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C ABSTRACT

i
i

A comprchensxve literature review coverlng the period'

from 1964 through mxdycar 1970 on hcat pipe - technology is

'presented A bricf citation of early heat_p:pe wo:k is

followca by a7prcsentation of heat pipé phenomenology in
which the mechanism of operation, external boundary condi-

tions, operational limits, the influcence of noncondensable

gases, and startup behavior, are discussed. Experimental

inVestigations difcctcd at determining the suitability of
various substances for use as wbrking fluids and wicks are
describcd. 'In,addftion, nuherous experihentél studiés
dealing thh opcratxonal characterzstxcs of hcat ‘pipes are .
evaluated. Several p0551b1e areas of heat pxpe appllcauxon

1nc1udxng heat transfer, temperature control hcat flux

‘conversxon and control of thermal conduutance are examlnedv

A discussion of baslc heat pxpe theory together wzth numer-’
ous modxfxcat1ons and sxmplxt;catxons concludes the rev1ew{

An experxmcntal program is described whxch consxsted of

"threc phases._ The fxr»t phase 1nvolved the dc51gn and con-"

:structxon of an apparatus for tbe measurement of wlcking

.propcrtles such as the maximum wxckxng hnxght and thc

T
.




: ‘construct1on and tc>t1ng o{ a convcnt1onal Ly11ndr1cal lcat

traﬂsxcnt velocxty chnractcrxstxcs in a porou: samplc.

-‘_ . . o~

sccond phasc of the cxpcrxmcntal program 1nvolvcd tho dcsxgn,

pipé. Wall tcmpcraturcs were mcacurcd a]ong the pipe as a

functnon of both hcat 1nput and p;pc orxcn.atxon. !t was

[ound that the tcmpcraturcs at thc cvnpnrator cnd were

cxtrcmcly scnsztxvc to orxcntatxon..- .’ ‘}f}f cL 1“f:'j‘;b”
The third and final phasc of the invest ‘atxon con—”i

s;stcd of e\pcrxnentaaxon thh ‘a copiannr heat pnpc. The;

ochctxvc of this part of thc <tudy was to dctcru1nc to

what ncgrcc the compancuxs in. a tuo »orponcnt !cat ﬂxpe

‘'sepavate. Both single component and watcr mcthanol mxxturcs

were uscd for the workxng fluid. The tcmpcruturc distribu-
tion was measurcd under the wicks and in the vapor space

for various combinations ol power .input, orientation, and

methanol mass fraction. 1t was found that stratificution'

had an 1n[1ucncc on Lhc t“mpcrature ficld hxthln the vapor.
' The temperature profxlcs mea>urcd w1th watcr mcthanol n:x?;

tures thlblted a conszstcat ‘trend vhen conpurcd to the .’f?,~

prof11c5 obtalncd thh pure water.. The nehavlor of the

profiles suggests tha a nartxal scparatzon of conponcnrs SRR

occurrcd. The pﬁgnomcnon of comp]cte compnncnt <cparatzon

e RS e s L I

was not ohscrvcd
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CHAPTER 1: INTRODUCTION

In recent ycars it has become increasxnglv 1mportant

to develop mcthods for the efficient transport of thcrmal

encrgy from one locatxon to another. The advcnt of thc
space age hés morcover scxmulated rescarch fer heat transfer
devices wh;ch arec light' wexght and have rclatzvely long lee

Such a device, although not for space applx-

'catxon, was fzrst proposed by Gau$1er (1] of the Gcneral

Motors Corporation in 1944, Unfortun&tcl) for uauglcr, thﬂ
thcrmal transport nroblcms uf that t1mc could be solved

uszng more conventional heat transfer methods and dCV1ces.

