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PEW31WNCE PREDICTICMSAND ~A5LR~NTS F~ WACE+OWR+YSTEH HEAT PIPES

F. Coyna Prenger, Jr. *

●Staff War, Los AIMWN National Laboratory
Los Almos, NW ~Xi CO 87545

AESTRACT

High t~qeratum llquld metal Mat PIPes tislgrnd for SPUe pmmr systems have
bom analyzed d tested. Thrw wick dcslgns #r@ discussed md a design ratio-
nalo fm tM h.~t PIP. IS pmvltid, Test results m t molybdm.nn, annular wick
heat plpa am prasented. Performnco llrn~tatlonsdue to boil~ng and capilltry
limits src pmsmttd. Tlwr@ is avidancc thtt the vapor flow In ttm adisbatic
s~tim is turbulent ati that th trtnsitlon R@ynold! nmtmr fs 4000.

INTRODUCT10N

Propos@d future ?PUO rnissicmsmquirc large quan~ltim of ●lectrical p-r for
spsce-based rmoto somors and spacecraft propulsion. Umrous E8rth-orbit
missions Involvlng aurv~fllanco and cc+rrnunicitlonshave bmn defined.’ Trms -
portmtim to gmymhron?us mbit can b don. ●fflcimtlywlth rwclmr oloctrlc
pmpulsim systems if transit tlms of one ytar arc accoptablc. In addition,
theso p-r s tea oxtmd the capability to Inv.stfgtta the outor planets snd

z’to perform so sr tscape rnfssfons.

Althou@ stvtrcl sya- daslgns have bwn studlod,z ccrtatn fcttur~s appear to
bc C~ to all tiSf S.

r
For tlm Mat sourco, o reactor conttlning refractory

nucloer fuel, dtlch u 11 S1lW swrc~ t~orsturcs as hl@ as 17CQ K, is f~-
vorod. 6u-cml@d Md 1~ uid-cmlti cmfl urations havo tin consi&rod, but a

! 7heat-pi~-cmlti des!gw o fors hi@ relltb llty, r.dundw!cy, and mfnl- ~tpht.
Moat pipes -Q u~d to trm~?er tmt fmm th reactor cor~ to the power con-
verters. hth p#ssiva ad dyn~ic cmvortors have been Conslderod, Docplta
their la officimclfi tk passfv. cmvortars, 1..., thomool-tricc md them-
Imics, mprm.nt tlu \owst speciftc Wl@t Syst-s.z In all of the proposod
s tam, tivor, ral~ablc Imt transport ulth wall t~raturo drops betwen

c r.ut~ and converters ;S rqulved. H~#I t~rcturo (1400-170 K) liquid
L81 M&t Plm me bel

“?
tiV@lO@ md tcstod at th LoS Almm National

Laboratory fm us. In nuc oar ●lectrlc Power Wpllcations In spacQ,

Ioth ttal~l~s St-1 rnd ~lybtim,m Mat pipes with c~ostto wfck structw~s
hmbm mlyz.d. Horkfng fluids incluti both sodlm and llthlm, The wick
#tructums consl~red tnclude a porous screen, scman-covcr~d groovos, and



circular arteries. Perfcmance limits for these Mat pipes have been calculated
and t~y Include the effects of bends and the influence of long adlabattc zones.

Test data have b~n obtained on both Mlybdenwn and stainle~s steel heat pipes
using SOdiI.MI as the working fluid, ScniC, wlckln , and bolllng lfm!ts have been

observed. !These data have b~n campared with ana ytical prcdlctlons and the
)-esultsprovide $mpIrlcal data on pressure drop and transition flw in the adl-
abatfc zones of these lhsatpipes.

ANALYSIS

Htck Deslqn

Three wick designs Wre evaluated In the heat pipe development program. The
three designs are shorn in Fig, 1 and Include screen-coverd axial grooves, a
porous tube insert forming an cccentrlc annular gap and circular arteries. The
screen-coverd axial groove design was considered first primarily because

!
rooved stainless steel ‘ubiKq was readily available and the mthod of lnstalla-
irm of the scream codeT was proven. It was recognized, however, that the artery

design, although mm dffflcult to fabr~catc, offwed superior performance. A
ccnnparistmbetwe~ tk artery and grooved-wick design, assuming laminar flow, is
show in Fig. 2. At th? design operattng t~erature of 1400 K the artery con-
figuration shows significantly bett~r performance. However, the reactor desigrI
mquims bends In the heat pipe adlabatlc section and since preliminary b@ndlng
t,sts warn successfully perfonnd ‘fla grooved-wall neat pipe, a t~st program
was fnitiated using a screen-covered groove wick design.

