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TRANSIENT PERFORMANCE INVESTIGATION OF A SPACE POMER SYSTEWM HEAT PIPE

R. A. Rerrigan, E. S. Kedd, and J. T. Sama
Los Alamos Bational Laboratory
Los Alamos, Bew Mexico 07545

Abstract

Start-up. shut-down, and peak power tests
have been conducted with a8 solybdenum-11thium
haat pipe at temperatures to 1500 K. The heat
pipe was radlation coupled to a water cooled
calorimeter for the tests with rf induction
heating uysed for the input to the evaporator
region. Maximum power throughput in the tests
wis 36.8 kw corresponding to a power density of
23 kw/cw? for the 1.4 cm diameter vapor space
of the annular wick heat pipe. The corresponding

evaporator flux density was approximately 150 w/ce?

over an evaporctor length of 40 cm at peak power.
Condenser length for the tests was approximately
3.0 m. A variable geometry radiation shield was
used to vary the load on the heat pipe during the
tests. Results of the tests showed that 1iquid
depletion in the evaporator region of the heat
pipe could occur in shut-down and prevent restart
of the heat pipe. Changes in surface emissivity
of the heat pipe condenser surface were shown to
affect the shut-down and re-start lim ts.

1__Introduction

Rany of the high temperature space dower
system designs urder current consideraticn
incorporate high temperature heat pipes for
primary heat tiansport, thermal conditioning, and
heat rejection. The operating characteristics of
typica) hign temperature, high-performance heat
pipes for these applications have been the subject
of » continuing experimental investigations at
Los alamos Mational Laboratory.1.2.3.4 pecent
developments in this ongoing program include the
performance charecterization of a 4-meter long
1ithium heat pipe. This heat pipr has besn tested

in transient and steady-state operation at tem
peratures to 1500 K. Tests conducted include
start-up from the solid state under load, shut-
down from high temperature operation with con-
tinucus radiation loading, and high power steady-
state operation. The intent of these tests was
to resolve questions pertaining to the operation
and performance characterization of high length
to diameter radio (L/D) heat pipes under cond!-
tions of high radiation loading. Start-up times
and power handling capability, shut-down behavior
with radiation sink temperatures below the
freezing point of the woikirg fluid, and accuracy
of presently used performance models were specific
questions that were addressed in the test program.

b f1 r r

The test heat pipe was fabricated from 1 . 9.cm
outside dismeter, low carbon arc cast molybdenum
tubing having & wall thickness of 0.15 cm End
closures were machined from bar stock of the same
material. A cross section of the heat pipe s
thown in Fig. 1. Overall length of the heat pipe
was 4.0 meters.

The screen wick was fabricated from a single
piece of 400-mesh, platn square weaave wire clotn
woven from 0.025-mm diameter molybdenum-41 w/o
rhenium wire. In fadbricating the wick the screen
was wrapped on a low carbon steel tube mandre! to
form a structure 7.25 layers thick. A series of
spot welds along the leading and tratling edge of
the wrap were used to hold the edges in plaze
during forming and procesiing. A sheath, also of
lov rarbon steel, was fitted over the screen
layers and the assembly drawn *hrough a si1ing
die to compress the layers. The reduction in the
screen cross section was approuimately 20%  The
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Figure 1. Cros) gection of the test heat pipe.
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stes’ mandre] and sheath were then remsved by
dissolution with hydrochloric acid to leave &
clean cylindrical wick. The wick was further
treited by vacuum firing at 1700 K for 2 heurs tn
order to sinter the screen layers into a mpho-
11thic structure and to remove velatile contami-
nants. Surface tension measurements of the com-
pleted wick indicated an effective pere diameter
of less than 53 microns. The fluid ammulus, which
extended the length of the heoat pipe, was formd
betwecn the container tube inside dismeter and
the slightly smaller twbular wick. This annylus
served as 8 path for flyid return from the con-
denser to the svaporator during eperation. A
molybdenus plug was wied to close the screen wick
tube at the evaporator end. This plug closure
ensured that the amnulus pumping capability was
estadblishad by the effeitive puie size of the
scresh wick rather than by the amnulus dimensions.
The wick outside diameter of 14.9 mm established
a maxrimum dimension for the annylus of 1.16 mm
when assembled in the 16.0-mm inside diameter
container tube and 'n line contact with one
surface The cross sectional flow area of the
resulting annulus was 28.0 2. Vapor flow

area for the heat pipe, based on the screen wick
tube inside diameter was ! 6 cm?

