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HEAT PIPE TECHNOLOGY DEVELOPMENT FOR HIGH TWPERATWE SPACE RAOIATOR AFP’lCATIONS

m. A, Merrigan, E. S. Keddy, J. T- S@na, and M. G. El*r

Los AlmcIs National Laboratory, Los Alares, *W Mxico 87~5

ABSTRACT

Technology mqufrments for heat pipe radia-
tors. Dotentfally armn~ the lightest wefght
syst;m~sfor spac_epoue; applic~tlons, include
flexible elen’@nts,and fmproved speciftc radia-
tor performance(kg/kk). For these wllcatiw
a flexible heat pipe capable of continuous oper-
ation thro.gh an angle of 1800 has been dem-
onstrat~d. The effect of bend angle on the heat
pipe temperature dlstrfbutlon ~s reviewed. An
analysis of light uelght membrane heat Pfpe ra-
diators that use surface tension forces for
fluid containment has been conducted. The de-
sign analysfs of these lightweight heat pipes
is described and .spotential application in
heat rejection systems for space nucle~r power
plelltsoutlined.

INTRODUCTION

Current developmental programs for sp~ce nu-
clear power systems have generated reneued
intertst {n technology development for light
w?l~ht, large area, heat rejectfon radiators
with operating temperatures of greater than
600 K. Prime power system$ now under study
will require thermal rejection systems In the
2 to 10C megawatt ran e. Heat pipe radiators

fare potentially the 1 ghtest weight closed
loop systems avaflable in this power and tem-
perature range and as such are baseline for
most current studies, Technology requ!rwents
for the application of heat pI ~e raai~tors in
these systems include the deve~opment of de-
ployable structures In order to tccc+mnodate
larger h~at rejection areas than can be trans-
ported in deployed configuration. In bddi-
t~on, n need exists for lmprovem~nt in Ipe-
cific radiator performance (kcj/kU] through
reduction In the we~ght UI the structure.

In rediator design for !udce application @ pri-
mary concern it thr provision for ●rid-of-life
radiatfng area fn the f!ce of micrcnneteorold
damage threats, The conv~ntlonal approscn to

ensuring sufficient heat transfer nurfac? area
at nn?.of-life {s to #rmor the ~nposed surface
of the radf~tor in order to en~ure a reasonmblc
probability that there will be nL pen?trrnticin
of the iurfocc by the m{cromctcroids over the
llft of the system, Optimization ttud(et h?ve

shown that llghter weight higher ●rformance
radiator designs are possible ff tle radiating
surface is subdivided into Independent se~ents
before the required afmor thickness is estab-
lished. Improvements in performance by factors
of two or more are possible by segmentation at
reallstlc levels, This improvement in radiator
performance by segmentation is seen both in
tube and fln radiators where only the tube sur-
face 1s armored, and fn all-prims surface radi-
ators where the ●ntfr@ surface must be pro-
tected. In ●ither case, the underlying #assum-
ptionsin conventional radiator design are that
once a segment is penetrated by a mlcrcaneterold,
however small, It ceases to function and is
lost to the system as far as heat rejection
area is concerned. A primary advantage of
heat pipe radiators In conventional designs
of this type is that they lend themselves to
the use of a high degree of segmentation with
little weight penalty, Pumped l;quid loop
cnd as loop rad~ators req’lireadditional

‘icomp exlty in order to achfcve the same degree
of segmentation.

Uithout segmentation the weight of armor re-
quired to ensure a U-99 probability of survi-
val in near ?arth orbit for a period of 10
,yearsmay be as much as 100 kg/m2 for a
radiator having an exposed area of 100 mz
and using stainless steel as the rnate~ialof
construction (1) Subdividing the same 100
M2 into 11)0individual 1.0 m segments will
reduce the armor requirement by about on
order of magnitude. This represents about
the limit for conventional radiator tech-
nolo

