization did not improve the performance.

It is now thought that the reluctance of the priming foil to fill is
due to its slightly Tlarger inside diameter of (0.073-in.) compared to the
0.160-cm-1.D. (0.063-in.-1.D.) of the main screen-walled portion and, more
importantly, to the empty priming-foil holes pulling back by surface tension
on the advancing meniscus as it crosses them. A new priming foil, shown in
Figure 5-2(b), was designed to partially overcome these problems. The priming
foil ‘consists of a foil patch with a single row of holes, spot-welded inside
"the screen-walled artery over a small window. The inside diameter of this
design is essentially the same as that of the artery, and there is at most
only one hole at any axial location along .the priming foil to impede the
advancing meniscus. Results of priming tests of this configuration, as
displayed in Figure 5-4, show that a hydrostatic head reduction necessary to
i1l the priming foil is 0.0%9 cm. This small reluctance to prime is desirable
to ensure that the priming foil remains empty to vent gas until the entire
screen-walled artery has primed. Although the actual inside diameter of the
priming foil is that of the artery (0.160 cm or 0.063 in.), its effective
inside diameter for priming is 0.183 cm (0.072 in.).
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In addition to having improved priming. performance, the new priming

- foil was constructed of thinner foil (0.000974 cm or 0.00036 in.) that allows
a smaller capillary hole size (0.0152 cm or 0.0066 in.). In comparison,

the foils used for the sounding-rocket heat pipes were 0.00127 cm (0.0005 in.)
thick with.a capillary hole size of 0.0254 cm {0.010 in.). The small holes
in the new design result in a 52% increase in heat-pipe capacity.

The next question investigated concerned convection of arterial bubbles.
A bubble was trapped in the artery by raising the condenser end of the heat
pipe high enough to empty the artery, and then leveling. The condenser end
of the artery does not have a priming foil, and hence a bubble was trapped
there.

A heat load was applied in attempt to convect the bubble to the
evaporator end. Several runs were made for various heat Toads and initial
bubble sizes and locations. The results indicate that bubble convection was
impossible at heat loads and evéporator elevations low enough for priming.’

Bubbles were observed to convect at heat loads greater than for priming;
however, when the bubbles entered the priming foil and vented, the artery
would empty of liquid.

As a consequence of these results, for actual heat-pipe operation

_any arterial bubble that might exist would have to be cleared by applying

a heat load in excess of the critical priming load, but below the maximum
open-artery load. Then the load is reduced sufficient for priming. Another
approach is to purposely ignore the existence of any arterial bubble. If

a bubble did exist, a burnout would result the first time the heat load was
increased above the open-artery capacity. Powering down below the critical
priming load would result in successful priming because any bubbles would

be convected to the evaporator end.

The next question investigated was concerned with the possibiiity or
excess liguid in the vapor space flooding the venting holes of the priming
foil. The evaporator end of the deprimed heat pipe was quickly dropped to
level or even below level in attempt to trap a bubble by excess liquid sub-
merging the priming foil. In every attempt, however, the artery completely
primed before the venting holes were flooded. Failure to prime due to
venting-hole flooding does not appear to be a problem.
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5.3 CONCLUSIONS

The glass heat pipe has furthered our understanding of priming. The
current research effort for a methanol, slab-wick, priming-foil/artery
heat pipe has shown that:.

o The priming-foil design used for the sounding-rocket experiment
(and CTS) primes as if its I.D. were 0.244 cm (0.096 in.)
instead of its actual I.D. of 0.185 cm (0.073 in.).

e The larger effective I.D. explains the required fluid charge
for priming being significantly Tlarger than previously predicted.

o The large effective I.D. is due to holes in the priming foil
imposing a surface-tension retarding force on the advancing
meniscus.

® By placing the priming foil with a single row of holes inside
a "window" in the artery, the priming foil effective I.D.
is reduced to 0.183 cm (0.072 1in.), which is only slightly
larger than the artery I.D.

¢ To clear an arterial bubble that has somehow been trapped
somewhere along the artery other than in the priming foil, a
heat Toad in excess of the critical priming load is required.

@ Excess 1iquid could not biock the priming-foil holes to

prevent venting - venting always occurred before the holes
were flooded.
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6.0 DEVELOPMENT OF HIGH-CAPACITY NON-ARTERIAL HEAT PIPES

High capacity in ambient-temperature heat pipes can be attained with
the use of arteries, which simultaneously proéide high capillary pressure
and Tow flow resistance for the condensed liquid. Arterial heat pipes,
however, have several disadvantages, especially if they are also gas-loaded
variable-conductance heat pipes. In fact, arteries will not function at
all for ammonia VCHP's evidently because of pressure fluctuations that
occur as a result of instability of the gas front, Reference 6.1. With
fluids such as methanol that can be used, priming foils are required to
vent the noncondensable gas and rigid leveling requirements are necessary
during test to prime the arteries. '