The evaporator end of the screen wick was
sealed with a molydbdenum plug using a vacuum
brare joint mrde with preplaced irconium wirg
braze material. Two turns of O 381-mm diameter
tirconium wire were pressed into the wick An
interference fit of 0.05) = wa: maintained
between the pDlug and the bore of the screen wick
tube Brazing was accomplished by rf induction
heating the jJoint in a quart:r vacuum envelope
that al'zus visual observation of the braze
materiz1. In makin> the joint the rf power was
slow): increased unti’ the Draze was observed to
flon The power and tavperature were then
immediately reduced and t. = joint brought to
smbient temperature over a per'od of approximately
one-half hour

Hafnium and rirconium disks were placed
inside esach end of the heat pipt to terve as
getters for carbon, nitrogen, ani other trace
contamingnts dyring the operation (losure of
the neat pipe envelope wat accomplisned by
electron bean welding a f111 plyg assembly in
place after wick ingertion. The f111 plyg
assembly consisted of the tube closure pre-
assembled to a fil) tyde of ¢.35-mm molyndenum
tubing with a niodbtyum brale transition to sta'n-
less stee! for F111 gystem attachment After
completion of ‘M weld the system was leak checked
with a 9 1 10-11 atm c@3/s 1gak detector Mo
leaks were disclosed
F11ling ang Processing of gthe Meat Pipe

The )ithium working fluid wes placed in the
haat pipe by distillation, using the apparatus
shown schematically in Fig 2 The inner syrfaces
of the distillation pot were covered with multiple
layers of 100 mash stainless stesl screen to
engure unifora temperatures and to increate the
evaporation surface area. The distiligtion con-
tatner was heated by rf induction at a leve! near
the surface of the 1iquid Vithium poel to minimize
boiling or slugging of the liquid. Hafnium ang
zirconium getter materials were placed in the
distillation pot prior to f1111ng with the Vithium
charge The getter materials were placed so a1

to remain below the surface of the 1ithiwm pool
durirg distillation. A 7111 volume container was
ingserted in the f111 line between the distillgtion
pot and the heat pipe to estad ish the f111 charge
for the heat pipe. Water cooled chill blocks were
used as valves on the fi11 linec during the 111
speration.

The internal volume of the heat pipe was
connected to & vacuum puEping system through the
dittillation lines as a means of degassing the
system prior to distillation This seme pumping
systom was usad to 1emove off gasses from the
11thium during the f111 process with s liquid
trap providing for return of condensed 1ithium
vapor to the distillation centainer.

During the vacuum pakeout and disttiilation
processes the heat pipe exterior was protected
from oxidatior by & quartz envelopr connected to
a second vacuum system. Pressures were maintained
below 10-4 torr throughout the 311 srocess to
reduce the possidility of hydrogen contaminatio..
by disassociation of atmospheric moisture on the
heat pipe outer surface

The heat pipe and fil] apparatus were heated
to 1050 X and held at temperature until tne
pressure levels internal to the system reacheo
10-6 torr  The charge volume was ther cooled
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to 500 K, the lower f111 1ine and heat pipe coeled
to 300 £ and the Yower chil) dlock indicated in
the figure activated. The distillation pot tem-
perature was then increased to 1150 K and held
constant while litr‘um vapor was cendensed in the
charge loading pot. When the charge pet had filled
1t uas cooled to 500 K and the Yawer chill re-
moved. The heat pipe and transfer tube were then
heated to 500 K, the leading pot was heated to
900 K and the Vithiuwm wvas allowed to transfer

into the heat pipe wnder the combined gravits-
tiona) and vapor pressure head. At the end of
this process the lower chill block was cooled to
close off the hest pipe frem the distillation
apparatus. The heat pipe was then positioned
horizontally for distribution and wet-1n of the
11thium charge. The heat pipe wes heated to

1100 K with a full length rf coll and held at
temperature for 5 hours to accomplish the internal
surface wetting.

For initial performance verification the heat
pipe was haated over a length of 127 cm and the
length of the excess liqu'd pool determined.