Y’
with a specific weight of 6.0 to 10.0

kg/m possible depending on the operating
temperature and the resulting material r@-
qufrementso Improvements in perfonna~cc of
conventional radia:ors are forseen in the
development of lighter material, for use ct
higher temperatures and in the development of
flexible heat transfer cloments to permit
folding of large surfaces for transport to
their final operational orbit. potentltllY
higher gains fn erfotmance are postible

!through the deve opment of advanced radiator
conc?pts in whfch the heat transfer h~dlum
1s, at le~st ptrtitlly, exposed to sp~ce In
those concepts the penetration of the radiator
area by a microm+teoroid it not as~umed to



result I!Iautiatfc loss of the affected ceg-
wnt. Instead the effect of the penetration
on the system is considered In terms of the
sl?e of the penetration and the resultint
loss of heat transport wdlmn. Loss of mte-
rial to space Is dependent on the surface
aret Of fluid exposed, the vapor pressure and
temperatuw of the mrking fluld, and on the
action of other f~rces, such as surface Wn-
sfon, In controlling the movewnt cf the Bste-
rial. Examples of odvanccd radiator concepts
that are based on these concepts am th drop-
let and r*ttedbel tradlators,(2] in both of
which the entire quantity of heat transport
fluid is exposed to space, and the rotating
fflm and xwmbrane heat pfpe concepts, wherein
the heat transport medium fs ●xposed to space
on;y at the mfcrcuneteoroldpenetrotfons. The
rotating film radiator concept, first discus-
sed in Ref. (3), Is the subject of ●nether
paper fn this proceedings, The membrane
heat pfpe is the subject of the present dis-
cussion,

Flexible Radiator Elements
TIR_ii_seof hard surfaced radiators for systems
wfth reject heat loads in the megawatt range
W!I1 require folding of the radiator SUrface
for tran$port or assembly of the radfator
structure In space. For unattended systems
or those requirtn assembly In hlgtterorbits

?than are accesslb P to manned transportation
systems, a rmote deploymnt mechanism wfll
be required. Thes~ deployment mechan~sms
IAillIn general require thr use of flexible
elements in the heat transport path, f~nction-
Ing at power dcnsitlties In the range of kflo-
watts per centimeter squared, Flexfble heat
pipes, used for more than 15years In lower
temperature appllcatlons, are logical choices
for this function. The technology require-
ments for fabrication of htgh power, flexible
heat pfpes capable of deployment through
afigl?sof up to 180 degrees, bnth cold and at
temperature, exist. As a demonstration of
this fact s flexiblr heat pipe employln co-

Idim as e working fluid and using stafn ess
steel wick and ~hell material has beet)as-
tembled and tested. Thfs device has been
flexed repeatedly through angles of 180 de-
grees, both at room temperature with the to-
dlum working fluid frozen and at temp@ratur8t
to 100LIK uhlle radiating l~eatto a room tem-
perature environment, A cross sectfon of the
test heat pfpe fs shwn In Fig. 1. The wick
structure is ccmpos~d of three layers of 100
mesh stainless steel screen wrapped on a bfas
in alternating dir~ctions. The corrugated
portion of tt,cheat pfpr is fabricated frcm a
standard hi h vacuum flexlblr line section,

?The heated evaporator) length Is 15 cm,
flernlbl?I?ngth 45 cm, and the remainder of
the condenser region 2U cm.

Lw-rnons.trationof Flexible Heat P!~
lnitlnl ‘t?st{n~-o~”thcflefibleleatplpc
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Fig. 1. Cross section ot flexible heat pipe,