Conventional, non-arterial heat pipes are in general more reliable
and easier to test than arterial heat pipes; however, they have a far lower
capacity. A task on the current contract calls for development of a high-
capacity non-arterial heat pipe by optimally varying the porosity of the
wick along its length. The Timited capacity of the conventional non-
arterial heat pipe is due to the fact that the two factors governing wick
performance, the_capillary-pressure limit and the permeability, are related
inversely. Thus, a:decrease in the porosity of the wick will increase the
capiliary-pressure 1imit but decrease the permeability. A conventional
wick whose porosity is uniform along its Tlength has an unnecessarily high
capillary-pressure 1imit and hence an unnecessarily low permeability
everywhere except at the evaporator end where the limit is reached at
the maximum heat load. By varying the porosity, the capillary-pressure Timit
is only as high as required to sustain the local vapor-liquid pressure
difference and, thus, the permeability is as high as possible everywhere
along the length of the wick. The potential increase in capacity depends
on the particular application, but it is typicaily greater than a factor
of two. A particular goal is the development of a half-inch diameter
all-aluminum heat pipe for use with ammonia that has a heat-transport
capacity in excess of 250 watt-m. Such a heat pipe was fabricated
and although its measured capacity of 226 watt-m fell short of the
goal, the computer model predicts that with a refined porosity variation
more than 330 watt-m will be achieved.
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e
A paraliel theoretical and experimental study of flow through fibrous wicks

was first carried out that provided the basis of the computer program GRADE
(Reference 6.2) for the design and analysis of graded-porosity wicks. Two
aluminum/ammonia heat pipes were fabricated and tested; one of which had a
graded-porosity wick and the other, for purposes of comparison, had a
uniform-porosity or homogeneous wick. In addition, two half-inch-diameter

stainless-steel cryogenic heat pipes for use with ethane or methane were
designed and fabricated. These are for processing and testing by ARC.

6.1 THEORETICAL AND EXPERIMENTAL STUDY OF CAPILLARY FLOW THROUGH A

FIBROUS WICK

In this section we present the results of the research on capillary flow
through fibrous materials such as metal felt, compressed metal fibers,
layers of screen mesh, etc. The theoretical model was originated on
another program sponsored by the Naval Air Systems Command, Contract

00019-72-C0340, Reference 6.3. However, it was extensively corrected and

expanded both theoretically and experimentally on the present program, so
the complete work is presented here (also see Reference 6.4).

In addition to develdping expressions for the capillary-pressure
1imit and permeability for a saturated wick, hysteresis in emptying and
filling and flow through a partially-saturated wick is also included.

A partial-saturation model is needed to predict heat-pipe performance when
there is an insufficient volume of Tiquid to completely fill the wick,
which can occur, for example, as the result of liquid contraction in a
heat pipe operating below its design temperature. In addition, wicks
operating near their capillary-pressure 1imit become partially saturatec
before failure. Not only is the permeability Towered in the partially
saturated region, but also the 1iquid given up can contribute to vapor-
space stugging and flooding of the condenser. A model of hysteresis in
the wick's capillary behavior for filling and emptying is needed to predic
the maximum heat-transfer rate under which a burned-out heat pipe will
recover, as well as to design wicks that can prime in a gravitational
field.
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It was apparent that existing models of saturated wicks were
inadequate for extension to a theory of partial saturation. For
example, the generally used expression given by Tien and Sun (Reference 6.5)
for the wick's capillary-pressure limit in terms of the fiber diameter
5, surface tension o ; permeability K -and porosity e is

PC = __,———_-40 [6'1]
§ + V32K/e

The radical in this expression represents the "pore size" of the wicks
however, microscopic examination reveals nothing in a fibrous material
that even resembles a pore. For the permeability, the generally used

expression is that given by Schmidt (Reference 6.6):

) g3

2
K = 'ﬁ‘é‘ '(—')‘2-]_ p [6.2]

This expression is based on Kozeny hydraulic-diameter theory that assumes
a porous material resembles tortuous channels. Although this applies in
the low-porosity limit, for high porosities the situation is rather that
of flow over an aggregate of randomly distributed cylinders. Although the
above expressions (6.1) and (6.2) have been useful for correlating experi-
mental data, the assumptions on which they are based do not reflect the
actual geometry of fibrous materials.

In the present theory, the wick is idealized as a random distribution
of cylindrical fibers. Capillary pressure is generated by surface tension
acting on the individual fibers where they penetrate a vapor-liquid
interface, and flow resistance is generated by the drag on the fibers.
Hysteresis in capillary pressure is accounted for by a factor H that is
unity if the wick is filling and an empirically found value greater than
unity if emptying. To model partial saturation, the wick is envisioned
as consisting of local regions each having uniform porosity. The porosities
of these regions, however, are assumed to have a statistical distribution
with a standard deviation o4 . The theoretical expressions developed
for a saturated wick are applied to the local regions.
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Four experiments were conducted to test the theoretical results.
By dimensional analysis one can show that the capillary-pressure Timit
of a saturated wick is prﬁportional to o¢/6 and the permeability to 82
The crucial question, though, is how well the theory predicts the dependence
on porosity. To answer this question, the first two ekperiments measure
the capillary-pressure limit and permeability of a set of aluminum-fiber
wicks that were identical except for their porosities, which varied from
0.6 to 0.9 . The capillary-pressure experiment employed a novel tech-
nique that provides a.simpie method of measuring the efmpirical hysteresis
constant H and porosity standard deviation 9y from curves of the wick's
weight vs its depth of submersion in liquid. The third experiment* used
B-ray absorption to directly measure the Tiquid fill vs vapor-Tiquid pressure
difference of a partially saturated metal-felt wick. The- same wick was
instrumented with close-spaced pressure taps in the fourth experiment* to
provide the data required to measure permeability in the partially-saturated
state.

Besides providing a quantitative test for the theory, the experimental
results indicate that the hysteresis factor H 1is independent of fiber
diameter and porosity, and that its vatue is 1.96. In other words, fibrous
wicks generally have approximately twice the capillary-pressure limit
for emptying than Tor filling. Further, the porosity standard deviation
o4 appears to be independent of fiber diameter, but proportional to one
minus the porosity.

