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1.0 INTRODUCTION

This report describes the work performed in support of
the "Fourth Sounding Rocket Heat I'ipe Experiment" during the
period March, 1974 through June, 1974. The major emphasis during
this period was directed toward preparing the Experiment for Inte-
gration Test. Test support and evaluation was provided during com-
ponent acceptance tests, and post assembly and pre-integration tests
at GSFC and at the Laurch Complex at White Sands, New Mexico. A
substantial part of the test effort was devoted to establishing
reliable start-up and operational data for the cryogenic axial-
groove methane heat pipe and its reference control pipe. Related
tests were also performed with an axial-groove nitrogen heat pipe.
Finally, an analysis was performed to determine the requirements and
applicability of cryogenic heat pipes to NASA coolers.

2.0 TECHNICAL DISCUSSION

The Fourth Sounding Rocket Heat Pipe Experiment consists of

two piggyback payloads carrying 14 heat pipes and experiments. Also
included are three control pipes. The Experiment was launched aboard
a Black Brant Sounding Rocket on October 4, 1974; more than 6-minutes
of "0-g" flight time were achieved. This report describes work per-
formed during the March, 1974 through June, 1974 period; at which
time the payload was being prepared for launch in late May - early
June. Problems encountered in the field with certein timer and

command functions forced a launch postponement until October.



2.1 Experiment Description

The individual experiments and control pipes are summarized
in Table 2-1. Two of the control pipes are plain aluminum tubes
which have a 1.27-cm 0. D. and are 91.5-cm. long. The third con-
trol pipe is a flat plate similar to the flat plate heat pipe,
but without a wick. Bgsic heat pipe geometries inc.ude: ATS -
axial groove aluminum extrusions (4); arterial pipes with and with-
out priming foils (7); flat plate heat pipes (1l); and flexible heat
pipes (2). Also included as part of the GFW Experiment is an alum-
inum vapor chamber ancd a phase exchange material (PCM) aluminum heat
sink. The PCM is eicosane which is used to provide temperature
stability at approximately 37°C. Ammonia, acetone and methanol are
used in the ambient temperature pipes, and methane is the cryogeric
working fluid.

The prime objectives of the Experiment are to demonstrate "o-g"
start-up and operation, and to establish "o-g" performance character-
istics including start-up times, heat transport limits, and thermal
conductances. A total of 172 thermistor divider networks is used to
monitor the temperature data from the individual experiments. Output
telemetry is 0-5VDC analog.Power is derived from a 30-VDC Ni-Cad battery.
Programmed timers and command functions are used to establish the in-
dividual experiment heater power profiles. Selected heaters are also
controlled by thermostats to avoid excessive temperatures. A breakdown
¢f the instrumentation is presented in Table 2-1.

In addition to the temperature measurements,movie cameras are
used to record the performance of the Photographic Pipe and Flat
Plate Heat Pipe. The Photo Pipe is an axial groove geometry which has

a transparent section that covers half of the circumference of the ccn-
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denser section. The objective here is to observe the profiles of
liquid and possibly gas slugs as they accumulate in the condenser.
A number of different liquid crystal patterns were applied to the
heat input side of the Flat Plate. The color response of these
crystals to temperature is used to establish the transient thermal
behavior of this heaf pipe.

2.2 Test Support

During the period March, 1974 through May, 1974, the Exper-
iment was being prepared for a late May-early June launch. Engineer-
ing support was provided during the pre-launch preparation to eval-
uate component and systems tests procedures and test results. The
major effort was in support of the Cryogenic Experiment, and further
discussions will be limited to the work related to this system.

The Cryogenic Experiment consists of an ATS-axial groove ex-
truded aluminum heat pipe and a reference control pipe. Bo*h pipes
are charged with methane and are attached to a common aluminum heat
sink. Once mounted within the payload housing (cruciform section),
the entire experiment is covered with foam insulation. A multi-layer
aluminized mylar insulation blanket is placed around the outside of
the foam to guard against radiation from the ot payload cannister
during flight. In addition to component verification tests conduct-
ed prior to installation, various tests were performed to establish
telemetry calibration, transient cooldown and start-uf, and normal
oprration.

2.2.1 Telemetry Calibration

Thermocouples attached cdjacent to the flight thermistors
were used to establish the temperature calibrations for the individual

telemetry channels. Liquid nitrogen from a dewar attached to the ex-



periment heat sink was used to cool the experiment to approximately
100°K. Once temperatures stabilized near 10C°K, the liquid nit-
rogen was turned off and the system was allowed to rise in temp-
crature at a rate consistent with parasitic heat inputs from the
ambient. Temperatures and output telemetry voltages were recorded
simultaneously as the system increased in temperature to 160°K.
This then established the temperature versus voltage calibrations
fcr the telemetry networks. The calibrations were essentially linear
for all channels between 100 and 130°K, increasing from approximately
1.5 to 3.5 volts over this .;ange. The corresponding sensitivity is
about 0.06 voilts/°C.
2.2.2 Transient Cooldown and Start Up