Involved operation at a tem eraturt of 10M K
Kin a horizontal posltinn, t en elevation of

the condenser mu of the heat pipe upward
thrcugh an arc until a bend of 180 degrees In
the vertical plane was achieved. Mat pipe
operatton through the bending operation and
In the flexed position was verified by visual
inspection. Following thfs operational dem-
onstration, instrumentation was installed to
detennlne the effective emlssivlu of the
radiating surface and the total pow~r through-
put of the heat pipe. A single pass quartz
calorl~ter was placed around the heat pipe
and type K thermocouples welded to the pfpe
s~rface at intervals to measure a.xlaltemper-
ature variation. initially the heat pipe was
operated wtth th? Calorimeter evectiatcd,
Heat throughput was dete’mfned from waur
flow and temperature change measurements,
Surface emlsslvlty of the heavily oxidfzed
stainless steel heat pipe surface was deter-
mined t~ be 0.49 In the:c t~sts. Following
this determination the heat pl?e was removed
from the calorimeter and testing continufidfn
air. in these tests the heat l~sses from t$e
evaportitorsectfon of the neat pipe were sui)-

tracted from the calculated powel’in order LO
arrive at power throughput. In tests to dt-
tenni~e this effect of bend angle on the hcnt
pipe performance the heat pipe was operated
with the bend in the hor:zontnl plane, Oend
tests uc-e conducted fn three stages, The
hpa+ pipe was operatsd in a str~ight and level
poslLion and axial temperatures were recorded
as d functlol of power. he~t the heat pfbe
uak operated with a 90° bend at a bend ra-
dius of 28 cm with temperatures recorded for
the same power levels, Finally the heat pipe
was bent through 18Cn wfth a bond radfus of
14 cm and the proce$s repeated. Figure 2
prese,ltsthe resultt of ‘.hesemeasur~ments as
a plot of the axfal delta T of the heat ~lpe
frontthe Evaporator exit to the @nd of t e
condi?rlser#s a function of tht befldangle for
power le~(lt of 15S0 and 2JOU watts. Hhlle
these datt Indicate a s?gnfflcant i~crease In
nn{al LemperatL.redrn~ due to th~ bending no
lo$b of heat pipe fdnctfon was ob$ ,’vcdunder

~ Intest power throu hput to 1950 U/cm .
additlol trre),?8!pfpe was r?peated,y stated
frcrnbtlo~jthe free7ing point of the sodium



wsult In autcmtic loss of the affectid seg- ‘
Writ. Instead the effect of the penetration
on the systan Is considered in terms of the
size of the penetration and the rtsultant
losk of heat transport ~dfm. Loss of Ute -
risl to s ace Is dependent on the surface

!area of f ufd @xposed, the vapor pressure and
twp+rotum? of the mrkin3 fluld, and on the
act{on of other forces, such QS surface ten-
sion, in contnlllng the movewnt of the Mte-
rial. Examples of bdvanced radlatcr concepts
that #m based on these concepts trt the drop-
let and wetted belt radiators,(2) In both of
which the ~ntire quantity of heat transport
fluid 4s exposed to space, &nd the rotating
film and membrane heat pfpe concepts, wherein
the heat transport medium Is exposed to space
only at the micrometerofd penetrations, Ttw
rotating film radiator concept, first discus-
sed in Ref. (3), is the subject of another
paper to thfs proceedings. The rndrane
heat pipe is the subject of the pnsent dis-
cussion.

Flexible Radiator Elements
he use of hard surfaced radiators for systems

with reject heat loads in the megawatt r~nge
will require folding of the radfator surface
for transport or assembly of the rodiator
structure 1,1space. For unattended systems
or those requirln

f
assembly In higher orbits

than are accesslb e to manned transportation
sy$tems, t remote deploymnt mechanism will
be required. These deployment mechanisms
wI1l in general require the use of flexible
elements In the heat transport path, function-
ing tt power densitltfes in the rcnge of kllc-
w~tts per centimeter squared. Flexible heat
pipes, used for more than 15years In lower
temperature appllcatfons, are loglcal choices
for this function. The technology -equlre-
ments for fabrication of high power, flexible
heat pipes capable of deployment through
angles of up to 180 degr~es, both cold and #t
temperature, exists, As a demon$trat!on of
this fact a flexible heat pipe ●mployfn to-

fdium as a working fluld and usfng stain oss
steel wick and shell materfal has been as-
tembled and tested. This device has been
flexed repeatedly through angles of 180 de-
grees, both at room temperature with the to-
dlum working fluid frozen and at temperttu~s
to 100U K whllc radiating heat to c room tem-
perature tnvfronment, A cross sectfon of the
test heat pipe 1S shown In Fig, 1. The wick
ttructure fs crmposed of thr~e layers of 100
mesh sta(nless stepl scree,~wrapped on a blat
fn alternating directions. The corrugated
portfon of the heat pipe Is fabricated fran a
standard high vacuum flexible line scctfon.
The heated (evaporator) length It 15 cm,
flexfble length 45 cm, tnd the remainder of
the condenser region 20 cm.