The theoretical expressions for a saturated wick were used to optimize
the wick with respect to its porosity and fiber diameter. The results
show that for a specified capillary-pressure 1imit, a porosity of 0.79
gives the highest permeability. The corresponding fiber diameter is set
such that the expression for the capiliary-pressure }imit gives the
specified value. Wicks previously used in heat pipes were nftan far fram
optimum.

* These experiments were carried out on the Navy-sponsored program.
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6.1.1 Capillary Pressure

The class of materials we are considering is idealized as .consisting
of long fibers with circular cross sections of diameter & -. Each. fiber
is divided into segments of length 2 . The centerpoints of these segments
are assumed to be randomly distributed in space with a number density .n .
The orientation of each segment is specified by spherical coordinates. (¢,6)
as shown in Figure 6-1. Two types of orientation distributions are .
considered. For a two-dimensional distribution, which we specify by -

J=2 , all fibers lie paraliel to the same plane, such as the x-z. plane,
so we take 0=0 for each segment. The distribution of ¢ , however, is
random. An example of such & material is a fibrous mat that is fabricated
by alternately laying down and pressing fibers in layers. For a three
dimensional distribution, which we specify by J=3 , both ¢ and & are
random.

2§

SINg do d
’#J;'ﬂ ¢ dé d8

TE - LA

Figure 6-1. A Fiber Segment With Orientation (¢,6) Penetrating an
Elemental Area of a Unit-Radius Hemisphere.
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Presently, we will need an expression for the probability that the
orientation of a fiber segment is between ¢ and ¢ + d¢ . For a two-
dimensional distribution, the probability is uniform and it is simply
d¢/(w/2) . For a three-dimensional distribution, consider that the
probability a segment is oriented such that it penetrates the é1gmenfa1
area of a unit-radius hemisphere is the ratio of the elemental area to the
total area of the hemisphere, that is, {(sine¢ d¢ de)/2w . To obtain the
probability that a fiber segment is oriented between ¢ and ¢ + d¢
irrespective of & , we integrate from &=0 to 2« and obtain sing d¢
The two-and three-dimensional resulis for the probability of orientation
between ¢ and ¢ + d¢ are combined in the following expression:

[{(3-3) 2/« + (3-2) singl d¢ [6.3]

We begin the calculation of the capillary-pressure Timit by estimating
the surface-tension force acting on a single fiber that penetrates the
vapor-liquid interface. As shown in Figure 6-2, the 2z axis is normal to
the interface and the wetting angle is assumed to be zero.

Figure 6-2. Fiber Penetrating a Liquid-Vapor Interface at Orientation
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The component force EL in the z direction is taken as -the product of
the surface tension o and the circumferencé of the ellipse formed by
the intersection of the fiber and the plane, which is given approximately by

F,oo= z§2¢ /(1 + cos24)/2 [6.4]

We must now Find the number of fibers that penetrate an area of the
interface with an orientation between ¢ and ¢ + d¢ . Consider,"as" -
shown in Figure 6-3, a large area A of the interface with a volume element
A dz Tlocated at a distance -z from it. The number of segments whose™
centerpoints lie within the volume is n A dz . Not all of these will
penetrate the area, only those for which ¢ < cos-! 2|z|/% . Consider

that the number of segments (1) whose centerpoints 1ie within the volume

A dz , (2) that penetrate the interface, and (3) whose orientation is -

from ¢ to ¢ + d¢ [expression {3)] is

42Ny = nAdz U(o*-)[(3-d9)2/x + (J-2)sing] d¢ [6.5]

VOLUME FIBER SEGMENT

ELEMENT A DZ\

73-5-28

Figure 6-3. Volume Element Above a Vapor-Liquid Interface.
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where $* = cos~! 2|z|/% , and U(arg) = 0 if arg <0 and +1 -if
arg > 0, The number of fibers penetrating a unit area with -orientations
between ¢ and ¢ + d¢ is obtained by integrating Equation 6.4 from
z = =-2/2 to &/2 and then dividing the result by A , which gives

un = p15-Jd)2/m 4+ (J-2)sing] n2 cos¢ d¢ [6.6]

The combination ng s eliminated from Equation 6.6 in favor of the
porosity e and the fiber diameter & by equating the total volume taken
up by fibers in a unit volume to T1-¢ , which Teads to

ne = 4(1-e)/(ws2) [6.7]
With this result Equation 6.6 becomes
N = [3-0)2/r + (3-2)sing] Hlzed cosy g [6.8]

The sum of the forces on those fibers penetrating a unit area of interface
with orientations between ¢ and ¢ + dé is dF = F_L dN , where
F, and dN are given respectively by Equations 6.5 and 6.8. The

L

capiliary-pressure Timit P. generated by the wick is obtained by
integrating dF from ¢ =0 to ¢ = w/2 , and then dividing by the
liquid area per unit area of interface, which is easily shown to be ¢ .

The resulting expression 1is

P = 1(3-0) LE(/Z72, w2) + (3-2)[24/2 n (1+/D) ]

% ];S Z [6.9]

where E(k, #/2) 1is the complete elliptic integral of the second
kind, and its value is 1.3506 for k = /2/2.
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The above expression is-appropriate for Tiquid filling a wick.
For 1iquid emptying a-wick a greater capillary pressure is generated,
because the interface .has the chance to recede to a favorable configuration
among the fibers. We account for hysteresis by introducing an empirical
factor H that is unity if the wick is filling and an 'experimentally
found value greater than unity if emptying, which gives Equation 6.9
after the expression in braces is numerically evaiuated