The Cryogenic Experiment requires that the svstem be
cooled to approximately 100°C just before launch. Methane has a
freezing point of 88.7°K and its critical temperature is 191.1°K.
Consequently, if the system was cooled much below 100°K, the vapor
losses associated with transporting the parasitic heat leaks were
sufficiently large to cause "dry-out" at the upstreamw end of the
evaporator. Too much cooling would ultimately result in freezing
the methane in the condenser section. Large gradients between the
evapcrator and condenser ends would result in long start-up times
which could have exceeded the 6-minute "o-g" flight cime. Hence,
overcooling was to be avoided. On the other hand, although less
significant, if the experiment were inadequately cooled, the temp-
erature could rise to a level above which "burn-cut" would occur when
subjected to flight power profiles. The 100°K start-up level proved
workable, and was accomplished by On-0Off regulation of the liquid

nitrogen.



the 90 - 110°K range. Details of the tests and test results are
presented in Ref. 2. Basically, because of the relatively low
static height for nitrogen with this groove geometry ( «£ 0.25-cm
in the 90 - 110°K range), there was a tendency for puddling to
occur even at very slight elevations. This puddline tended to
obscure the performance and did not permit reliable extrapolation
to "o-g" transport limits. The results point up the need for
grooves which provide greater static heights (i.e. smaller efi .ot-
ive pumping radius) if this geometry is to be used in applications
below 100°K,
2.4 Application of Heat Pipes to NASA Cryogenic Coolers.

An analysis was performed and available test data reviewed
to determine the applicability of "state-of-the-art" cryogenic heat
pipes to NASA radiant coolers, which operate in the 80 - 100°K range.
The results of this study are published in Ref. 3, which is provided
as Attachment A,

In general heat pipes offer a number cf practical advantages
in cryogenic radiant cooler systems. However, the parasitic heat loads
to the heat pipes require cooler sizes larger than presently used by
NASA in the 80 - 100°K temperature range. An optimum heat pipe/radiant
cooler will utilize heat pipes that are as small as practical consist-
ent with satisfying transport requirements. The "1-g" test requirements
. will generally dictate the heat pipe's design. Projected transport re-
quirements for heat pipes in cryogenic NASA coolers are approximately
3 w-m. This requirement along with the need to obtain meaningful "1-g"
test results leads to composite wick designs. Axial grooves micht also
be used but they would have to be designed to provid 2-3 times more

pumping in order to avoid "1l-9q" puddling and obktain good test results in



2.2.3 Normal Operation

Tests were also conducted to establish the operation
of the system with flight heat loads applied. These tests were con-
ducted with the system in a vertical retflux mode and horizontal,
The horizontal tests give close simulation of "o-g" behavior, where-
as the vertical tests were performed to establish baseline data for
the vertical test conducted prior to launch when the rocket and pay-
load were in the tower. The Cryogenic Experiment is oriented in the
reflux mode in the payload to avoid excessive dry out which as men-
tioned before would inhikit start up.

Both pipes Lave approximately 65-watts applied for the

first 60 seconds in "

o-g". This heat load aiorqg with the parasitic
heat input is sufficient to evaporate all of the fluid inventory in
60 seconds, and will cause a partial dryout of the pipe. It is
applied to permit a demonstration of "o-g" cryogenic start-up. After
the first 60 seconds a nominal heat load of 14 watts is applied to
each pipe.
A detailed discussion of the perf .rmance of this ex~-

periment is presented in Ref. 1.
2.3 Nitrogen Axial Giroove Heat Pipe Tests

Ground tests were conducted with an ATS-axial groove ~xtrusion
charged with nitrogen to further characterize the behavior of this
geometry with cryogenic fluids. The tests were conducted in a vacuum
chamber at the GSFC Thermal Laboratory. <The tests consisted of ob-
taining maximum heat transport versus elevation data for operation in

1. Harwell, W., ct al. "Crycgenic Heat Pipe Experiment: Flight
Performance on a Sounding Rocket," AIAA Paper No.75-729,May, 1975.



the 80 - 100°K range.

Nitrogen and oxygen are the best fluids for operation
over these temperatures. An analysis was performed to determine
their performance with an optimized composite slab geometry. The
composite siab was selected over an arterial design because it
can provide more reliable priming. Results of the analysi in-
dicate that a 1.27-cm O0.D. pipe will be required to meet the
3 w-m transport with nitrogen. Although approximately 8 w-m can
be obtained with this pipe at 80°K, its performance becomes mar-
ginal at 95°K. Oxygen on the other hand can provide an optimized
performance of 30 w-m at 80°K which decreases to 19 w-m at 100°K
with a 1.27-cm pipe. Even with oxygen, however, the 3 w-m require-
ment can only be satisfied over the temperature range with pipe

diameters of 1.0-cm or larger.

