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MLASURfMNT W PERF@WJkCE LIMITS IN CRyCMNIC HEAT PIpES

by

Friedrlch Haug F. Coyne Pren~r
Los Almos National Laboratory Astmmtics Tccimology Cen Wr

Los Al-s, W Mdison, WI

and

Robert H. Chri man
Los Alams National Laboratory

ABSTRACT

This paper describes the results of an
@xperiwnul study *siqned to invost!gate the
fabrication and optration of gravity-hssist
cryogcn~c heat pipei. rm heat pipes Wrt built,
the first having no forml wick but a roughened
internal surface, the sscond hav~ng spiral
grooves mchind with a tpccially tivcloptd
tool , Tht wall mtarial of the host pipes was
brats and hydrogen MS USA as tha m~ing
fluid. The wicked htat pipe bcca optrationtl
over the entire t~eraturc range fra tht
trfple-potnt M the critical point. The per-
formnca Ifmitttfon dtpmdd on tho oporating
tm?rature and IJIrtilt n 1 , Axial heat flux
&nsitles of up to 501d/c3 ~;, obMlned.
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hmt pipe lmgth
vapor prtssurt
heat pi~ pousr
dimensionless power
axial hat flux aniity
radiut of viper flm chmwl
rtdfus of vapor fl~ chanMl plut wfck
dtpth (R1 + 6)
liquid wolm of fluid Invonmry
liquid volw of pml
total volm of htit plpc Intarfor
vol~ of vapor flw are#
volmo of grooves in wick strurture
wick tipth
$urface tmtioo

1. IMTRODUCTIOU

There has b-n a consldortble number of
investigations of hi~h and abient teaperaturc
h~t pips in the last years and accordingly, the
&sign tichnlque and operating chtractoristics of
these heat plpcs are mu reasonably -11 under-
stood . By caparilon, the gra~ity tss!ste4, cry-
ogonic heat pipe hat not yet bmn extcnsfvcly
#tudied, A theorot:cal m lysis of cryogsnlc

fhmt pipe} Is given by Chi , The first txp@r-
Imnul study h+th a {’ryoganlc heat p~pc ustng
nitrog n #s a mrking ~luid was carried Wt by

!Haskin . In his exp(,rimntt, lcr~t tmptraturc
drops of up to 2CU were nbservod wltfch uerc par-
tfally attributed to thQ 10U thoml conductance
of l!quld nltrogtn fn the wick.

In subsequent axp@rimnls3 wfth c nftro en
?Imt pfpe of total length 25rm and ono m d a-

mter at J paer of 5 watts t teq~rattire drop of
17K over the retire length T, found , which con-
fims th~ -suits of H#skin . Using an slab-
orati wfck structu~ consistfnu of t wrt pod core

‘ifor axial llquid trtnsport, r dial flow Q9C ma
Mcondary wlckir,g at the M1l 1 # msonably
good imthoml operttin condition was ob-
Uined, Brmntn ot. al, ! , inv~sti #ted an tr-

!Wrial and grooved nttro~n Imt p pQ a~ close to
horizoltil oritntitlon, Alario et. al. ,
avelopd a re-entrant groot? hydrogon iieat pfpc
usin~ extrusion technology. An oacett vapor
rmeriofr MS provided it the evaporator to
mknimizo the pressure fn tk,~ con~imnt du ing
mbtont storage. Testing of thil h-t pipe 5

shaed that t$s hmt ptpe lwca opration~l dt



Th9 min Ob.jwtivo of the prostnt 8tudy Is m
siwlify th] design for -11 cryogonfc heat
pipOS, aswially th wick StiUCtU_, S0 tht
fibricatlm cost can h m&Icd bnd Isoat pips
utilizttim Incroassd. For this sti!dy, tm h~t

1
ipm mm buflt, the first having m fomil wick
ut a ra@md internal surface or “oran

snd ths wmd having spiral gr~VCS mch!%!?’l “
ulth t s~lally ~vQIOpd tool . nydro~ mS
umd #s a uo~ing fluid. TM h-t PIPOS uem
Wtml In W gravity -alsfstd mti varyinc both
the tilt M le md ommting xratum to ln -

~JVtsti 4te ●ir ~rfomanco charac~ristics. A
dacr ption of the hmt pipes, the av~lo~nt of
th wick structure, W .Wrl-ntal bchdques,
and the msul ts am pmsontad.