P, = [3.4393(3-J) + 3.2465(J-2}] H-ilgﬁl T [6.10]
In the preceding discussion we assumed that the wick is either empty

or full depending on whether the pressure difference across the vapor-

liquid interface, which hereafter we will call capillary stress, is

greater or less than the wick's capillary-pressure 1imit. In fact, the

fractional fill of a wick, or saturation fraction 'S , varies continuously

over a range of stress. To model partial saturation, we assume that a

wick has a statistical distribution of local porosity, and that those Tocal

regions with a relatively low porosity have greater tendency to fill with

or hold 1iquid than ones with a relatively high porosity. A conceptual

procedure to find the porosity distribution is to sample the porosity of a

wick with a small control volume. The fraction of samples having porosities

between ¢ and e + de s fT(e) de . The mean value of the probability

distribution f(e) 1is independent of the control-volume size and is

equal to the overall porosity €4 of the wick., The standard deviation

o4 » however, is dependent on the control-volume size, and because of our

lack of knowledge of the correct value for its size, the standard deviation

will be an expe;imenta11y found parameter in the theory.

For a given value of capillary stress P , a Tocal region is filled
with Tiquid if the porosity is low enough that the capillary-pressure 1imit
P. given by Equation 6.10 is greater than P . A critical value &*
that just allows a region to be fiiled is obtained by solving Equation .6.10
for e and replacing tPC by P , which results in

: -1
Ps/o

[3.4393(3-d) + 3.2465(J-2)]H

e* = 1+

[6.11]
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The fraction of a unit volume of wick having a porosity between ¢ and
e + de is f(e) de , and this fraction is filled with liquid only if
e<e® . The amount of Tiquid held in this fraction is e f(e) de . MWe
obtain the total amount of 1iquid held in the unit volume by integrating
this expression from ¢ =0 to e . The saturation fraction S(P)
is the ratio of the actual amount of liquid held in the unit volume at a
stress P to the amount e, when it is completely fiiled, hence it is
given by

*

€
=1
sp) =L .{/‘ e f(e) de [6.12]
A normal distribution is assumed for the porosity, which allows
us to characterize f by two parameters, the overall porosity ey and
the standard deviation o4 - Thus, we write

fle) = —— o ~(em80)?/204 2 [6.13]

Vchd

In terms of the standardized normal distribution

-

2w

£(z) e "22/2 [6.14]

and the standardized cumulative distribution

F(z) = — a dt [6.15]
rs
the saturation fraction S(P) given by Equation 6.12 can be
written as
* Gd *
S(P) = Fl{e -eo)/oy]l - <= 5 [(e"~¢4)/04] [6.16]
8]

where ¢ s given in terms of P by Equation 6.11. The curve of S vs
P has two branches depending on whether P is increasing and the wick is
emptying or P is decreasing and the wick is filling.- In the former case,
the hysteresis constant H 1in Equation 6.11 is taken’ as the experimentally
found value greater than unity, and in the latter H is unity.
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6.1.2 Capillary-Pressure Experiments

The apparatus for the experimental study of partial saturation is
depicted schematically in Figure 6-4. g-rays emitted from.a strontium-90
source penetrate the wick and are counted by a.detector. The rate at which
they are absorbed by liguid in the wick is a direct méasure of the
saturation fraction. The capillary stress is controlled hydrostatically
by raising or Towering the liquid level in the glass cylinder. The liquid
used was methanol. The test wick was a 7.27-mm slab of metal felt with
a porosity of 0.835 , and an average fiber diameter of 0.0216 mn.
Microphofographs show that the fibers are in a three-dimensional random
distribution (J=3).

STRONTIUM - 90 SOURCE

g -~ RAY | %S'
DETECTOR &

LIQUID VOLUME ——

/—WICK MATERIAL
GLASS CYLINDER—/

T REPRODUCIBILITY OF THH

@ ORIGINAL PAGE IS POOR

Figure 6-4. g-Ray Absorption Experiment for Measuring the Saturation Fraction

as a Function of Capiilary Stress.
-99
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The data displayed in Figure 6-5 give the measured saturation
fraction $ vs dimensionless stress P = P§/c for both increasing and
decreasing stress. The solid curves are from the theory (Equation 6.16).
The empirical hysteresis constant H was taken as 1.955 to match the
point on the increasing-stress curve where S 1is 0.5, and the standard
deviation oq was taken as 0.0301 to match the slope of ' the curve at
that point.

Another experiment was designed to test the theory over a wide range
of porosity and to provide a simple procedure to find the empirical
constants H and og for a particular wick. A long strip of wick is
suspended inside a glass cylinder from the weighing hook of a precision
balance. As shown in Figure 6-6, the wick is weighed as a function of the
height of its top edge above the 1iquid level in the cylinder. Two curves
are generated depending on whether the Tevel is rising or falling. For a
wick of cross-sectional area A , perimeter p , length L , and fiber
density psy 1in a liquid of density py; ., the expression for the weight with
a iength x of the wick above the liquid level is

X
(x) = ppg(1-g )LA - p g(1-€ ) (L-X)A + p,ge A ,[ S(og8X)dX * o s g 151

where g 1is the gravatitional acceleration. The physical interpretation
of the four terms to the right of the equal sign are, respectively, the
total weight of the fibers, the bouyancy of those fibers below the Tiguid
level, the weight of the 1iquid wicked up by capillary pressure, and the
surface tension acting around the wick's perimeter. The slope of the
curve W vs x s given by

W'(x) = p,gA[1-e, + e S(py9x}]. [6.18]
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A LIQUID FILLING WICK
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Figure 6-5.

Theoretical and Experimental Results for Saturation Fraction as a
Function of Capiilary Stress.
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Figure 6-6, Wick-Weighing Experiment for Measurement of the Capillary-
Pressure Limit.