Final processing of the heat pipe prior to removal
of the distillation system and capping consistec
of operation uynder adverse gravity conditions for
4 hours at 1275 K with rgdiation loadig to the
laboratory environment.

Power input to the heat pipe during the
operational tests was provided ty high frequency
rf i'nduction with a water cooled coaxtal
calorimeter used as 2 heat sink for radiation
from the condenser as indicated in Fig 3  An
adjusteple radiation shield was vsed to vary the
loading on the heat pipe during start-up and shut
down as shown in Fig 4. Predicted heat pipe
performgnce 1imits and radiation coupling limits
with shytters open and closed are ndicated in

Fig. 5. Power throughput was determined from
witer flow and temperature change measurements at
the calorimeter. Heat pipe temperature was
|sasured by tungsten-rhenium thermocouples walded
to the hsat pipe at the evaporatnr axit area and
at 50 ca intervals along the condenser. Thermo-
couple locations for the 1nitial tests are sum-
mrized in Tgdle 1. The tests were conducted in
8 vacuum chamber maintained at a pressure level
of less than 10-¢ torr throughout the test

In the initial test the meat pipe was startea
by heating the evaporator with the radiation
shiglds in the closed position. When the heat
pipe reached steady state 1t was maintaineo at
temperature overnight Tne following day the
heat pipe was Incresseg 1n temperature to 1400 K
for operationa) verification. Temperatures along
the condenser length, 1iquid pool length and power
throughput were recorded under steady-state
opergtion at 1400 K with the radtation control
shutters closed The power input was then reduceo
slowly following the radiation coupling curve with
the power input turned off once the heat pipe had
reached sonic velocity 1imited operation. After
cooling below the 1ithium solidgification tempera-
ture over 1ts entire length. the heat pipe was re-
started with the chamber radiation shiglds in tne
closed position and brought to 1300 K. Mo opera-
tional anomalies were observed during the re-
start. After aga'n reaching steady state ope-a-
ting tonditions the power input to the heat pipe
w3 turned off instantaneously and the heat pipe
again allowed to cool to below the 1ithium
freezing point.

in the next test the radiation shields were
opened ai.d the heat Dipe wis Drouvgnht to tempera
ture at the same rate a;i 'h tne previous test
The radiation shields were then rloseg with the
hea: pipe At temperature, the power ins*anta-
neously shut off and the heat piDe alloweo tc
cool to lahoratory ambient concitions Re-start
was accomplished without dvfficulty
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Fig. 4. Adjustadle radiation shields used ior thermal control.
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In s succeeding test tne heat pipe was taken
to a power throuwghput level of 10_4 ki at 1525 «
and shut down wnder power with the shislds epen.
Following this test th: heat pipe wus removed
from the test chamber for x-ray and meutron radi-
ography to determine the condition of the wick
structure and the disposition of the 1ithium *n
the annulus. The neutron radiography showed the
annulus region of the evaporator te be filled
with 1ithium except for a region approx'mately
1 cm 1n diameter located approximately 16.5 cm
from the end of the heat pipe. The screen wick
was dewstted in this area. The x-ray examination
did not show any damage to the screen structure
in the dewstted region but did show s)ight buck-
19ng of the screen located about 32 ca from the
evaporator end of the heat pipe The buckling
wis assumed to be caused Dy expansion of tha
evaporator wick during start-udp and was not ex-
tensive enough to affect heat pipe performance.