2. HEAT PIPE DESIGHS

Coppor, tilch hU bwi used as W wall mu
rial for cryogmic h~t PIPQ owrimms. SX-
hlbits oxtraly high therml conductivity in the
~cratum ran~ invostl atrd In *Is study.

?Thortfore, slncc the ania th~rml cmtiction
muld contribute sl~nificantly to W axial heat
t::nsfor and mko it dffftcult M swdy th heat
transftr dm m * tm-phass wc or transport,
brass was used for ftiricatlng tRe Wt pfpes ,n
tits invatigatlon. It has u very all thcmsl
con~ctivlv at li~ld hydro~n Wmperaturm and
Is also c~atiblc with hydrogon. The tm hmt
plpm wm ftir~catad using ovorsizd brasi
Ming that was dram to the mquird df-tcr.

2,1 Mat Pi~ #l (“Oran p PM1”)

A IIWIQ kc lpe can be mde by using a
!tube with an wic ed or wgtwnod ir~~r wrface

(wlcklcss heat PIw). This was tri~d as a first
a~roach in this fnvostlgation. The OV@”St Zed
brass tubing with a ~th lnnor uall surface
having an o.d, Of 4.7- and # -11 thickness of
0,81- MS drm to M tisird sfzo of 3.29uI
o.d. tiich loft an id. of 1,6%. The CMp~rd-
tivoly lar~ Mll thick ntss 9fn\aizd the pres -
mm conti -.lt hazard tiring *font storige.
Aftir drming, the orl IIM1ly moth surface on

?th~ irwwr diamur mh bitod a wrlnklcd appoar-
MCC uhfch mstilod m “orange PHI” as shcwn in
Fig, 1. The hat pi~ MS provided w~th a w1l
pinch-off tube for evacuation and filling of the
m~ing fluid. The filling procedurs is de-
8cribd In a lttir S4ction. The ovorall length
of W h@et pi~ -S 1-.

2.2 Mat PiY 42 (Spiml GrMIvos)

Aocontly a m mthd of uicking ~llTd:s-
m~r hut PIWS -S &velo@ at IAHL .
mol used for Intimsl thmadlng is thrw pointed
Qnd is ihtpsd bo M M roduc~ Spiral groov~s in
th. i,d, oftktubcwa!l, TIwt.Ml (w FiQ.2)

Fig, 7. Tcml for Inmrnal Thrmdlng,



fig, Ifter
Threading.

After wicking the ov.Mi ZOd tube was drem to
W desired dlwter, fOll CUlfig tk’w mm proce -
tim for the wlcklos! hmt pfpe (ortnpe pml) de
scribed abovt. The gtatry chmged sl~ghtly dut
W the drawing pr ccst. The wict tiptn ossm
tlslly rmalnd the t- Ail* W grmvt spacing
Incmascd to 0.2- d~ w tit olongatfon of the
tube

2.3 Filling

For cnnvcnlmce the hmt PIPQS -m filled
with, hydro~on mbovt its critical point rather
thn with the liwid phase, This mthod rc -
quird tptclal cam m achltvo the dcslr?d fluid
fnucntnry bscause of the large t~raw~ and
pmtsurr chtng~s Involved.

A. Fluid Invonbry. In Best hppltcations,
tho -unt of r7 fd Inventory is chotm so that
tht ulck structu~ of ●Je heat $+pe is Mturtted
and s- ●xccss fluid, which wtll form t pool in
tho ovtporator Mction during o~ration, 1; in-
cludd. Thll technlqw wts usti fn this BtuQ.
Ths tots; volw of thp heat pipe inwrfor is

(1)

dttrc Vv 1S tha VOILN of tho vtper chmrml and
V th~ volms of tho tick, ~ich cannot be m-
g!octed In th~se wll di~ur pipot with cm
paratlvoly deep grwvts. The VOIW of th. wick

2
Vw ● n(R -

0
(2)

o of t-k row width w tho!liquid VO a tl

Vl=vw+vp (3)