2. Dennis Hewitt, Master's Thesis, University of Maryland,
May, 1974.

3. Sherman, A. and Brennan, P., "Cryogenic and Low Temperature
Heat Pipe/Cooler Studies for Spacecraft Application." AIAA
Paper No. 74-753, July, 1974,
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CRYOCENIC AND LOW TEMPERATURE IIEAT PIPE/CCOLER
STUDIES FOR SPACECRAFT APPLICATION

A, Shcrman
NASA Goddard Space Flight Center
Greenhelt, Maryland

P. Brennan
Engineering Consultant
QOwing Miils, Maryland

Abstract

Several importar: conclusichs can “¢ drawn from an
analysis of an 80 - 100°K radiant cooler/heat pipe system
for NASA spacecraft applications, Within reasonable
temperature excursions, nitrogen heat pipe fluid prop-
erty variations have litile c¢'fect on systemn performance,
This allows the system to operatc over a range of cooling
loads with the cooler temperature controlled by a hecater,
The system size and weight are strongly dependent upon
heat pipe length and diameter because of the parasitic
load effeet, Present day NASA coolers could not accom-
modate a practical heat pipe because of this effect, and
larger heat pipe cooler systems would be requived in the
80 -~ 100°K 1ange, An optimized heat pipe for this systemn
is one whose diamcter is as small as prr- *ieal, but con-
sistent w'th the transport and priming reaw: - »ments im-
posed by ground testing and the zero-' z,1:: ation, The

comiposite slab wick configuration appe .25 1o offer a reli-.

able, "state-of-the-art' heat pipe with adequate capacity
to mect both present day and projeeted NASA radiant
cooler npplications, Heat pipe diameters on the order of
1, 0 cm have theoretical transport capabilitics greater
than 2.5 w-m in the 80 - 100°K temperature range with
conventional composite slab wicks and nitrogen o »xygen
working fluids. An analysis of a solid eryogen/t. - pipe/
radiant cooler system indicates that, for special applica-
tions, this system provides a weight savings when com-
parcd to a two stage solid cryogenic cooler,

Nomenclaturce

A, Effertive heat transfer areca of secondary ¢vyo-
gen shroud

A, Radiant cocler patch area

A; Radiant ccoler patch size for reference-point
cooler

Ayr Heat pipc parasitic load heat transfer arca
=l

A, Vapor flow area

A Wick cross-sectional area

Dy, Hydraulic diameter of vupor flow

Dyp Hcat pipe diameter

€ Radiator patch emissivity

€ Effcctive giissivity of multi-layer insulation of
solid cwﬁhl%&

: P

€y

£y

Effective emissivity of multi-layer insulation
around a heal pipe

Gravitational constant

Heat pipe elevation

Stetic elevation head

Heat of sublimation of primary solid cryogen
Heat of sublimution of secondary solid cryogen
Heat pipe permeability

Radiation heat transfer cocfficient from the first
stage of the cooler to the patch

Conduction hcat transfer ccefficient from the
first stage to the paicn for a radiant cooler

Thermal conductance of cooler p:tch mount
K, for a refercace~-point cooler

K, for a reference-point cooler

Heat pipe effective couductance
dIK(T )1 /4T,

Length of cylindrical primary cryogen
Heat pipe condenser length

Heat pipe evaporator length

Heat pipe length

Heat pipe transport length

Mass of secondary solid cryogen
Liquid transport factor

Heat pipe liquid kincmatic viscosity
Heat pipe vapor kinematic viscosity
Albcdo heat input

Conquction load-‘rom first stage of radiant
cooler to the patcin

Earth heat input



‘:’nr " Heat pipe parasitic load

ét. -Cooling load (e, g, dotector heat dissipation)

6m- Optical port load

éu ap  Radiation load from flrat siage of radiant coolor
) to tho patch

QL) Heatpipe transport capability

{QLyop Heat pipe transport requirement .

65 Solar heat input

B Effcctive pumping radius

T nadlus of cylindrieal prlmnry cryogen

Py quuld density

P, Primary cryogen denstty

o. Boltzmann's Constant

"g: Liquid surface tension

Ty Ambient témperature {204°K)

T Average tomperature of heat pipe

T Cooling lond {c. g, detector) temperature

Ty Miasion time -

T Temperature of solid cryogmi cooier inner shell

temperature
1, 'n'adlan.t coolér patch tomperature
T, Radlant cooler fivst stage temperature .

T Primary solid cryogen temporature

Intmductlun

Potential applications for cryogcnic or low tcmpnra-
ture heat pipes aboard spncecm[t include
. "1)' the coupling of one or several detectors to indi- a
vidual or multipte passive and/or active coolerst!!

¢)

2) lsothcnnallzaﬁon of radiant coolc.rs,

3) cryo~diode npplicaﬁbns (e. g. Flgure 1a),
- 4y coupling of optical packages to coolers, and

6) hybrid cooler aystems (e 5. Figure Ib),

' . Cryoyenic heat pipes might also find npplicntion r3-infer-

face components between radiators and large mt.dple
dotector nrrays, or to provide for detachable dc.u.cl.ors 3
nnd/or radiators for shuttlc resuppiy. :

onmnm, Py
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SUK INPUT CRvQ.