Demonstration of Flcxfblc Heat P1 e
-+-lti{ti”a7‘tiitfnu”of”th-eflex7ble Ieat pipe

Fig. 1. Cross scctlon of flexible heat pfpe.

Involved operation at a tern~rature of 10[IOK
In a horizontal position, t en elevation of
the condenser end of the heat pfpe upward
through an arc untfl a bend of 180 degrees in
the vertical plane was achieved. *at pipe
operation through the bendlr,goperation and
In the flexed positton was verified by visual
inspection, Following this operational dem-
onstration, Instrumentation was Installed to
determine the effective enllsslvityo= the
radiating surface ●nd the total power through-
put of the heat pipe, A sfngle pass quartz
calorimeter was placed around the heat pipe
and t~p? K thermocouples welded to the pfpe
surface at Intervals to measure axial temper-
ature variation. Initially the heat pipe was
operated with the calorimeter evacuated.
Mat throughput was determined fror water
flow and temperatun change measurements.
Surface ●mfssfvity of the heavily oxfdlzed
stainless steel heat pfpe surface was deter-
mined to be 0.49 in ti)ese tests, Following
this determination the heat pfpe was renmved
from the calorimeter and testing Continued In
air, In these tests the heat losses frim the
evaporator section of ihe heat pipe were $ub-
tracted from the calculated power i,]order to
arrive at power throughput, IF tests to de-
tennfne this ●ff?ct of bend angle an the heat
pipe performance the heat pipe was operated
with the bend In the horizontal plane. Bend
tests were conducted in three stages. The
heat pipe was operated in a strafght snd level
position and axfal temperiitur@swere recorded
as a function of p~wer. kiextthe heat pipe
was operated with a 90° bend at a bend ra-
dius of 28 cm with temperatures recorded for
the same power levels. Finally the heat pipe
was bent through 180@ with a b~nd rtidfusof
14 cm and the process repeated. Figure z
presents the result~ of these measurements as
a plot of the axial delta T of the heat lpe

Rfrom the ●vaporator r~lt to the cnd of t P
condenser #s a function ?: the bend angle for
power levelt of 1550 and 2000 wattl, Uhile
these data indlcatc a sfgnfflctnt increase In
axial temperature drop due to the bendfn$ no
loss of heat p~pe function was obs rved und?r

~ Intest power throlljhputto 1950 H/cm ,
add{tion the heat pipe was repeatedly sttrt~d
frwn below tb’ freezing point of the sodium



uorklng
effects

fluld wfthout any apparent adverse ‘
due to bend angle.

CONCEPT DESCRIPTION
MEMBRANE HEAT PIPE RAOIATOR

An alternative to the combination of armor and
segmentation used to ensure end+f-lffe heat
transport capability fnconventfonal heat pipe
radiators is to abandon the use of armor ●n-
tirely and let the material thicknesses ksed
$n the heat pipe assembly be determined by
strength and fabrication considerations only.
In thfs scheme preservation ofend-of-llfe
area requirements is accomplished through 8
high degree of segmentation wfth the segm?nt
area determined by the size of the largest
mtcrometeorold penetration expected over the
life of the system. If this maximum hole
size Is such as tb contain the working fluid
at Its operattng conditions through the action
of surface tenstcn, then the loss of fluid
from the system will be a result of evapora-
tion from the area of the punctures only.
Segments that suffer a penetration larger
than this surface tensfon limit determined
value will lose thefr working fluld by lts
being forced through the opening and into
space mder the Influence of the Internal
pressure, corresponding to the ●quilibrium
vapor pressure of the working fluid at the
operating temperature of the radiator.