thus cffectively concealing the truc patcntxalcof his xnvcn-‘

tion for some 20 ycars. In 1962 Trefethen [2] submxtted a

repo*t to the Gcneral Tlcct‘xc Company in hxch he cuvgcstcd

the possxble use of a passxvc thermal devxcc fo‘ spacecraft

applxcatzons. This device was to conel;t of a. hollow tube‘

Wlth a porous liaer coverxng the insido ,urface.» Energy

-

would be transferred fr om one end to the other by means oF

2 capillary induced, coctxnuous mass cyclxng. ho experx»c
mental verification of this ccncept was attempted however,;A

and *hc suggc<t1ﬁn was quletly buried in company fxles.¢>w“

In 1964-Grcver, et al. (3] of 'he Los Alamos Sclent1f1c;if“

endently redlscoxercd a ch1ce 51nxlar to

R
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Gaugler and Trefethcn s and coxned .hc name’ "heat plpe" to -

s

descrlbc it.. Grover and hxs co-wo rkcrs were” worklng 1n thc

VoLt 38"
LR e i * 3

. : A Et
arca of spacccraft power gcncratxon at thc time hut they BN A

. . -

)

xmmcd;atcly rccognlvcd the po.entxal of tho heat pxpe xn =

®
. e

‘othcr arcas. A hcat pipe. 1s dcfined as a closed structure

contalnxng somc workxng fluxd which tranefcrs thermnl encrgy

i from one part of the structure to another part by mcans of . E ffﬁ.'

arorxzatxon of a llquxd transport and condcnsatxon of thc

1 - .

vanor, and the cubscqucnt rcturn of thc condensatc frcm thc

v .,
P NRRPIE SR 9
.

condcnsex by cnpxllary action to the cvaporator. Bccausc

+

. cncrgy 15 transfcrrcd by the flow of a pure saturated vapor

-

a hcat pxpc is usuallv vcry ncarly xqothermal. Howcvcr, I SN

hcut pipes oftcn-Opcratc nonxsothcrmally if the siturated

vapor is "contaminated" with a sccond gas. The sccond gas o e
may either be introduced into the pipe intentionally for the
purpose of control, or may be accxdcntnll) admxttcd throngh

leaks or 1npropcr f1111ng procedurcq.- If the :cco.d_gas

(vapor) purt:c1ua*c< in the cvaporatzon proccsscs “then the._ - G

pxpc is called a "tho componcnt hcat,pxpc. If thc sccond
'gas is unable to liquify and partxcxpate in thc heat tr ans~~:

’

fer, it is u'ually referred to as a noncondensable gas.

Many 1nvcsf13ntors have had cxprr1cncc thh noncondcnsahle
gasns ‘in ncat px[cs (usually un'ntcntxonall)) but lxttlc,i-ﬁj

has becn done to . 1nvcstzgate the opcratxon of two or mu1L1-

comooncnt Hcat p1pe> | This lack of actxvxty has prov1ded J,;

-

thc motxvatlon ror thc prcsent rcscarch program.
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formed an clcmentary one dzncnsxonal analyszs and conctudea.

- {hat for a hcat pipe operatxng at stcady statc the var;ous“ ' . -~

.sufficient to maxntaxn circulaticn in thc mcthanol ﬁcgment
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The fxrst paper ‘which mentxoncd two and multi‘omponcnt B B o
heat pipes was publxshcd b) Cotter in 1965 [1]. tie per- [ RNy

components would se;aratc and form a scries of segmcnts cach g 'Tég
containing a pure comaoncnt hthh would opcratc as an | .
“indcpendent” heat pxpc withxn the mult1 conponcnt heat
pipe. The tempcraturc of cach scgmcnt would ad)ust 1tse1f
ao ;hat the pressurce uzthzn ‘the vapor 1< ncarlv cons&amt
throughout the cntxrc pipe, thas formxng a seriés sf tcm-‘
perature platcaus. The most volatile componcnt, of course,
would be located at the condenser end of the heat pipe. D ,:j
S. kat off [S5]) analyzed the wall tcmpcrature dxqtrlbutxon
for a coppcr heat pxpe contaznlng a. mxxturc of ethanol and
methanol._ Hc assumed that the cncrgy necﬁcd for the lcg

with the more volatile (mcthanol) componcnt is tran:fcrred

past the cthanol methanol 1nterfacc pr:mar11) by conductxon AR R

alowg the wall and wxgk structurc. If thxs ‘heat flou is

tﬁcn the sxtuatxon 1escr1bcd by Cotter wculd exzst 1. e.,

the two legs would opcratc 1ndcpendcnt1) and the tcmperature

dxstrlbutxon in thc pxne would comprlsc two platcaus..