The saturation fraction S approaches unity as the stress approaches

zero, and S approaches zero as the stress becomes large. We expect

from Equation 6.18, therefore, the data for W vs x to approach straight
Tine asymptotes for x»0 and x -+ « with slopes given by W'(x>0) =

p,6A and W {xsw) = ngA(]-eo) . This asymptotic behavior is apparent
in Figure 6~7 which shows typical data for a wick with a porosity of

0.712 with acetone as the Tliquid. Of particular interest is the stress

in terms of hydrostatic head at which the saturation fraction is 50% .
This point occurs on the curve W vs x where the slope is half-way
between the slope of the asymptotes, and it is found geometrically as

shown in Figure 6-8. If we neglect the second term of Equation 6.16 on

the basis that cd/so<<], then the stress corresponding to a 50% saturation
fraction is also given theoretically by Equation 6.10 with e equal to

the wick's overall porosity £,

REPRODUCIBILITY OF THE
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Figure 6-7.
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00-NY¥-1209-£9292



.26263-6021~RU~00

BISECTOR OF £, FORMED
W BY ASYMPTOTES

WICK WEIGHT

| HYDROSTATIC HEAD THAT RESULTS
1IN 50% SATURATION

. o

X
HEIGHT OF WICK TOP ABOVE LIQUID POOL 547

Figure 6-8. Geometrical Construction for Finding the Capillary Stress that
Gives 50% Saturation and the Parameter aW that is a Measure

of oq .
Experimental results for a set of aluminum-fiber wicks (0.127 mm fiber
diameter) that vary only in porosity are compared to theory in Figure 6-9.
The hysteresis constant H used is that found in the B-ray absorption
experiment with metal felt. The agreement with data for the aluminum-
fiber wicks indicates that the value for H of 1.955 1is generally
applicable to fibrous wicks independent of their porosity and fiber
diameter. The theoretical curve of Tien and Sun (Reference 6.5) based on
Equations 6.1 and 6.2 is also presented in Figure 6-9.

The extent to which the curve W vs x deviates from its asymptotes
is a measure of the standard deviation oq- The theoretical expression

for the deviation AW as defined geometrically in Figure 6-8 is given by
X

o
M= pgseh }[ [1-5(p,g%)1dx [6.19]

-

0 .
If in Equation 6.16 for S we neglect the second term to the right of the

equal sign on the basis od/eo<<1 , then the following dimensionless
expression for AW is obtained:
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¥ EMPTYING OF ALUMINUM - FIBER WICK

81 A FILLING OF ALUMINUM - FIBER WICK ' .
@ 8-RAY ABSORPTION MEASUREMENTS
. ON METAL FELT
—— PRESENT THEORY [EQ. (6.10) WITH J = 3] \
-~ THEORY OF TteN AND sunN{6-5)
AL . BASED ON EQS. (6.1) & (6.2) .
2k .
N 1 ! | ]
.3 4 .5 6 ¥ .8 K 1.0
OVERALL POROSITY €, 252
Figure 6-9, Experimental and Theoretical Results for

the Capillary-Pressure Limit.
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1 i 1-€g e [6.20]
e o)l e ¥
o Vour 0 d

The integral was evaluated numerically and the results, displayed in

Figure 6-10, are used to find Iy from the measured value of  AW.
Figure 6-11 displays gy VS &g for the wicks tested by both weighing-

and g-ray absorption. The standard deviation is seen to be jndependent
of the fiber diameter and it correlates with the overall porosity by
the formula

g, = 0.22(1-
d (T-e,) [6.21]

The fact that both 94 and H were found experimentally to be
independent of fiber diameter gives credibility to the theoretical model.
Since both constants are dimensionless, then by dimensional analysis
they should be independent of the single dimensional parameter that
characterizes the wick in our model, the fiber diameter.

6.1.3 Permeability

Our approach to permeability, which follows that of Happel, (Reference 6.7),
is to calculate the drag on a single segment of fiber and then sum the
drags on all segments in a unit volume. In relating the drags to the
pressure gradient, however, we differ from Happel and obtain a modified
expression for the permeability. Consider, as shown in Figure 6-12,

a fiber segment inclined at an angle ¢ to the flow direction. Beavers -
and Sparrow {Reference 6.8) have shown that the non-linear inertial
effects on flow through a fibrous media are negligible if the Reynolds
number based on the square root of the permeability is less than unity.
This is typically the case for heat-pipe operation, and therefore the
flow is governed by the linear Stokes equation.
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Figure 6-10. Curves for Finding the Porosity Standard Deviation oq from AW .
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Figure 6-11. Experimental Measurements of the Porosity Standard Deviation.
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v2-§-3D

Figure 6-12. A Fiber Segment Inclined at an Angle ¢ to the Flow.

We compute the total drag as superpositions of drags due to flow components
parallel and perpendicular to the fiber. In both cases, however, there
are no solutions if the fiber is considered in an unbounded uniform flow,
Foltowing Happel, we require the shear to vanish on a cylindrical surface

a distance b from the center of the fiber., The fractional void volume
of the cylinder is taken as the porosity. For flow parallel to the fiber,
in addition to the no-shear boundary condition, the total integrated volume
flow rate through the annulus is required to equal the parallel component
of the superficial velocity U cos ¢ times the cross-sectional area of
the cylinder. For flow perpendicular to the fiber, it is convenient to
assume the fiber is moving perpendicular to its axis with velocity