During tht first experiments with this wfck structure, heat trtnsfer limlts well
b~low those calculated m?re measured. Based on some etrlier mrk with carbon
contaminated heat pipes, it was ;uspcctad that this Impurity, introduced by a
Iubrfcant during groove fabrtcatlon, was collecting in the evaporator and roduc-
tng the liquld surface tension. This problam was scsmewhatallwlated by cold
trapping, a stsndard prccedure for reducing the conttnt of carbon and othw lm-
puritios frun sodiun. Results of th tests on stainless-stael, $cr@en-cov@red,
groove htst pipes have boon reportod.3 Analysis showed that a screen pom
sire of 35 umuas required to achieve 20 kU #t 1400 K, Although a 35 pm port
size hat been achtww with stalnloss st~l scmons, such a small porn SIZC ma
not be posslblo usln molybdenum Mlch wIII ultimately be mquimd in the flna

?
f

tislgn. Thorefom, Im Icroan-covered groove doslgn wa$ abandoned In ftvor of
an mnular wick tisign.

It was rmcossary to Initf#t# a test proqram to .valuat@ the @ffect of long adi-
ibttic sectlont ad bcnde cm hott pipd perfomancc. TM slwl~st h~at plpt
intorncl configumtlcm to study the performance !Imitttlons of long aditbatic
sections, and om that was menhbla to botifn~, was an annular-gap wick dtslgni
Anal Is showd that the wrfcmanc~ of M tnnultr wi(k tisign spproachas that
of tc artary design; thorefom, M annular wick haat PIW was fabricated for

[
erfmnmca okalutttom ~d the rtsults hr. resont~d In tht folltilng s~ctton,

U&’inwvcr, slocd thlc design USQS a porws t @ that it inserted into tti heat
pfpt to creatt trscltquid return passage, them Is only a singlt liquid flow
path. lherefo~, any condftlon that rc8ults in @lthar the onorstlm of i vapor

~$;a~m’~$;r;$c~~~i$;%re. 1
!rlty ms It the Mat p po wall will load to

1s0, ths annular gap design rquims
that ths Mat k trsnsferrod through tlw llquid layer ad acont to the hat pip-
wall, !Thfc 10M!s to tlgniflcant radial tmporatum grad tnts wlthln tk heat
p!p?,



SCRCEN-COWRED
GROOVES

ANNULAR 6A?

ART1RY

Ftg. 1. Heat pipe internal geometries.

Because of these l~mltattons, an &rtery design for the core heat ptpes was in-
vest lgated. ?y havlngmult{ple erterles, redundant ltquld flow passages are
provided, /\lso, by collectfn the llquld In dtscrete locatlonsaroundthe clr-

!cumferenceof th9 heat pipe, arga temperatur~drops acrossfhd llqu’idlayer are
avoided. Figure 3 shows a performance map of a two-arteryheat plpa as a func-
tion of temperatureand screenthlcknm. The screen thic!’nessfor both the
artwfm and the dtatrfbutlonwick amopthumat 0,3 mm (0.012 ~nt). If the
screenthicknessIs too lar , the vapor flow area Is reduced cxcesstvely; where-

ras, If ttm scrm ts too th n, the clrcmfemtial pressuredmp tn thisdlstrl-
butlon wick Increases. Constdaratlw of these two effects d{ctates an optimum
screw? thickness.

Dev@lmant of a suc~essfuldck designfor the core heat pipes has beun an
evolutionary process, Tlm pro:ess stdrted with the screan-covorad grooves whtch

represented a known technolow md progressedto an annularwick designwhich
was used to cbtaln needed Wt data on the effects of long adlabattc ceettons
and binds. Ffna!ly,bollfng?Wtatlons and lack of redundancyhava Iridlcated
m arterydestgnto be more feasible. Subsquent tests will show If the artery
design Is adequate,
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Fig, 2. Performance curves for SPAR core heat pipes.

Horking Fluld

SodilmlMd lfthl~ Wrc considered as mrking fluids for the core heat pip?
application, A c~arlsmof tlw tmworklng fluids Is shown inFlg. 4, Llthl-
I.MIhas both a hlghtr surface tension and t higher Ittont hctt of vtporlzation
thml SOdluml. In addition, the rotction rttes In the oxygon-molybdenum system
Qppoar to bomuch slmr with llthlum ccmpared to sodtm, Tlwse ire important
consideratlcm ml give llthiwn a distinct advantage over SMILSTI, Hmver, at
1400K tlw sonic limlt of lithl~ is l-r than tht design powr of 12,5 KU,
This IS tha principal roascm why sodi~ was selected as th~ working fluid for
this Wllcatiom. A significant wfonnhnc~

Y
tlty is plld if th~ heat pipe Is

Opwatad near the sonic limit. Him vapor v. ociti~s art encount~rcd with
Accmanyfng hfghw prnssure Md tampwatur~ drops, Thts causes operttion at a
lcnwr convorter t~tratun roduclng systm .fflct@ncy and increasirlc!system
might.