Any closd cycle heat pipe omratton fs basically
m isochortc process i.e. , the mm &nsity of
the fluid rmains constent fri W enclosure.
Usfng cmservatfm of mss ● man *nsfty of *
fluid cm be &Umfnea

(4)

Because the owrhtfng *rature ,ws~~ of a
hydrogen beet pfw Is -11 (13-33 K), It CM be
shtun that the li~id volm mtio V~/Vt
doesn’t chm~ apprWi4Rly, UWmfom the liquid
vol~ [Wins marly ccmstant tiring Mat pipe

x
ration. Because Of thC 1fmited pHSSU~ of
hydrogen source avail tblc, t& heat pipe was

coold to llquid nltrosen ~rawos at tiient
pressure drine flllfno. USing (4) and tho ideal
gas relation the pressure of hydrogen at liquid
nitrogen temperature can be determined.

B. Procmlure. Before fflling, th~ heat p’> was
c10a7’@ with a solvont and ●vacusted at -font
temremtum fOr S8Veral hours at a pressure of
10-’ lom using a diffusion vacwm prep. Then
the hoet Pfpe ues imrsed in liquid nitrogsn and
pressurized wfth hydro~n to the &slred value.
-t PIN J1 (ormge -l) was fil;~d with tm
diffarent quantities of mtiing fluid. For Heat
Pf~ 42 the fluid inventory -s sufficient to
~turati the wick, leavin ofIly a =11 aunt of

!●XCQSS 11quid for tht Poo ,

3. EXPCRI~NTS

3,1 Test Mt Up and Instr~nt#tion

It MS Intan&d to operate tho heat pipes in
tho gravity-assisted md.e and to vtry the tilt

We:!: %::;’:? RpW;h WM:ws
tus. The heat p~pe was betted with a direct con-
tact oloctrical I’wter (Heater #l ), Tht con-
dmser Section of the beet pipe MS soltired into
a copper cylind-r by Wans of a cold so;d8r
eutectfc @* &slllm and Indi@ hich fs liqutd at
mm ~?rtum and solidifies at ~rature~
hlcm 16 C thus insuring unifom tMrml con~ct
Mtmon the hee L pfpa cmtintor and the copper
cylinder. TM copper cylinder wal tt~ched #nd
t.fw-lly bonmd to the cryottp of t hell- ott
CYCIQ r?frigerttor With prov~ded tesperaturec as
lW as 10K. The cooling (,apaclty of the mfrig -
●ratir and tha ~er?’~:-e of its cryotfp de-
~~d oil th hst load and cwld not directly be
cmtrol led, The mthod used to control the heat
pipe ~.raum mt vta M aunillary heater
(Maur 12) munted ont~ Um :oppor cyl(nd@r
Thit h~ter ?upplfod a pemsftic heat load to W
host mfrlgwatir thus t,ldtr,~ctlycontrolling its
cold tide ~eratum. EXW3V1 themwplos
-M used tu -ature ~ratum difference
along M h~t pipe WQII, A ctrbon-gltss m-
sfstor MO used for the reference ~ratum.
Chr~l/&o14 WIW c-fmetion MS used for the
themcoupl@l becau8e of its suwrior sensitivity
with Wtpsct W otkwr MtQrlal c~inttion$ over
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the lou m8peratum Solder ulthoutnltlng the
ht@er ~eratim solder on W Chr~l leg.
Using the mfcreme cation-glass resiltor cali-
bmtlon of Sk themwples shoued good
msult$. The @st apparatus was insulaud with
ultllayer fnsulat(on and insttlled In # vacuum
chuber.

3,2 Tests

Heat Pipe #l was initially Ustad with a
fairly all lfquid pool. In subsequent tests, a
large pool covtr!ng almst the entire length of
W ●vaporamr smctlm was used. The fluid ~n-
ventiry of Met Pipe +2 *S sufflctent to setu-
rate & wicks during operation leivlng a fairly
~11 pol. Heat pipe operating tmp~rtture was
controlled by heat lnrut to the auxfliary Heater
#2 #t tl’wcopper cylintir. Hect pipe pmer MS
controlled via Heater #l and Increa$ed in smll
fncr~nts. The Mperature along the heat pipe,
the t-of~rtnce t~ratire, and the respective
heat loads tn tht heaters mre recorded in }nUr-
valS Of ~ seconds.