CRYO- SUN INPUT
“HUTS Down § HODE 1 SHUTS DOWN
CRYO.DIODE 1; %ﬁ?&gg ‘ CRYO-DIODE 2;
COOLER 2 COOLER 1
IN OPERATION IN OPERATION
Fipgure In. Cryo-Diode Appitcation
INNER DETECTOR
SHELL LOW TEMPERATURE
c} ! / T ol Pr'iu ASITIC '
0 | TRANSFERS PARASIT)
qi | 4~LOA TO RADIANT ; cﬁgffgl”‘,'g
H COOLER  peyeCTOR
a p AT 200°K
c! / RADIANT RADIANT
, ‘ COOLER - COOLER
' ~160°K  THERMOELECTRIC 230
~ S0LID CRYOGEN COOLER  qUYER SHELL
~ 90K MAINTAINED
AT 230°K BY
RADIANT COOLER
Figure 1b. lybrid Coolers Employing Heat Pipes

A review of the literature shows an increasing
amount of work on low temperatire heat pipos.
Brennan (2) ot al, obtained 77°K data for nitrogen heat

" pipes with axial grooved and arterial wick configurations,

while Wright (1} ot al, report on thé devolopinont of a low
temperature heat pipe/vadiator and heat pipe transport
systom for detector cooling, The axial groove wick geom-
etry is employed in the latter referente, while Freon-14
is used in {he radialor pipes (130°K), and methane is
employed in the transportars (130 - 150°K). Muryay (3
shows test data for 2-watt methane hopt pipes at 110°K
which coiploy a wire cloth wick, Extensive performance
dnta for an extruded axial groove geometry charged with
oxygon, methane and ethane and eperated in the 100 -
200°K range is presented in Reference 4,

The prime purpose of the present work is fo examine
eryogenic heat pipe/cooler feasibility in the 80 - 100°K

- temperature range and in the roglmes of operdtion re-

quired for NASA spacecraft. Present requirements within
these roslmes are

1) cooling load of less than 1-2 watts per cooler,
2) small deteclor/hcnt pipe intarface area,

3) high sysloms reliantlity and long lifetime opm‘-
ations,

The cooliug capacity of practical radiant cooler. is

very low in this temperattre range, and very temperature

sensitive, Delector performanee is also strongly depend-
eiit on temperaturcs in this regime, It is, therefore,
tmportant to understand the interplay of the heat pipe and
its effcets on overall system performance, As will be

“developed, . the heat pipes! size and thermal conductance

directly impact the cooler design, Finally, a change in
heat lond could altey the radiant cooler temperature and
therchy change the heat pipes? operating chavacteristies,

‘Since candidate eryogenic flulds for the rangeof interest
experience changes in their properties for relatively

small temperature changes, it is imperative that thuse
heat pipe characteristics be known and predictable, - -
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As the syslems »arl of thic study developed it became
clear that an evaluation of past and potential cryogenic
heat pipe tvpes vas requived, This was done by analysis,
data review, and some new testing, Emphasis on this
evaluation was put on nitrogen heat pipes, although oxygen
pipes were considered. ilopefully, the results of this
evaluation, together with the systems studies, will point
the way towards the types of heat pipes which ure practi=-
cal for these low temperature range applications,

Finally, in an éfiort to identify possible new low
temperature heat pipe/cooler systems, a brief analysis
is presented to indicate the feasibility of a hybrid solid
cryogen/passive cooler system which employs a low tem-
perature heat pipe.

Radiant Cooler/lleat Pipe €ystem

General Configuration

Figt ve 2 shows a general schematic of a low tem-
peratare or eryogenic heat pipe/.adiant ccoler system,

FIRST STAGE
RAD-NT REEATOR
MULTILAYER COOLER
INSULATION PARASTIC
HEAT LOAD ( REJECTED
e T
= Sl =
7 -l ~ HEAT PIPE Gl A
- . PATCH \CENE
MOUNTED :
TOFIRSTSTAGE ¢\ vIRONSENTAL
HEAT INPUT
Figurc 2. Schematic of Radiant Cooler/Heat i . System

Typically the cooler is constructed in two s’iges, The
first stage consists of a conc with a highly refl.ctive
inmer surface anu a radiator which cools tiec core o
170°K. The purpose of the cone is to shicld the atch

from the spacecraft and earth, or to reflect shallow-angle
sun input out of the cooler before it reaches the patch,
Further isolation from the spacecraft is obtained by
mounting the patch to the first stage with low conductive
supports, If shiclding from the spacecraft is not required,
and there is no sun input to the cooler, the secona stage
cone can be eliminated and a deployahle door attached to
the mouth of the first stage can be used to block the patch
view of the earth,

For coolers presently in operation the components
requiring cooling (c, g. detector) are mounted directly to
the pateh, The addition of a cryogenic heat pipe into the
system, while allowing greater flexibility in spaoocraft
and instrument design, introduces new problems and
limitations which must be censidered,

Parasitic TLoads_

A curve of the parasitic load impressed upon a ery-
ogenic heat pipe aboard an ambicnt temperature space-
craft is shown in Figure 3. The approximate heat rejec-
tion capacity eof the patch of present-day NASA radiant
coolers is also shown in this fn;‘xrc. It is clear that even
for good values of multi-layer cffcetive emissivity
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(~. 01}, a small diameter heat pipe (e.g. 3 mm) would
require a larger cooler than is presently belng employed,
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Figure 3. Parasitic Load vs. ¢, D, L,