The effwt of w. SIZC fm both tha scrwn tub. md artery design Is shohn in
Ftg. 5. Tti~e rwsults Indlcete a 18r er liquid PNSSUN drop in the screen tube

?c~erod wfth en ertcry chsiqn ~loy ng thfio trtorles. In fact, tho lfquid
prtssun dmp in tlm trtery tisign 18 so lW thht no SI ificant,decr~ase in
pcrfm~co Ncurs with the loss of me -rtery. ?“The ef ect n~ circtierential
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Fig, 3. Performance map of two-artery heat pipe for SPAR,

pressure drop on the heat p pe performance Is not Included In the results of
Fig. 5, As mentioned earlier, as the pore size decreases tha flw resistance of
the screen Increases. This Increase creates a higher circumferential pressure
drop In the artery heat pipe. Wys to overcame thts have been proposed such as
using a dlfferefitscreenwith a dlffarentpore structure for the dlstrfbutlon
wfck, A local fallu~e In the surface film In the artery wall results {n
complete fatlure of the artery; whereas, a local failure In the surfacefilm in
the dlstr;butlonwlckcreates only a local dry-out, and coollng of the adjac?nt
wa~l areas rmders thlq condltl~ less serious.

Althou the designpower fs achievedwtth a pore size of 50pm, a pore size O*
35 pm s the desf n oal tvlng a performancemargin of two, Small pora slzas
have b~obt,ine! ? !w th 1 0 mesh molybdenumscreen b drawingand swa ing of

[ ?multtple1 ars. In the nsxt Mctton test results o tatned with amoybdenum
Yannular-wit heat plpa are presentad.

Me rIments

SPAP-1, a 2-m-long mol@denw heat pipe, was assmbled with arecrystalllzed,
low-carbon, arc-castml d.numeontalner tube that was 2m lon b 15.9 nsno,d.

? l{with a0,9G-thlek wel , Amolybdenus collar was Joined to t ● ube by elec-
tron bean weldln~at the beg{nnfngof the condensersectionof the heat ptpe. A
calorimeterwas boltedto the weldedcollar and isolatedfrom the condenser

1

1
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Fig. 5. Effect of pore size cn heat pipe performance.

SodlM was vapor dtstlllad Into the heat p{pa as tho worktn f~uld, After the
8annularIlquldflow passagewas filled,a sodiumPool of 32 nswrsmafnadat one

end. Slnc@ this heat PIPS wfll beoperatadwlth a negatlvo5 da tilt (evapor-
!ator up), tha liquldpool wI1l be at the end of the condanw’ an wIII reduce

ttm cffactlvccondenserlengthto 330 m, The evaporatorlength1$ 3W mm and
is shlftcd50 nn from the end of the heat nlpe Ieavlnga I.O-m ad~abatfcsec-
t{on. Thahoatpfpa Is ihowschamatically lnFlg, 6.

Pr@llmfnar test!r?gofMe heok plpewlthout the calorlmaterattazhedhas con-
iaductod. T heat ptpe was onoratadhorlzontolljat 1400K, To evaluatethe

ckgm of wttlnq hythumrklng flufd,the condltfonof the Orous tube,and
t~ imount,,If any,of noncondensibleas tn tna heat PI e, t

! !
L t~nt procedure

was to lncraase the tilt of the haat p pe (evaporatorup duringoperatfonunt{l
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Fig. b. SPAR-1 heat pipe.

a dryout was encountered, By knowfng the maxfmum tilt angle and ●he heat load,
an effective pore SIZ for the porous tube can be obtainedusing the heat pipe
computercode HTPIPE,~ Themaxlmumtllt anglewas55d!?~and the heat pipe
operatingtemperaturewas 1200K. For a heat !oad of 78 H, the pore size was
47 pm.

Result*

A comparisonbetweenthe data obta~nedfrom the SPAR-Itests and ths resultsof
the performanceanalysisfrcunthe heat pipe computercode was made. Figure 7
shows the Porformcme llmltsobtahed from the tests alongwith the pred!ct@d
wlcklng,sonic,and boiling limitsfor both lmlnar and turbulentvaporflw.
The pred~~tedwtcklngllm!tsm based on awlck pore s{ze of47 urnas deter-
ndned from the no-loadtilt test of the heat pipe.

W decrease Inmmured performance at temperatures above 1250K is Indfcatlve
of boiling at the heat ptpe wall, The rosultlng vapor formation In the llquld
return p8ssagocausesevaporatordryouto Curve5 In Fig. 7 representsthe boll-
Ing Ilmtta% a functionof t%mp9ratUreand Is based on the ex erimentaldata,

YSlnc@SMR-1 cmtafns m unsupportedscreenwick,the llquld ayer Is thtckeron
cm slda of thewlck, Bycmtertng the screenwick, themaxlmum Ilqufdlayer
thickness can berwduced rnd the bolllngllmltraised. For the seine sfze nucle-
ation stte,Curve6 ofFl .