This concept has a number of benefits In ad-
dition to the basic concern for reduced weight
per unit area. Loss of working fluid from
the radiator assembly wfll be much lower than
for those advanced radiator concepts fnwhich
the entire quantity of working fluid is ex-
posed to space, This will reduce the weight
of fluid that must be carried in the system
for make-up but more importantly it will re-
duce the hazards of contamination of the re-
mainder of the space craft by the escaping
fluid, A second important consideration wfll
be that the thin materia, sections required
for containment of the working fluid In the

w , , 1 1 1

Fig.“’, AT between rvaporntor exit and end
of condenser versus bend angle of
heat pipe.

unarmored configuration wfll lend themselves
to the tievelopmentof flexfble structures,
inherently capable of compact storage and
deployment fn space. In the lfmitonemey
consfder structures that are passfvely de-
ployedby the fnternal pressure developed as
the working fluid fs brought to the operstirg
temperature and thus requfring no linkages,
actuators, or specfal purpose ●lements for
deployment. Such a concept is shown fn Ffg.
3, where a flat array of membrane heat Ipes,

1’jofned to forma sheet structure, fs ro led
into a cylindrical configuration for transport
aboard the launch vehicle and unrolled in
space to fom the radfator surface. The
analysis that follows assumes that the radi-
ator surface Is exposed throughout the life
of the system. However, for Intermittently
operated systems ft would be possible to main-
tain the radlatfng surface fn Its stowed con-
figuration when the system fs not operating
and greatly reduce the effects of the micro-
meteoroid environment.

Ffg. 3. Self deployed membrane heat pipe
radiator concept..

EIEMBRA1’ERADIATOR ANALYSIS

The National Aeronautics and Space Actninis-
tration (NASA) Nmr Earth to Lunar Surface
Meteoroid Enviromlent lfodel(5) was chosen for
use in ‘thfsanalysis. In this model the near-
Earth average totel meteoroid (average spor-
adic plus average stream) mass-flux is given
by:

Ioglo Nt ● -
for 10-6 ~m

where: Nt =

m=

14.37 - 1.213 loglom,
~lo (1)

number of partfcle of mass
$m or greater per m -s and

particle mass (g).

The assumed average particle densjty and vel-
ocfty for thfs model are 0.6 g/cm3 and 20
km/s. Correction for the Earths gravitational
effect fs accomplished by multiplying Nt by
a defocusing factor, G , which ranges from

!1.0 at the Earth’s sur ace to about 0.57 at
infinity. The shielding effect of the earth



1s similarly accounted for by L shfeldfng
factor E, defined by E = (l+cose)/2,where
26 = the angle subtended by the Earth as
viewzd from the spacecraft. For this analysls
~ Is taken as l.O and Eas 0.75, corres-
pondlng tothecase of a 700 t0800kmorblt.

The probabflltyof Impact of the radiator by
n particles of mass m or greater Is determined
from the Poisson dlstrlbutlon equation,

N‘c (NtAC)ret # (2)
r:

where

P(x<n) =

nt =

A ■

L ■

probability of Impact by n
meteoroids or less,
partfcle flux
(particles/m2-s

iexposed area (m ), and
exposure time.

Thfs expression may be used with the area of
an Individual radiator segment to detennlne
the maximum hole size ●xpected at some prob-
ability at end-of-life. For thfs analysis an
0,99 probability of no larger punctures In a
7-year period is assumed, resulting In the
variation of maximum hole diameter with seg-
ment area given in Fig. 4. The two curves
represent an upper limit based on a hemisphe-
rical cavity with radius equal to the semi-
irfinite penetration thickness rf a particle
and a lower limit at the diameter ~“ the im-
pacting partfcle. For very thin materi&l
sections the values uill approach the lower
curve.

in order to determine what hole diameter Is
tolerable for containment of the heat pipe
working fluid by surface tension forces the
internal pressure is set equal to the surface
force developed at the hole,