The effect of heat pipe size and parasitic load on
required patch area is estimated in the following analysis
for a cooler without a cone, An energy balance for the
patch, i :glecting earth, albedo, and solar input yields

‘"pT; =Qor * Uonp ’dnw +Qup du. m
where
Qe = 07(Ey DypLyp) (T - T} @)
and
QRAI)=KImI 'T:) (3)
Qconp =Ky (T - T)) @)
Now, taking presént day NASA coolers as a reference
point we assume that
K, =K (A /A}) ()
K, =KI(A /A}) ©)
Combining equations (1) through (6)
Q, +Qpp + 0n(e, D, L) (T - T7)
A L ¥ Qop nuptup) U =1y ™

P . . . . . % )
RUALT, =T, KA, - T) + 0e, T




A plot of equation (7) is shown in Figure 4, The ref-
erence -point constints were taken at their values for a
typical present day NASA cooler, Also, the figure shows
two cases (dotted lines) which represent the extreme
values for € D L., which are of interest here,

Figure 4 can be used to estimate the radiant cooler
patch area required for a heat pipe/cooler system with a
given optical and detector load, For example, for a pres-
ent day cooler with fixed load of about 20 mw the curves
show that 2 50 em? patch .s required. If a 1 meter long,
6.3 mm O. D, heat plpe with €, =. 01 is included in the
system the patch area increases to 240 em?,

3600 T T 1 e T
3400} .
3200 =
3000 | 4
2800 Tn=165K H
2600} _ Tp'lm i
€y =02
2400 |- D= 1.27 CM (1/2") -
o L=1829CM (6) A
3 2200} /
§ 2000 -
= 1
@ 18001 .
<
T lGOOF —
= ' 1
§ l400£|/ | y
1200 : -l
1000 {1 ' Y
800 [ Qo : —
600 1 4
1 1
400 | €47 005 1 -
. D= 32CM (1/8") 1
200 L=914CM (3) 1 '
0 1 I L e 1
1 2 3 4 5 6

(€4 Dyp Lyp ) —~CM?

Figure 4. Radiant Cooler Patch Area vs. ¢, D, Iy,

Figures 3 and 4 illustrate that because ol the inher-
ent parasitic loads, a cryogenic heat pipe/radiative
cooler combination must be considered as a system,
rather than as an addition of a eryogenic heat pipe to an
existing radiator, Also, larger radiant coolers than are
presently being developed are required to accommodate
both the heat pipe and the larger cooling loads of future
applications. Finally, it should be noted that as the cooler
temperature level increascs, the effect o the heat pipe
on systemn performance becomes less significant because
its parasitic losses Jecrease whereas the cooler capac-
ity Increases,

Cooler Sensitiviiy

The thermal conductivities of eryogenic fluids gen-
erally decrease with temperature, Therelore, a higher-
than-cxpected cooling load would resalt in an increase in
load temperature duc to both a higher heal pipe tempera-
ture drop and an increase in radianc cooler temperature,
It was felt that this interaction warranted some analysis,

ORIGINAL PAGE IS
QF POOR QU

An energy balance for a cooler pateh (without a
cone) yields:
s .
Qop +Qp +€,0A,, (T} - T + K (T} -T3)

Ky (T, =Ty Qg +Q + 05 = 0, AT, )

Assuming T,y ,. Qaym Qs Qops Qs 0 be constant, taking
the differential, and rearranging

6,

d1"=4o¢’a T3 44K T3 4K, +40A ¢ T2
niur'e §r- pp P

9)

Now, for the heat pipe in the cooler/heat pipe system

Q +%E,0A, (T} = T3 = K(T)(T - T,) {10)
or
Q  HeyAyyo(1} -Tp)
T, + K(Tp) K(T,) =T, (1)

Differentiating (11) yields:

4T = [ dd_&_] A [ y (Qy + ¥y T{ - %604, T (K'(T,))
LT LK) T2
v LK)
2;H"‘\m'rl]»] g .
-t o a2

Combining (9) and (12) results in

by [ dQ, ] [ (Q + %E0A,, 1] - BeoA, TH(K'(1,))
L K12

2€,,0A "ll*][ - 1 ]d()L 13)
TR JLAeeA TR 4 TRAK, vdoe 2 T)

Equation (13) shows the influence of various factors
on the cooling load change in temperature, The first term
in brackets is the increase in T, due to a higher heat
transfer in the heat pipe. The first term in the second set
of brackets represants the increase in Ty due to an
increase in Ty, while the K' (T, ) term takes into account
the property changu of the heat pipe fluid, 1he last term
in the s2cond set of brackets corrects for the decrease in
parasitic load to the heat pine with a rise in T} .