!
7 shows the bollin llmltfor the cmtcredwlck

1’conflgur~tlon.This resuts In 8 s{gnfflcant ncreaseIn the bo{llngllmlt,
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Fig. 7. Comparisonbetweenanalyslsand test for SPAR 1.

The wlcklng llmlts measured at temperatures below 1250 K lie between the Iamfnar
and turbulentvapor flaw predictionsas shown in Fig. 9. Agraaaentbetweenthe
model and the data is achievedIf a transitionReynoldsnumber 10 the adlabattc
sectionof 40UI Is assumed. Thl” correspondsto a frlcttonfactor of 0.004
wJt;~qli$sbetwen the lanlnarand turbulentvalue. This result 1$ also shown

., It 1s likelythat the vapor flow {n the evaporatorsection fs laml-
nar baause of the Stablllztngeffectof the mass additionto the vapor stmm.
At sanepoint In Ma adtmat{c sectionthe effectsof frictionand inertiacause
the flow to b@m turbulerit.Other factorsmay Influencethis resultespecially
th presenceof bonls In tb adlabatlcsactlon. Ffgure9 shows the Fanning
fr{ctlonfutor as a functkm of Reynoldsnuaberfor a trans{tlonReynoldsmsn-
ber of 4000. It shouldbe notad that the frtct{onfactor correspondln toRe”

74000 IS 0.004 and remainsconstantwtth lncreasfn?Rewlds n~er unt ~ th*
tUrbUl@nt frlctlon factor Calculatedfrom Blasfus quatlon becsmteslessthan
0.004, at which time the Blaslusresult is used.
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The sensltfvltyof the heat pipe performance to friction factor is sfgaiflcant
as shown by Fig. 8 but, unfortunately, can O’lY be deternlned emplrlca’llyat the
present time. Further tests, especially with heut pipes containing bends, may
provide {nfonnation that can be used to predict transition Re/nolds numbers for

alternative cmfigurations.

DISCUSST(N

Boiling Limit

Test4ngof tha WR-1 heat pipe has indicated performance limitations based on
tlm fmation of vepor bbbles in the annulsr liquid passage. The mechanism for
producing these vapor bubbles is dependent on the number and size of nucleation
sites on the heat pipe wall and on the lo~alheat flux that determinesthe amount
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of superheat available for bubble growth. Whether or not the vapor bubble that
forms on the heat pipe wall will grow depends on a force balance acrnss the
vapor-liquid interface. For a bubble in equilibrium the pressure d, “ference
across the interface is bal=wed by the liquid surface tension or

Pv - P, “ #’,

where

is the va-9r pressure corresponding to
!; is the liquid pre,sure in the annulus;
o is the liquid siwface tension; and
R is the bu!mle rad~us.

The configuration is illustrated in Fig. !0.

To calculate the radius of the nucleation site.

(1)

the heat pipe wall temperature;

the vapor ~ressure within the
bubble must be determined. Assuming that the bubble iS small relative to the
thickness of the liquid layer, the vapor pressure within the bubble corresponds
to the heat pipe wall temperature which is a function of the local heat flux and
the thermal conductivity of the liquid. For a circular heat pi~s, the temper-
ature drop across the liquid layer is given by:

wtrere

Tw
Tv

44q in rWlrr

TW-TV= n *

is the heat pipe wall temperature;
is the vapor temperature;

(2)
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Fig. 10. Vapor bubble fotmation at tha mat pipt wall,

q Is th hgat transf~r;
rw is tlm Insfd@ radius of ttw Iwtt pipo wall;
rr is tha insi~ radius of th hett PIP. wick, distribution scroon, or

porou~ tube;
is tha Imgth of tlw heat pip. waporator; and

; Is tlw liquid thwmtl conductivity,
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~MLE 1 Comarfson BetweenArtery Wfck Oeslm and AnnularMca Design

AnnularWick ArteryWick

Advhnt&ges ● Ease of fabr~cationend o Redundantltqufdpassages
Msembly

e No c~rcwferentieldistribution o Impuriti?: collect in
of workingfluid required distributionwick csustng

only localhot SpOtS

c Simplegeometry ●nabling ● More tolerantof wick
eccuratccalculationof damage
liquidinvertory

Oisedvantages ● Sensitiveto boilinglimits o Difficultiesin assembly
(intimatecontactwith
wall required)

o No redundantllquidpessages . Provideexcessworking
fl~ld to fill artery
(filletsrquiree<cess
w>rkingfluid)

● Collection of impurities in
evaporatormay result in
sin~lepoint failure
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