U sin¢ , and the cylindrical surface on which the shear and normal
velocity are required to vanish is stationary. Thus, from Happel we

obtain for the drag components per unit length of fiber

D, = 16mple cosg

4(1-g) - (1-€)2 - 2In(1-¢) - 3
and
D, = =dirpl sine

In(1-¢) + 1zl
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The total of drag components in the flow direction on all fiber segments
in a unit volume with orientations between ¢ and ¢ + dg 1S given by

db = {D,%cos¢+Dpsing} n [{3-d3)2/% + (J~2)singld¢ [6.22]

where the part of the expression in braces is the flow-direction drag
component on a single fiber segment, and the remainder is the number of
segments per unit volume with orientation between ¢ and ¢ + d¢

(see Equation 6.3). Consider a cylindrical voiume of unit length and
cross-sectional area that is aligned with the flow. The total drag on all
segments within the volume, which is calculated by integrating Equation 6.22
from & = 0 to m/2 , is balanced by the difference in pressure forces
acting on the liguid at each end of the cylinder, which is

e%%-h The permeability K, 1is then obtained from the Darcy relation

e _ud which results in

dx K °
g =352 ¢ 2 (5-d)
¢ 8 e ; 4{1-e)-(1~e)2-21n(1-¢)-3
e ] .20
6.23

B 1-{1-¢)?
In(T-¢) + TE%T?E%E

The corresponding expression derived by Happel contains an additional
factor £ in the second term in the braces.

For the permeability of a partially saturated wick, we apply the
above expression to those Tocal regions that have a porosity low enough
to remain filled. The increased tortousity of the flow paths as regions
empty is neglected. The resulting permeability expression is

= [
K ~~4r Ky (85e)F(e)de [6.24]

where the porosity distribution f(e) 1is given by Equation 6.13 and
the critical porosity €° is given by Equation 6.11. The integral
must be evaluated numerically.
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6.1.4 Permeability Experiments

The apparatus used to measure the permeability of a partially saturated
wick is depicted schematically in Figure 6-13. The test wick was a
5 cmx 15 cm slab of 1.27-mm-thick metal felt with a porosity of
0.835 and an average fiber diameter of 0.0216 mm. A thin 2.29 mm
layer of wick having a high capillary-pressure limit (0.61 porosity,
0.0025 fiber diameter) was sintered to the bottom of the test wick for
the purpose of providing a surface that remains saturated even when the
test wick is partially saturated. The Tiquid pressure proefile along the
wick is measured by eight pressure taps spaced at 1.27 cm intervals
that are clamped against the saturated layer and connected to an inclined
manometer bank. The wick is supported only by these taps, and unlike
other permeability apparatus that contain the wick in a close-fitting
conduit, a parallel leak path is impossible. Methanol 1is supplied to and
drained from the wick by tubes connected to shallow metal reservoirs
clamped against the bottom of the wick at each end. The flow rate through
the wick is measured by collecting a sample of Tiquid for a known time
duration.

The pressure distribut{on in the wick for various upstream and
downstream conditions is displayed in Figure 6-14., For each curve the
wick was initially flooded and then the stress at each end was increased
to the desired level by Towering the supply reservoir and the drain tube.
If the wick remained fully saturated, the pressure distribution would ke
linear. We see, however, that in regions of relatively high stress the
curves bend down, which indicates a Towering in the value of permeaﬁility
due to partial saturation. For a particular curve in Figure 6-14 the
permeability at a given stress is calculated from the mass flow rate and
the local pressure gradient at that stress. Results for permeability vs
stress are shown in Figure 6-15 along with the theoretical curve from
Equation 6.24. Although the qualitative shape of the theoretical and
experimental curves are similar, the experimental permeability drops off
faster with stress. One possible explanation is that we have not taken
into account that liquid must flow around empty regions.
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A simple glass apparatus was fabricated to measure the permeability
of the set of aluminum-fiber wicks in their saturated state. As in the
capillary-pressure tests, the wicks have a fiber diameter of 0.005-1in.
and differ only in their porosities. As shown in Figure 6-16 the test
portion of the wick is suspended between the ends of twe U-shaped
manometers, Acetone is supplied from a reservoir that maintains a constant
head by means of an overflow weir and a constant inflow, and the fiow
rate through the wick is measured by collecting a sample of Tiquid from
the drain tube. The pressure drop along the wick is kept sufficiently
Tow that the wick remains saturated.

The experimental results are displayed in Figure 6-17, along with
experimental results for metal felt of Corman (Reference 6.9) and
Alexander (Reference 6.10), the present theoretical results, and the
theoretical results of Schmidt (Reference 6.6). The permeability
normalized by the square of the fiber diameter is plotted as a function of
porosity. The most marked feature of Figure 6-17 is the close agreement
for porosities from 0.55 to 0.80 between the theoretical permeability
given by Equation 6.23 and that given by Schmidt based on the Kozeny
hydraulic-diameter theory. For high porosity where flow interactions
between close=spaced fibers are minimum, the present theory is valid,
whereas, for Tow porosity where the flow passages resemble tortuous
channels the Kozeny theory is valid. The agreement over an intermediate
range of porosity gives credibility to both theories. In addition,
Schmidt presents a large quantity of data for screen wicks that are
successfully correlated by the Kozeny theory.

The experimental resulis for the aluminum-fiber wicks generally
follow the theoretical curve, but lie above i1t. Corman's and Alexander's
measurements with metal felt also follow the curve, but Tie below it.