Fig. 4. Maximum micrometeoroid penetration
dicmcter as a function of radiator
segment area,

(3)

where,

Pv ● equilibrium vapor pres ure of the
?working fluid (dyne/cm )

o = surface tensfon (ciyne/cmj,and
o = maximum penetration diameter (cm),

wfth all properties evaluated at the radfator
operatfng temperature. A plot of the result-
fng maximum allowable penetration dfameter is
given in Fig. 5. These data establfsh a
practical upper operating temperature limit
for the cese considered at the point where
the area of an individual segment becomes
frnpractfcallysmall. The lower temperature
limit for operation with a particular heat
pipe working fluid will be established by the
sonic limft criteria. That fs, the cross
sectfonal area avuflable for vapor flow fn
the heat pfpe must be greater than that re-
quired to transport the desfgn heat load at
the sonic velocfty lfmft fn the vapor. The
maxfmum axial flux densfty fs shown fn Ffg, 6
for various lfqufdmt!tal workfng flufdsbdsed
on the sonfc lfmft.

Ifcylindrfcal geometry fs assumed the heat
pfpe proportions may be determined froman
assumed surface emssfvfty, the operating
temperature, and the allowable axfal flux
density. If we neglect the wick area the
limiting heat flux fnto the radiating section
of the heat pipe wfll be,

Cin= (qs)~D2/4, (4)

and the radiated energy wfll be

Qr=ocllDLT4, (5)

where: ;s = sonic power limit (w/cm2)
= heat pfpe diameter (cm)

L = heat pipe lengtn (cm)

j 100

E
s
s 10

i

~ W
$

● 0,1 h

TEMPERATURE (K)

Fig. 50 Allowable penetration diameter for
surface tension containment of heat
pipe working fluid,



b,
G ‘ (TPT) defined as that thfcknesc of material
~ that will just pnvent penetration oi’a given

u size of particle. Is taken as 1.5 p-based

;

on the previously cited hyperveloclty Impact
studies. When the range of penetrating meteo-

a ro’ld masses has been detemfned the total
E

i

area of the resulting holes may be determined
from the sssmed particle density and the

#

meteoroid mass flux model.

m Figure 7 presents the total meteoroid hole
area as a function of surface sheet thickness
for a 316 stqinless steel rad~ator surface at

TcMPEn4TuRE (K) end-of-life for a 7-year exPosure fn a 700 to

Fig. 6. Sonic power limit for alkali metal
hest pipe fluids.

c ■ surface ●mfssfvlty
o ■ Stefan-Boltzm nn const ntf!(5.6686 X 10- 2 hi/cmT ).

Equating Input and output,

. 4 E 0T4
: ~. (6)

determines the heat pipe proportions.

An additional concern In *he design of heat
pipe radfator elements for t,~eseapplications
wfll be the quantity of fluid lost from the
heat pipes over the life of the system. This
fs determined by calculating the total area
of the meterofd punctures per unit area of
surface for those radiator elements those
maxlmm meteoroid hole Is within the ran e

7where surface tension will contain the f uid.
The range of hole sizes wfll vary frcunthis
upper value to a mfn!mum established by the
heat pipe cnntd,rsnentthickness and type of
material, The Charters and Sumsners(C-S)(7)
equation is used to predict the minimum par-
ticle size for penetratfotli

where P= ■ penetration fn a seml-
inflnite solid (nrn)

nlp ■ meteorofrimass (kg)
up ‘ meteoroid velocity

(20 km/s)
12p ■ meteoroid density

(0.5 a/cm3)
Lq ■ targe-”m,ltirlaldan$fty

\(g/cm )
St 1/3

■ ~~~~j)~;$erial factor

The materlsl property factor in the C-$ equh-
tfon, S l/3is detenn~ned experimentally, with

1values n the range of 3 to 4 for beryl]fum,
titanium, and stainless steels at temperatuf%s
to 775 K,(8-9) The total penetration thfckness