As an example, consider the following conditions

T, =165
"A" = 100°K ~T"'
6()" =50 mw
()L =10 mw
Earth, albedo, solar input = 0

*Assume Tur~ T,



Dyp =127cm
Lyp =91cm
€y =,015

A, =630 em® from Figure 4

Working fluid - nitrogen

Then, from equation (13)

a1,
-—=.07 °K/mw 14)
a0

In this particular example dTL /df'l'l is primarily
dependent on pateh temperabire rise because the para-
sitic load and fluid thermal conductivity cffects are small
and tend to cancel cut, In general, then, for nitrogen
heat pipes, the load tempcrature is primarily a funetion
of patch temperature and the system cza readily be con-
trolled by a heater on the patch,

From a systems viewpoint, equation (1), as well as
the integrated heat balance equations (8) and (11), are
useful in predicting first approximations to heat pipe/
cooler performance and thermal design trade-off
considerations,

Heat Pipe Requirements

It is obvious from the previous system's analysis fthat
a heat pipe/radiator cooler will be optimized by using as
small a diameter heat pipe as possible, In these applica-
tions, heat pipe diameters should be minimized within
practical fabrication limits and the ifollowing design
criteria:

1) Satisfy thermal conductance (AT ) requirements

2) Satisfy "0-g" {ransport requirements

3) Permit meaningful "1-g" testing

The heat loade und conscquently the temper.lire
drops experienced in these applications are mininial,
For those instances where the heat flux may be too high
the diameter »f the heat pipe can be enlarged in the evap-
orator and/or condenser section to accommodate the AT
requirement,

The last two criteria relate to the transport capa-
bility of the heat pipe. In this regard, because s f the
rather small heat loads, such limits as sonic vapor,
constraininent, ete,, do not apply and the transport cap-
ability of the heat pipe is determined by the conventional
capillary pumping limit, (©)

In order to establish whether a particular heat pipe's
transport capability is adequate, one must first determine
the transport requireinents associated with the applica-
tion, For the simple case of a single evzporator and
condenser at opposite cnds of the p'pe with a parasitic
load applied over the length of the pipe

(QLyggqp = Qopr * Qup) (4L )+ [Qypp Ly + Qypp (5L )]

+(Qupp * Qup) CAL) (15)

where Qupr = dor + Q.

In many of these applications the evaporator and
condenser lengths will be small compared (o the total
length and therefore a conscrvative approximation of the
transport requiremeat is

QLlyyop = 1Qpp +%Qyp 1 Ly, as)

It is interesting to note that in this case, because of
the significance of the parasitic heat load, the transport
requirecment becomes a function of L;", , versus the
linear deperdence commonly experienced when parasitic
losses are negligible,

The transport requirement is presented in Figure 5
versus heat pipe length with Qgpy and (€ D),, asparam-
eters, If a 2-M long x 1,27-cm O, D, hert pipe were
employed in present NASA applications (Q opp = 25 mw)
it would have to accommodate a transport requirement
of approximately 0, 55 v-m, The transport requirement
for the same pipe with a nrojected A<tector load of 0, 5 w
vould increase to 1,5 w-m,

' T T T T T
7y
/ QOPI =050 W
/g PROJECTED
30, ,/ | DETECTOR LOADS

g
(=]
b

-
w
T

. /7 7/ 3 =
101~ €,Dp=10X IOI‘M/I/,,/ Qopr =0025 W
\4;'/,’ ~ PRESENT DAY
Z, DETECTOR LOADS

TRANSPORT REQUIREMENT (W-M)
&
I

e 05 10 15 20
HEAT PIPT LENGTH (M)

Figure 5, Transport Requirements for a
Heat Pipe/Radiant Cooler System

These transport requirements are relatively low
even for cryogenic fluids, The 1, 27-em O, D, axial
groove and artcrial heat pipes tested in Reference (2)
both have measured transport capabilities with nitrogen
at 80°K in excess of 15w-m, The capacity with oxygen
could be almost twice as high, Although these pipes have
high transport capability, they do have inherent problems,
Present day arterial pipe: still have not demonstrated
reliable start-up. The existing axial groove geometry
has very low static heights with o> ygen and nitrogen, and
puddling cffects obscure the "1-g" test data, ®) Homog-
eneous and composite slab wicks (M) have proven relia-
bility and are potential alternatives to the artery and axial
groove provided that they have adequate transpori
capability,

As regards the choice of working fluids, in addition
to nitrogen and oxygen other candidates for the 80 - 100°K
range are fluorine, earbon monoxide, argon and methane,
However, fluorine and carbon monoxide present serious
safety problems, argon has too narrow an operating tem=-
perature range and mcthanc's freezing point is 88, TK,



Methane also experiences high vapor losscs and start-up
problems up to approximately 100°K, As a result, nitro-
gen and oxygen represent the best choice and are the only
fluids cousidercd in the subscquent analysis,

Crouss scctions of horizontal, homogencous and com-
posite slab wick designs are presented in Figure 6, The
analysis negleets fillet flow and assures that the sec-
ondary wick does not affeet the transport capability of the
system, With these assumptions, the transport capability
(QL ., ) for a slab heat pipe with uniform flow areas and
wick properties is given by (6)

KA,
QL) =—— FN (i) )
P
where "perfect wetting' has been assumed and
1
W B 8
' v, 32k A -
ALl =
VH L : A,
and for a horizontal slab geometvy
A T l)m, r.h
h= -( I:h + ::'— 19)
with
e
" Pty (20)
SECONDARY
DISTRIBUTION FINE MESH
WICK PERIPHERY
XX
COARSE MESH
CORE
HOMPGENEOUS COMPOSITE
SLAB WICK .SLAB WICK
Figure 6, Homogencous and Composite