For purposes of heat-pipe design, an empirical factor can be included
in the theoretical permeability Equation 6.23 to obtain good agreement
for a particular type of wick.
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Figure 6-17. Permeability as a Function of Overall Porosity -
Experiment and Theory.
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6.1.5 Optimum Wick

For a simple model of a wick, full saturation is assumed, and
Equation 6.10 is used for the capillary-pressure Timit PC and Equation
6.23 for the permeability Ko' Since both PC and K.0 depend on
two wick parameters, e and 6§ , a crucial optimization question arises -
for a specified capillary-pressure 1imit, what values of porosity and fiber
diameter provide the greatest permeability? Equation 6.10 is solved
for & 1in terms of Pc and € , and the result is used to eliminate
8§ from Equation 6.21, which gives for the permeability

2
o= 3.246H _
Ky = Ko/ P =)=
c

3 (1-¢) 4e

8 £ 4(T-¢)-(1-¢)%-2Tn{1-¢)-3 [6.25]

_ g f 3

In(1-e) + %i%%f%%;

The dimensionless permeability Eb as a function of € 1is displayed
in Figure 6-18, where we see that the greatest permeability occurs at a
porosity of 0.79 . The corresponding fiber diameter necessary to give
the capillary-pressure 1imit is calculated from Equation 6.10,

If one used the Kozeny expression for the permeability instead -of the
present theory, then one finds, as shown in Figure 6-18, that the greatest
permeability is obtained in the Timit e»1 and &+0 such that PC
given by Equation 6.10 is the specified value. In fact, the present
theory gives a zero permeability in this Timit. As discussed previously,
the difference is that the Kozeny theory is not valid for high porosity
whereas the present theory is.
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6.2 DESIGN OF GRADED-POROSITY WICKS

The theoretical expressions developed in the previous section for
the capillary-pressure 1imit and permeability of fibrous wicks are the
basis of the computer program GRADE (Reference 6.2) that was written to
design and predict the performance of graded-porosity wicks. Since the
model for the program is being refined continuously, we will wait until
the final report to present the mathematical details. Here we will
describe in words its current state of development,and the reader can
refer to the User's Manual for the original version.

The key variable in the program is capillary stress, which is the
vapor-liquid pressure difference that must be supported by the wick. “
Since in earth gravity the stress varies hydrostatically across the
heat pipe, to be specific we take for its value the vapor-liquid
pressure difference at the top of the wick. GRADE currently does not
include partial saturation, so when the stress exceeds the wick's
capillary-pressure 1imit the wick is considered failed.

The stress at the condenser end is set so there is an incipient
puddle condition at—the bottom of the cross section. If this stress is
so low that a liquid slug forms in the lowest vapor space, then the stress
is increased to a point where the slug just vanishes. The mathematical
model for vapor-space siugging is a research problem that has not yet been
solved. The crude criteria currently used in GRADE is that a slug forms
if 4 x (surface tension)/(hydraulic diameter) exceeds the stress at
the top of the vapor space.

The program starts with the condenser-end stress as a boundary condition
and with an assumed value for the heat-transport rate, it numerically
integrates the first-order differential equation that describes the rate
of stress increase with distance along the pipe. The stress increases due
to liquid pressure drop in the wick, vapor pressure drop in the vapor
space, and the hydrostatic pressure drop if the heat pipe is inclined in a
gravitational field. In the wick-design mode, at each step of the numerical
integration the porosity of the wick is set at the highest value that meets
the following requirements:
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1) The capillary-pressure 1imit is not exceeded by the stress
2) The wick self primes under the hydrostatic load alone.

For the second condition, the user can specify whether he desired the wick
to prime at the operating inclination or level. The wick's porosity in
the later case wiil generally be higher in some region, and hence the
heat-transport capacity will be greater.' In actual operation, however,
the heat pipe will have to be Teveled to prime the wick before it is
elevated to its operating inclination.

After the integration is complete, the solution is checked at the
evaporator end to see if it meets the user specified value of the stress
or porosity. The user specifies a maximum value for the stress, for
example, so that the pumping ability of circumferential grooves is not
exceeded, or a minimum value for the porosity so that the wick does not
become exceedingly dense. GRADE repeatedly integrates the equations,
with values for the heat-transport rate adjusted by a binary search
routine, until the conditions are met at the evaporator end.

In addition to designing graded-porosity wicks, GRADE alsc designs
non-graded homogeneous wicks optimized for heat-transport capability in
terms of the fiber diameter and/or the uniform porosity.

6.3 DESIGN AND PERFORMANCE OF ALUMINUM/AMMONIA HEAT PIPES

The computer program GRADE was used to design a graded-porosity and a
homogeneous wick for two all-aluminum heat pipes for use with ammonia.
The heat pipes are 180-cm long with equal evaporator, adiabatic, and
condenser lengths of 60-cm. The tube for the heat pipes has an outside
diameter of 1.27-cm and a wall thickness of 0.889 mm, and it is circumferentially
threaded on the inside with 40 threads/cm. The wick is a 0.457-cm slab
fabricated from aluminum wire with a diameter of 0.127 mm.

The porosity for the actual wicks is displayed in Figure 6-19. ine
measured distribution for the graded-porosity wick was found by cutting
up one of six identical wicks in two-inch segments and weighing them.
Nondestructive ﬁorosity measurements were also made of each wick by x-raying
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and reading the film with a densitometer. Although the measurements
indicated that all the wicks were nearly identical, the scatter in the
data was too great to precisely define the porosity variations. Further
-development of a nondestructive test is required.

The computer-designed optimum porosity distribution differs from the
actual wick primarily because the mathematical model had been updated since
the wick ﬁas fabricated. The performance predictions based on the updated
model for both the actual and optimum porosity distributions are displayed
in Figure 6-20. The optimized wick was designed to self-prime and operate
with the evaporator end elevated 0.5 cm higher than the condenser end.
The same wick, when operated at higher elevations may not self-prime, ’
but because of the hysteresis in fibrous wicks, once it is primed at
0.5 cm or Tower, it can then be raised above 0.5 c¢m and operated. In
this case, however, capillary failure of the wick is predicted at some
point other than the evaporator end. For operation below 0.5 cm, on
the other hand, failure is predicted at the evaporator end. This
difference is the reason for the step change in slope of the Q-vs-h
curve for the optimum wick.