The perfo-nce limit of the heat pipe was
obtained uhen an uncontrollable t~erature tx-
curslon ticurred I.e., the wnperatures at the
beginning of w evaporator and subsequently the
Mperatums in the adiabatic sectfon muld rap-
idly ●nd continuously increase, This resulted
frm cmplete dry-out of the evaporator. Th< op-
●rating t~oraturt was varied to find the Mm
pcrature ran~e in uhfch the heat pipe cw.!ld func-
tion and to Mp” the performance chartcterf!tics
fn this rcn9e. Sever@l o~rating regims m?re
observed and are discussed In ~ next section.

4. PISULrS MD DISCtiSICM—— ——

4.1 Heat Pipe #l (OrMgQ P@el)

The uickltcs hett pipe M! difficult to op-
orati ind would carry only very small Peat loads
I.Q., in the 1(W rmgc, filch cm be attributed
m axial conhctlon In W onclosum wall. Even
at these -11 po#ers a slow, but uncontrollable
ox.cursion muld occur Indfcaring a perfotnanc?
limft. An oaplandtfon could be that vapor bub-
blts am ~ntratsfl In tht lfquid pool of the
Qvtporttor s4ctfon, which lncrmle in size and
CJUSO # t@-phase slug flow.

‘h’ ‘Xp’’’d”n! “perbubbles In the smll l,b 1.4, tubing wu d puth
th llquld Wwardk th~ condenser and tht condwn-
mte WJld acc-lati thcr~. Thts proc~ss mlJld
h r’op.mted until tht evaporator Is dri{d out and
a tmpt”ttum @xcdrslon muld s?t In lok~ing to d
failure In t.h hmt pfpo o~ration. The cap@r-
imntt mrc repoa(~d Sevaral tlmos Jnd ild.ys
Bhamd th sau rmultt.

4



1Idt incr~ses with c fairly gmdual Slope to
t~emtures of approxlmt~ly 27K. A mximm
porfommce occur~ at \ ~rature of 2k. At
this tilt Mgle and at mlatlvtly -11 heat PIPe
powrs accurhu dam UJS difficult b obtain, ●s
pacially at ~craturos groat8r than M. At
these t~eraturrs W hwt piP mwld opertti
under nonisotiomal cmditions, i.e. , the Xr -
al-um at tM bcgfnni~ of the cvapordtir muld be
elevated with mspcct to the t~ratum in the
ad~abatic Mctfon. This has b~n studied In mre
detail at larger tilt angles ttire hfgher per-
fomanct Is .xpected.

130 TILT: 15°

500

1

‘E
2

0 PERFORWiCE
3’ L]H]T

1
10

‘\

//
o

100
0/0

\

oru-~
o 4 1 1

f 15 20 25 ~:5 30
T,I’. C.p.

CIPIRATING TEYP[RATUF,E T, L

F19. 5. Heat Pipe Pob?r md .lx!al Hmt FIUA
V@rsus Gperttlng TUp*rttum at 15” Tilt.

mtting ●nd a wbseqwnt &y-&t, mspec~ivtly.
me uplitude of the ~rature fluctu4tlon in-
creased with incrmsing *t 9ip@ -r until tk
perfoanct lldt -S machai whm the ~per-
atum in tho ovapora*ar ;ncrwwd st8adily in-
dicating a pernnmt dry-out, In FI 6, data

?MtWCn approxim~ly 22 m 28K and W, in-
dtcau ●h s4pJration betwen isotherml oper-
ation which lie Mlow’the du and w mn-
isothemal operation which lie abcie it. At

TILT: 30°

1.
500 NE o PERFORWNCE

t
x LIMIT

u

0 L 1 1 1 1 I
f 15 20 25 30 f 35

T.P. C,P,
OpEKATING TEMPERATuRE T, K

Fig. 6. Heat Pipe P-r and &xial Hmt Flu~
VQrsu$ Opcratlng T~crcture at 30”
Tilt. Areas of Isothrml #nd
Noni!othe-1 hat Pipe Operation am
Indlcat8d,

f’?o @ratin Wperttums above 28U tht temperature
f uctuat ons decroascd mtidly and -m htrdly
notlcctblc, At operating ~crttums below 22K,
no ~crttur~ fluctuation was obstrvod and tht
hmt pipe oporated Isothtmlly ur,tll the wr -
fo-ncc limit -s rtached. This kind of b@-
havior probebly caist4d also @t the 15” tilt
angle, but due to tht very s1l h~tt pipe -r