Slab Wick Designs

In order to provide reliable and casily interpreted
1-g tet results, as well as accommodate projected re-
quirements the hori-ontal slab geometry should satisfy
the following eriteria:

1) Static height (H, ) > 1.0-cm + D, /2
2) Transport capability ~3.0 w-m «' 0, 2-cm heat
pipc elevation (factor of two design margins)
*3) The composite slab should sclf-prime at eleva-

tions =0, 2-cm + D, /2

The fivst eriterion is applied to guarantee that the
wick will not begin Lo drain at very shallow clevations
and result in puddling efleets, This eriterion is satisfied
if

(21)

Fora 0.635-em O.D.oxygenr pipe a 60 meshscreensizelis
required, Finer mesh sizes are needed to siecommodate
larger diameters and/or nitrogen, A ca'culation of the
\ransport capability based on this first constraint indi-
cawos that at best a 1, 27-em O, D. homogencous slab with
oxygen provides marginal transport (i, e, 3, 0 w=m) over
the temperature range. Nitrogen with its lower transport
factor is less than half as good and with a fincr mesh
ser.en, is evea lower,

The poor perforuance of the homogencous wick is
due to the low permeabity or more appropriately the
low ratio of k/r,, associated with the fine mesh size
needed to satisfy the static height requirement, With a
compgesite slab, the outer layer is a fine mesh screen
that provides the capillary pumping, whereas the inner
core is a more permeable heavier mesh whose pore size
is determiuc.u by the less stringent self-priming criteriou,
As a resul' composites can provide capacities substan-
tially larger than that afforded by the homogeneous con-
figurations, Figure 7 shows the optimum transport capa-
biliti~s of 1, 27 and 1, 0-cm O, D, pipes with oxygen and
nitrogen over the applicable temperature range,
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Figurce 7. "1-g" Transport Capability vs. Temperature
.

The optimization is based on using a wick area
which maximizes the transport capability, The permea-
bility of the coarse wick is consistent with the mesh size
required to satisfy the self-priming eriterion (i. ¢, #3
above), and 200-mesh screep is used for pumping, The
200-mesh was selected becuuse it sctisfies the static
height requirement for bedy fluids over the temperature
range, It is also approximately the finesti mesh size that
can be used without heving the secondary wick becoming
the limiting factor,

The results indicate that oxvgen can satisfy the pro-
jected transport requirement with cither diameter heat
pipe. The moximum performance for the 1, 27-cm O, D,
oxygen pipe is approximately 30 w=m at 80°K, which
deereases o 141 w-=m at 160°K, 1igher vapor losses as
well as the reduced wick avea result in a maximum
(QL ., )of 6 w=m for the 1, 0=cm pipe with oxvgen, The
maximum is reached at 95°K whea the vapor losses are
less dominant,

Nitrogen has a liguid teansport factor which is about
half that of oxygen's over the tempemture range, In addi=



tion its wicking height factor () is lower and it therefore
requires a finer mesh core Lo satisfy self-priming, Tais
combination results in the lower temperature capability,
AL B0°K, (QL,,, ) is approximately 8 w-m and this
decreases to less than 2 w-m at 100°K with the 1, 27-¢m
0. D. The capacity with the smaller diameter is less than
3 w-m over the entire range, The reduction in capability
between the two diameters is less pronounced [ur nitro-
gen because it experiences lower vapor losses than
oxygen at these temperatures,

A single data point obtained with a comparable 200-
50 mesh composite slab with nitrogen in a 1, 27-cm O, D.
heat pipe is indicated in Figure 7. This pipe had the wick
oricented vertieally and demonstrated a capability of about
4 w-m in 1-g tests, Although this is only half of the opti-
mized prediction, it does indicate the potential of the
basic composite slab, A larger wick area in the test pipe
would have resulted in higher performance,

Solid Cryogen/Radiant Cooler System

Figure 8 shows schematic diagrams of both a two
stage solid eryogen and a hybrid system employing a
cryogenic heat pipe. The two stage cooler consists of a
primary cryogen (e, g. methane at 90°K) and a secondury
cryogen (e, g. ammonia at 160°K) which vent to space,
The vent is designed such that the cryogen pressures are
always below their triple points., Thus, the cooling proc-
ess i< one of sublimination of the solid eryogens while
maintaining the load at a constant temperature, The sec~
ondary cryogen maintains an isothermal shioud around
the primary cryogen and thus ahsorbs all external loads
to the shroud, The primary cryogen then absorbs all
radiztive loads from (he shroud, the detector assembly,
and the conductive load from the secondary cryogen con-
tainer to which it is mounted., The secondary cryogen
must have a higher heat of sublimination than the primary
in exrder for it to offer a weight advantage over a single
stage system, Nevertheless, the weight of the sceondary
eryogen ana «-sembly can be substantial for long dura-
tion flights,
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Figire 8a, Two Jtage Solid Cryogenic Cooler