The measured performance for the graded-porosity heat pipe, which is
ailso displayed in Figure 6-20, 1s in reasonable agreement with the theoretical
predictions. The wick was initially primed by Teveling the pipe prior
to elevating it. After a burnout occurred, the heat Toad was shut off to
allow the wick to reprime at its operating elevation. The test was then
repeated and no difference was found in the measured capacity. Thus, the
graded-porosity wick had repriming capability at Teast up to 3 cm.

As also shown in Figure 6-20, the measured performance for the heat
pipe with the homogenecus wick was better than predicted at the higher
elevations. The measured wick porosity of 0.855 1is exactly the optimum.
Because of hysteresis, the wick did not reprime after a burnout when the
evaporator elevation was 2 cm or higher, which is in accord with prediction.
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The demonstrated performance increase of the graded-porosity wick over
the homogeneous wick was not as large as it potentially could be. Primarily,
the homogeneous wick was optimum, while the graded-porosity wick was
everywhere too dense. The measured performance increase of the graded-
porosity wick was due only to increased capillary pressure-and no advantage
was gained by having in thé condenser region a higher porosity, and, hence
a lower flow resistance than the homogeneous wick. Another factor that
detracted from the relative performance of the graded-porosity wick was
that its cross-sectional area was 13% less than that of the homogeneous

wick.

The temperature distribution along the heat pipes is shown in Figure
6-21 for a transport rate of 140 watts. The nonuniformity bf temperature
along the condenser is attributed to nonuniform thermal contact with the
heat-sink blocks. The heat-transfer coefficients for evaporation and
condensation based on an average wall temperature and the inside effective
surface are respectively 25000 watts/m2-°C and 9000 watts/m2-°c for
the graded-porosity heat pipe and 27000 watts/m2-°c and 6500 watts/m2-°C
for the homogeneous-wick heat pipe.

The graded-porosity-wick heat pipe that was tested had high pérformance,

for exampie, compared to the performance of the ATS-Faxially-grooved heat
pipe also displayed in Figure 6-20 (Reference 6.11). Although the goals

of the development task have been achieved, the computer model predicts that
much higher performance is possible with an updated porosity variation

for the wick.
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APPENDIX A: DIFFUSION FLOW ANALYSIS

For transient analysis of hot-gas-reservoir heat pipes, flow of
vapor and noncondensable gas between the reservoir and condenser by
diffusion are important in determining performance characteristics of
the system. Figure A-1 shows schematically a VCHP system.

RN

8- A

RESERVOIR GAS TUBE CONDENSER

Figure A-1. Hot reservoir VCHP.

Where:
Ty = Heat-pipe wick temperature at the end of the wicked
portion of the heat pipe
TR = Reservoir temperature
PT = Total 5ressure in heat pipe
PSAT = Working fluid saturation pressure at temperature Tw
PGR = Noncondensable gas partial pressure in reservoir
PVR = Working fluid partial pressure in reservoir.

PRECEDING PAGE BLANK NOT FILMED
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A simplified representation of the diffusion fiow of vapor has been

adopted to allow integration into the heat-pipe thermal model. It is assumed
that the gas tube is the dominant resistance to diffusion and that

partial pressures of working-fluid vapor and noncondensable gas are

uniform throughout the reservoir. The further assumptions that diffusion

is one-dimensional at constant temperature and pressure over a time step

and that the vapor partial pressure is small compared with the total

pressure give for the rate of diffusion of vapor:

M= l% (Pyr = Psar)

Where:
M = Mass flow rate into the reservoir
D = Diffusion coefficient
R = Working fluid vapor gas constant
A = Gas tube cross-sectional area
T-= The gas temperature.

In addition to_diffusion, there is a flow of working fluid vapor

due to changes in total pressure. If the total pressure decreases over
a time step:

am = M- Pry)
Pr
Where:
aM = Mass flow of vapor out of reservoir
PT = Total bressure at time ¢
PTAT = Total pressure at time 7 + At
M = Amount of working fluid vapor in reservoir at time .
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If the total pressure increases over a time step:

= (Psap) (V) (0 - Py/Prac)

RTg
Where:
PSAT = Norkingtf1uid §aturation pressure at the entrance to the
reservoir at time t.+ At
V = Reservoir volume
R = MWorking fluid gas constant.

The mass of working-fluid vapor in the reservoir at time t + At then
becomes:

Mopar = M+ aM + (M)(at)

This new value of working-fluid vapor then is used to calculate the
partial pressure of vapor in the reservoir and used in the gas-front

Tocation calculations.
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CONTENT OF APPENDIX B

SKETCH NO. TITLE

750324E Instrumentation for VMHP
740903 vapor-Modulated Heat Pipe Assembly
741001 Tube, Grooved

740904 YMHP End Cap

740905 End Caps and Fill Tube
740906 VMHP Bulkhead

740907 VMHP Valve Sub-Assembly
740908 VMHP Bellows Can

740909 VMHP Valve

740910 VYMHP Wick Sub-Assembly
740911 VMHP Wick

740912 YMHP Wick Tunnel

740913 VMHP Wick Pin

740914 VMHP Flat Spring

740815 VMHP Evaporator Sub-Assembly
1003 Homogeneous Wick

740916 VMHP Tube, Threaded

750310E Control Yolume Parts

PRECEDING PAGE BLANK NOT FILMED
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