The heat pipe was then processed for in-
creased emissivity of the outer surface over all
but the evaporator region. Tris was accomplished
by bead Dlasting the outer surface of the low
carbon arc cast molybdenum tube and then DC plasma
arc spraying zirconium diboride on the surface.
Film thickness of the coating was approximately
0.08 mm with a coating density of about 85% of
theoretical. An argon carrier gas wa: used for
the plasma spray pruces;. Emissivity of the
resulting coating was approximately 0.6.

The haat oipe was then rewet at 1075 K for
2U hours in a horizontal vacuum furnace Follow-
ing the processing it was neutron radiographsd
and found to be completely wet in. After coating
and wet-in the heat pipe was installed in the test
chamber. re-instrusented, and operated to verify
performancs with the radiation shields closed
Peak power tnrcughput during this test was 10 3
kw

At this point the investigation of shut-down
and restart 1imits was interrupted to perform a
high rate start-up test For this test the radia-
tion shiotters in the calorimeter were opened to

the maximm coupling position. At the start of
the test the heat pipe was at uniform tempera-
ture of approximately 300 K. The evaporator
region of the heat pipe was brought o a tempera-
ture of 1350 K over a period of approximately 40
w.nutes and then held constant by increasing the
rf 1nput power as the melt front progressed along
the length of the heat pipe. Power throughput
during the test was determined from flow rate aro
AT msasurements for the calorimeter. The
resulting temperature history is shown in Tig 6.
A time history of a tybical point on the condenser
(thermocouple Mo. 5) 13 given in Figure 7. Total
time to bring the heat pipe to tempsrature over
its 4-M length was approximately 3 hrs with 3 peak
power throughput of 15 k. At the end of this
test the power 1nput was shut Off and the heat
pipe allowsd to coo! from temperature with the
radiation shytters open. Temperatures along the
heat pipe were recorded throughout the cooldaown
An axial temperature plot taken some minytes after
power shutoff 15 shown in Fig. 8. The temperature
profile shows that the 1ithium near the evaporator
ond of the condenser nas reached the solidifica-
tion point while the 1%thium in the evaporator
section of the heat pipe 1s sti11] almost 240 K
above freezing. After complete solidification of
the 11thium a re-start was attempted with negative
results. The heat pipe was again removeg from
the test chamber and radiographed. The radiograph
showed 8 1ithium void in the annylus in the
vvaporator rggion. A decision was made at this
coint to IrB; coat the entire haat pipe,

including the evaporator region, in an attempt to
provide a Rore uniform cooldown rate crer tne
length of the heat pipe It was felt that the
formation of shrinkage voids in the evaporator
during 11tnium sol1dificativn woulo De reduced by
this tech.ique because of the lower evaporatcr
temperatures at the time that soligification
first occurred in the annylus  The heat pipe was
therefore reprocessed for fyll length coating.
re-wet. and ‘nstalleg in the test chamber

et T T
s } noL-8 sonIc 3
~2 1 LIMITS I
Yas 1 1
~ga 1l I
20 1 / =
e L 1
Y- b - I
el + I
L -*
“ :E‘ _'_-ﬂ' 3
- o -+ -t
700 .oo :ooo 1 :oo 1800 1300 1400
EvAFEQORATDR EXIT TEWMPERATURE [x])
18G0
X 1400
Z 100 -
1000 g \
a 800 \
800 '
200 —_\
ROO
0 J L
0 100 R00O 300 400
LENGTH OF = P IN OB
Fig 6. nHeat pipe temperitures versus time during start test



woo T T T T
000~
g =
Em-
= L
[- o
;m-
00
ool 1+ . 1 0o 1y ]
(] 2400 4800 7200 9800
TWE (8)
Fig. 7. Time-temperature history for

tnermocoup'e Mo 5.

700 —r 1 T T T T

t=0min 30 s

~ AT = 239 K 7
X goo} —
: :
< [~ 7
[+
E
3 800
=

I

\UTHIUM FREEZING POINT

PY.Y.] R T R W B ! L
o 00 200 300 400

DISTANCE (cm)

Fig 6. Heat pipe tewmperatures durine -ool-

dowr with uicoated evaporac®or.