A s0'id cryogen/heat pipe/radiant cooler s,'stem as
depicted n Figure 8b might be an alternative to the two
stage cocler, A device of this natuve could be used
aboard a spaccerafl where the environment precludes the
use of a low temperature radiant cooler (~100°K), but
would be compatible with A moddrate temperaiure radi-

ator (~160°K ), In this system, the low temperature heat
pipe and radiator replace the secondary cryogen, The
shroud maintains its temperature by transferring its heat
load through the heat pipe to the radiator, The heat pipe
could be wrapped around the shroud as shown in Figure
8k, or it cduld inte rface at a single location, This would
depend upon the particular system design and the heat
fluxes. In this application, a low temperature heat pipe
with possibly ethane as the working fluid (7) would be
used, This type of system offers potentially longer life
and/or higher load capacities without a prohibitive weight,
The following analysis was performed to indicate poten-
tial weight savings of the hybrid system compared to a
two stage solid eryogren cooler,
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Figure 8b, leat Pipe/Solid Cryogen Svstem

First, an equation for estimating the weight of the
secondary solid cryogen on a two stage system will be
developed, For a cylindrically shaped primary solid ery-
ogen of radias, r, and length, .,

A o :W(lt912)=;}‘ (_';:{‘__)

<
M (22)

p‘ﬁrzﬁ
Now, assuming 2 r =V, and neglecting all but radiative
heat transfer losses, a heat balance on the primary cry-
ogen yields:

h
- 3 .
=) o(T! -TH= — 2
() et -h= e
or
3Ty - = 4
I-F‘T‘jfa(1|-T\’ (24)
Hence,

T, €
A, =61 = San (;TT‘) o(Td - T4 (25)

Again only considering radiant heat transfer for the sce-
ondary cryogen

noa’
H :

p 4
geN LT -1

(26)

Combining (25) and (26) and rearranging
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For the hybrid system, a heat balance on the solid
cryogen and radiaior yields

€A O(T) -TH) = -T% h, (28)

and

EA‘“‘T:- -Tt”K.\”l 'Tl,gacpApT: (29)

where we are again only considering radiant heat transfer
to the primary eryogen, and conduction and heat pipe
inputs to the radiant cooler, In addition, the temperature
drop along the heat pipe is neglected, i.e. T, =T,

Combining (25) and (29)

SR
) () |

ph

s

Ky (T, -T))

J44
T

L

o€, T‘

+ (30)
\l“’) ( ) 'l‘:

ph

Fquations (27) and (30) were used Lo estimate the
weight of the secondary eryogen of a two stage cryogen
system, and to compare it to the radiator and heat pipe
weight of the Lybrid system, Table 1 shows the results of
these computations, Although the analysis presented here
is but a first cut at evaluating the hybrid cooler system,
it appcars from this table that for special applications the
system offers advantages over a two stage solid cryogenic
coolzr,

Table 1
Comparison of Sccondary Solid Cryogen and

R=diunt Cooler/leat Pipe Weights for T, = 160°K

| T T
Sceondlary
tadiz g
Mission Life Cryogen Wi, : :;(I‘l 'tn: ’lCt:){;:/

l (¢ =.007) REm
4 2| jot U £ : msaga piil
| 1 year 11 Ibs, = ifsla
l 2 years KT Ibs, ~ 20 lbs,

Conclusions

Heat pipes offer a number of practical advantages in
cryogenic radiant cooler systems, llowever, the para-
sitic heat loads to the heat pipes require cooler sizes
larger than presently used by NASA in the 80 = 100°k
temperature range. An optimum heat pipe/radiant conler
will utilize heat pipes that are as small as practical con-
sistent with satisfying transport requirements, The "1-g"
test requirements will generally dictate the heat pipe's
design, Projected transport requirements for heat pipes
in cryogenic NASA coolers are approximately 3 w-ni,
This requirement along with the need to obtain meaning=
ful "1-g" test results leads to composite wick desigms,
Axial grooves might also be used but they vould have to be
designed to provide 2-3 times more pumping in order to
avoid "1-g" puddling and obtain good test results in the
80 - 100°K range,

Nitrogen and oxygen are the best fluids for opcration
over these tevaperatures, An analysis was performed to
determine their performoance viith an optimized composite
slab gcometry, The composite slab was selected over an
arterial design because it can provide more reliable
priming, Results of the analysis indicate that a 1, 27-em
0. D. pipe will be required to meet the 3 w=m transport
with nitrogen, Although apireximately 8 w-m can be
obtained with this pipe at 80°K, its performance becor.es
marginal at 95°K, OxyeUil On the other hand can provide
an optimized perforinance of %0 w-n. at 80°K which
decreases to 19 w-n: at 100°K «ith a 1, 27-cm pipe. Even
with oxygen, howevey, the 3 w-m requirement can be
sat’ fied over the temperature range with pipe dianieters
of 1, 0-cm or larger, ' ;

An analysi: of a solid eryogen/heat pipe/radiant
cooler system shows that, for special applications, a
weight savings can be realized when compared to a two
slage crvogenic system, More design analysis is war-
ranted by this concept,
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