1300km orbit. -

The fluid loss frc+na heat pipe Is given b)

1/2
6 ■ 5.833x 10-2 Pv (+

where

G=
vapor pressure o? the working
mess loss rate ( /cm2s)

Pv ●

fluld (nwnHg)
m ■ m!ecular mass of the working

fluid (g)
T = temperature (K)

(8)

The amount of working flufd lost frcnna heat
pipe over the life of the system wI1l be

M.GAt

where A ■ heat pfpe surface area (cm2)
t ■ exposure time (s)

The heat pipe must be designed to function
wfth this quantity of surplus fluld at
beginning-of-llfe.

Desi n Exam le
Xl_Ci?TJ%dTator operating at 1000 K is
consfder;d. The heat pipe structures are
assumed to be fomned of 0.1 frsn,316 stainless
steel foil with wfckfng provided by surface
texturing and llthium used as a working fluid.
The radiator 1 assumedto be segmented to a

!level of 0.5m /heat pipe. The 0.99 prob-
ability maximum Penetration diameter at end-
of-life, assuming a 7 year exposure, is ~
0.5nvn frcunFig. 4. The maximum allowable
hole size for surface tension containment Is
10nsn from FIQ. 5. The resulttng diameter to
length ratio, frcm Eq. (6), will be 0.19,
For the issumed segment area this wI1l cor-
respond to a heat plPe 0.17 m In diameter and
0.92m in length.

Total arta of meteoroid penetrations after 7
years exposure will be approximatel,v15 mm2
from Fig. 7 and the fluid mast loss rate fran
the heat pfpe w1ll be

Gt ● 4.67 x 10-3 gm/cm2 s



;

SURFACE SHEET THICKNESS (mm)

Fig. 7. Total meteoroid penetration area
after a 7-yr exposure as a function
of surface sheet thickness of
316 SS.

at 1000 K. The normal Itthiu fill quantity
for this size of heat pipe would be about 50

It if is assumed that the heat pipe can
b~’operated lnitlally with a 100% overffll,
then the working fluid reserva for evaporation
losses wfll be about 50 gm and tne correspond-
ing eriod of operatfon at 1000 K will be 8.9
xl J s or about 24 hours. The heat pipes
could be operated for longer periods at lower
temperatures, however the sonic power llmlt
would impose a severe restriction. The more
promfsing approach to longer term operation
would be to shield the radfator surface in
fts transport configuration and deploy only
during periods of system operation.

Estimated weight for this design example wfll
be

Containment 388 CJm
Ulcking (arteries) 20 gm
Lithium working char e

!
50 $#n

Llth~um evaporation oss 50 gm
Olstrlbutlon llne/heat pipe

:%

Allowing a 20? desfgn margin for array losses
by penetrations lar er than the surface ten-

?slon lfmft, the rad atlon specific weight
wI1l be 1.8 kg/m~ or about 0.04 kg/kU at
1000 K. This ccnnparesfatiorablywith other
advanced radiator concepts.

COIJCLUSIONS

It has been demonstrated that flexfble sodium/
stainless steel heat pipes can be fabricated
and operated at temperatures to 1100 K with

4x181 throughput Of 1950 h/Cm2. It has
also been demonstrated that this type of heat
pipe can be flexed up to 180 degrees whfle at
twnperature and under load. Start up cf these
heat pfpes fran belw the freezing temperature
of sodiwn has been demonstrated for bend posi-
tions u? to l13@ In a rmgraviu aS5isted
mode of operation.

The mmbrane heat approach to space power
system rudiator desfgn has b~n exAMlned and
found to be of potential value in systems
designed for Intennlttent Operatfon. Radiator
performance levels of 0.04 kg/kU appear os-
sible for integrated operating tfmes of !4
hours ct lDOO K after 7-years exposure to
Mar Earth meteoroid flux levels. Perhaps
the most attractive characteristic of the
membrane heat pfpe radiator concept would be
its capability for use fn flexible arrays
that may be compactly stowed for transport by
rolllng or foldfng.
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