!and -11 tnperatum fluctuttioni this cw d not
h obtorvd.
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3p~~~rnc~: tdn?d tilch 1s twt’oxfUWly
At stll1 hlghor oporatlng

~ratir?s ttuI”perfomAIIco1Mt drops SJW71Y
tonrds zem near the critical point. Also, In
thls test f sotm=sl and nani SOUMIU1 mratf~
chmcwrl stlcs mm ob~md. At qrawres
belw 2UK tlw heat Plpa opmtcd lSOUWIU1lY
mt~l the 1 Imlt uss roached. At hlgiwr

Flgurw 8 shins th performance characurlstic
:[OIM Imst ?Ipc o raud In the vertical posl -

rThe saw h Nor cm be found as in the
provfws discussions; a s~p Incraase In per-
formance tith Incmsing ~erawres, a WXI-JU
of approzlmtaly M at 23K and a tirease in
~rfotmnct M the cr~tlcal point Is approached.
The -xlw -r obtilfwd Ic approxl~taly 301
smaller than ●t 60” tilt. Also In this CM.

‘000

900

Boo
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.

= 700

ii
a
I& boo

&
*
u
* 500

400

300

?00

100

0

four dlfio%it ‘ares of wrstlon mm foun~’, , , 1 1

50

TILT: 60°

/0 I
:4$ .c:~tspond in ~iatura range to &- data

1000

;15 20 25 —.1: 30 35

I 900

T.P. cmP,
OPERATING T~MPERATUR[ T, K

fig, 1. Heat Pfpt P-r and Axfal Hmt Flux
Versus Operating T~@ratum for 60”
Tflt. Areas of 1!othertaal tnd
Wnisotiaml Heat Plpa Opor@tion am
lndicatod.

tmporaturos tha isothomal oporatfon ara4 1 It
untir a cum that starts St around 3W md 2W
md ends X approalmstoly 1- lnd 27K, AMVO
this curvo the hast pipt oparttcs nonfso-
thamslly with tmoratum fluctu~tfonc fn tha
●viporator section that can ●cood 10U. At stfl 1
lt?gor heat pips p~rs, It was ob%orvad that the
11.a#

x
could fall back W SII lsothomal G@r -

fch f8 Ct~~Qd, ‘Rccovory fra Non
tsothomal Operation, ” The heat pipQ oporatod
fsothcmlly until W pwfomahcc Ilmft wks
r.achd, Fwr areas of o~ration Wm dls-
ttn ulshod, thrw bolng isothmml, md ma Ddng

!non sothwml,

40G

300

200

100

0

TILT: 90°

50

0 PERFORWWC[
LIMIT

Q

T,P. Cl’.
OPCRAT1hG T~MPLRATURC T, K

Fig. 8. Mat PipQ P-r and Mlal Mat Flu K
Vorws Oporatlng Tomperatura for 90”
Tilt (vwtical). Areas of Isothermal
and Nol, isothemsl Moat PipQ Operation
am Ifid~cotod.

F4guro 9 fs 8 umsry of tho data at 30”,
60”, and W“ (vwtlcal) tilt, In all three
cam, tk psrfomsnco fncwasos stoQPIY with
tncroasing W9pwaturts close to * trl le
point, In U!fs rqion th, thrw curws !i@
practtcallj togath~r, This Is m indication that
th~ limitations am fnbpandmt of tfltmglc.
It fs possiblo duo to ths wry small vapor prm -
sura In this Wmperatum rmgo that the sonic

6



ltmit is encwnterd. This lidt Is &scr

Q = 0,474 A#fg(a#~)o.5 (5)

tnd Is cmmortional to ttm sauere root of

bed by

he
vapor dinsiu. In the figure- the cume repre-
senting the mnlc 1 inlt ts al~st a vertical line
tilch corr~sponds u1l wfth the r~rlmntal
dAti. At Incro#sing tqratires the thr@e
cumes Sep&rati and a ticrcase in gradient oc
curs, ~lch IS especially pronotmcd at the 30”
tflt omraticm Indicating a di fformt type of
~iujt. At tnperatums of tiout 29K the three
curves unfte again and the performance limit
drops @ zero at C1OSC w the critical point.
Again, in this ~rature rm9e, the Petiormance
linit is in~pmtint of tilt mgle. A &creeslng
linlt ulth t~oraturw is characurittic of a
boiling linlt. A critical rtiial
calculated b using a comelatim

fand Griffith 1.