Ir the following test the heat pipe was
brought to 12350 I evaporator exit temperature and
19.04 iy throughput and shut down with the radia-
tion shutters oien. Temperature profiles duriny
the shut down are gshown 1n Fig. 9. Comparison
with Fig. 0 shows that the difference in tempera-
ture betwerr the coolest point at onset of so0'idi-
ficatior ang the svaporator 2xit temperature aas
beer reduced by approximately 100 K by the use of
the higr emissivity coatirg in the evaporator
region Tne subsequenrt attempt at restart of the
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Fig. 9. Heat pipe temperatures dur'ng

coolcowr with evaporato- coated

heat pipe after cooldown to ambdiert was successfu’
A summary of the shutdowr and re-start tests s
given ir Table I1.

As fina) performpnce ver‘fication of the
heat pipe tre radiation shutter apparatus was
removad from the test chamber and the heat pipe
taker to 1ts power l1imit w'th maximum radtator
coupling. A temperature-power history for this
test is given In Fig 10. Pear power throughr.t
achigved was 36.8 kiw as meisured at tne calotim-
eter Indicated neat pipe evaporator ex‘t ten
perature at this power leve)l was 1509 K based on
corrected optical) measuremsnts The correspon-
dirg vacor space power density achieved was 23
kw-cmZ. A comparisor of this demonstra®ed peas
power Vimit Vt* the Cap"liary (1m't producec
from pre-test measurements of the wick structure
using the HTPIPE-A mode! s showr in Fig. 11

1y jnterpretation ang Corcl,sions

Steady-state operation of the heat pipe re-
sulted 'n temperatuyre profiles in good agresment
with the pressure recovery mode developed by
Busse> and incorporated ir the currert LOS Alamos
heat pipe pe~formance predictior code HTPIPE-A.
As Bmay be seen ‘r Fig 12 the predicted tempera-
tures are bracket d Dy experimental data trat ras
a tota) temperat.re fcatter of less thar 2% The
decreate in temperature at the condense~ end of
the heat pipe ind*'cated '‘n the figure 11 the
result of the gsurplus 11quid poo! approximately
40 cm. .. Tergth coubled with the uce of a water
chi1l at the f11) stem at the extrese ond of tne
heat pipe

Start-up of the rad‘atior ‘oaded heat p'pe
provided vers‘ficatior of the capability of nigr
power, radiatior coubled neat pipes to start
undcr high doad conditiore, that s, with hign
omigyivirty surfrce coating radtation to an ambienrt
temperature black body caloriwster su-face
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Shutdown tnvestigations conducted with the
4-m heat pipe were also of interest although the
results we-e not as Simply interpreted as those
for the start-up case. Primary interest in the
shut down investigation was directed to the
ability of the heat pipe to restart under normal
loads following shutdown and freezing. Test
results indicated that restart of the heat pipe
without further conditioning following a shut
down was dependent onh both the radial power
censity in the condenser, contrglled by the
surface emissivity of the heat pipe. and on the
relative radial power density of the evaporator
ang condenser regicns of the heat pipe during
cooldown. 1t appears that the critical issue is
the axial location where freezing first occurs
during the shutdown and the ability of the wick
structure to accommodate shrinking of the fluid
in the region of the heat pipe fyurthest from the
condenser eng liquid poo! ir the period following

the establishment of the freeze plug. The predic-
tion of restart capability for a given radiation
coupled hoat pipe destign will pe strongly depen-
dont on the external geometry and thermal environ-
mpnt of & heat pipe a3 w1) as on the internal
geometry of the heat pipe itself. It 15 heped
that the hsat pipe transient analysis programs
presently wnder development by Los Alamcs will be
capavle of this prediction wnder realistic system
conditions.

The high power 11mit demonstratcd in the
tests of the 4-a heat pipe has served to advance
the boundaries of heat pipe performance by more
than 20X and may serve as the basis for the use
of heat pipes in more advanced space power systes
designs.
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