0.6

()

‘i - ‘vQ ■ 0,012 hfgovA@ ~
v

beet flux iS

by Rohse*cw

(6)

Thl-, boiling limit prediction is shorn in Ff
9, This comelatlon provides mly M upper !I.lt
to the test data and does not lnclu& my geo-
-trlc ●ffects.

Bet-en the Wmperatuw ruige of approx! -
mtolv 14.5K to 25’K a different type of liml
btlon my @xist. Since the heat pipe per-
forwmce limit tipends on the tilt angle, It is
presumd that the li-it-atlon predmlnantly is a
liquid return llrnlt. This cm bc Indured hy th
vaper/li~id lnt8ractlon of the counter flwing
vapor which COU14 lc~d ta ●tralnmnt or flooding
in the con~nser of the heat pipe. M entrain-
~nt or flooding linit correlation for vortlcal

~~~l~~ps;d~~!f~ da;yl~~;!;~n~?b~ ~~{3
Is given by

and

Qe “ c[tl/2

(9)

Q? “

H~ver,
for Mat

(lo)

this comelation over -predicts the d.ati
Pipe #2. flooding l~mits CM be hiaher

for rmn-vsrtical opera tlm-dw b W t;,iste~ce
of puidle flm ~ich &reeses the tnmrfacial

1000
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Elm

700’

y boo’~

w
W
w 500
~

LIJ
n
=400
1-
ag

300

200

I00
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T.P. C.P,
OPERATING TEWEWTURE T, K

Fig. 9. Cmpari son of IWsurd Pcrfo-nce
Lirnlts at Diff@rmt Ihtlffutions with
Performnct Pmdlctions.

In addition ta the possibility for ●n-

CDUCLUSIOUS

M
A MU method b wick -11 bore ditmter

tublngs ufth circmforenti~l grooves has b~n

?



Introduced. Fabrication costs cm be r~uced and
heat pipe USili ZOtlm lncreasd using tiis
mthd . Tm l.b id. h~t pfpes with hydrogen
●s mtiing fluid were built, the first bein a
wlckless beet pipe, the second having spira 7
grmves. Ttw uickle$s heat was difficult to
oparati md muld camy mly M1l heat loads,
I.e. In the lM rmge. The heat pi~ wfth
spiral grmves bec~ operational practical ly I
ovtr the entire t~erature renge frm the
triple-point to the crttical point, i.e. frm
13.8K to 32.W. Wmrtlly, the perfom.ante limit
lncreose4 with Increasing temperaWrt and reeched
a mxim,m at t~eratures bttww 24-29K de-
pending cm the tilt angle. At t rnll tilt angle
of 15” the hi#vest ltnit was a

P
roxi Dately

1*M. Ulth an increase In ti t ●ngle the per-
fommc? 1imlt increased snd a -xi

3
was found

●t 60” t~lt titch was WW or 5DU/ axial
heat flux. In the vertical position W per-
foimnce limits mre approxim~ly 30S sailer
than at 60” ttlt. At very saall operating tm
peratires and at temperatures close to the
critical point the perfommce 1imit was inde
pancknt of inclination. An malysls of the ●x-
perimtal data indicates that at very smell op
eratlng temperatures a sonic limit exists. At
taperatures close tc the critical pofnt a
bolllng limitation ●ight occur. In the mdium
tmerature range the perfommce 1Im it &pends
Strcmgly on the tilt angle which Indicates a
!Imltation d~ to liquid flmv i~edance within
the wick structulw. A recently postulated liquid
limit model agrees wll with the e~erlmntal
data obtained in the vertical pmitlon.
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