- p v"‘ [

.
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at each locatxon thc relatxvc composxtxons would have to be'

such that the lxquxd and vapor are’ in ¢qu111br1um. Katzoff

S

- speculnted thnt if on the othcr haﬁd thc condu;tlon past thc

1ntcrfacc is not cnoubh to malntaxn the mcthnnol lcg, thcn

it may be poss1blc for an ethanol-methanol mxxturc to exist

. _ along the entire pipc in hoth the lxquxd ‘and tho vanor.v

Thzs would be possible if tho comp051t10n varxcd both

~
ORI .

4"\ B -

rad;a‘ly and axially 1nstcad of Jjust axxal)y. ‘ !7" N

v "ot o~

Txcn [92] mcasurcd the ax'al tcnpcraturc dxstrnbut1on

R Ly e

.

-along the outs1dc of a watcr e‘hanol hcat p1nc.  tie de;er-

the prcs<ure whxch had to prcva11 1f pure ethanol occupied

the condenser and’ purc uater occupxcd the evaporator. ,HeV
concluded that separation x“to pure cowponﬁnts in a heat .

N _ pipe is éxtrenely d'fficulg if not . impossiblc, to achicvc.

' Instecad hc found that if thc~1n1txal comp051t10n was r1ch 1n

'»cthnnol thc data attcstcd to the cxxstenuc of a thcr-’i N
"thanol mxtture in the cxaporator hhxlc nearly pure etnanol

(i.c., the abcotropxc mixture) occupled tho condcnser snc-'

tion. A‘l ot T1ca s. data, howcver wcrc obtalncd wx‘h the

e

i . pipe opcratzng vcrtxcally w1th the cvnporator bclow thc Qiif.
condcnscr. If thc pxpc contains excess. lxquxd such

'arrangencnt is usuall) referrcd to- as a reflux condcn<er f ¥

i
|

-fni o h -mlned the prcssurc 1n51de of the p1pc and comparcd thx% wlth » ;
‘l

N C Al

bccausc gravxty forccs, 1nstcad of capx]lary forccs, Lan<y'

.
[P S

CaSLS results would have to bc v;cwcd thh somc cautlon f

e

"alwa)s return the condensatc to thc cvaporator. In ,uch co
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aims of thc rcscarch rcportcd in this study \nrc

pipe and‘somc4of the problems assocxatcd‘thh it is a pre-

.requisiﬁe'{or the invcstigation_of a two componcnt heat -

' a*t1c1Ps to be discusscd 1nc1udc those publxsheq up to-

approximately Harch 1970 In addition to thesc nbout

-becausc the wick: structure may - or ma/ not - sxgn1f1cantly

4
v

-alter. the liquxd vapor equxlxbr1um cond1t1ons.. .

*

'§” j It 1s clear that present knowlcd;c about cven the funda-

'-mentals fomult;-componcnt heat pipe qpcratzon 1s,rather

limited. It was the objective of this study to extend this

knowlcdgc for the case of two componcnt heat pxpes. -Tﬁc3,'

1) to perform a survcy and cvaluatxon of thc heat

pxpc lxtcratur

2): to expcrxmentally s*udv and dcccrxbe the bJSlC
.Jphysxcal beth1or of a two component heat pxpc,

anJ R

.

Ab'

to analvtically predict the qualitative tempera-
ture and Lonccntrat1on profxle> in the \apor core
of a two componcnt heat pipe.

-Bccausc an understandxng of a >1ng]c componcnt heat

plpc, cbaptcr 11 contalns a ’iscussion of the general'

phcnoncnologv of heat plpcs. In cnaptcr III a rcv1cw of

all literature pertaxnxng to heat vxpcs xs presentcd The_

twclve artlcles to be pr~<entod at thc 1970 ASME Spacc :Agf

chhnol»gv dnd Heat Transfcr Conferunce, Lbs*Angelcs;~

(aleornla, June 21- 24 willi be refcronccd 1n an appendxx to -
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the current research are described in detaxl. Expcrimental T .E
]

,supporfing information is conthined concludes the study.

.

this study. Due to the large number of rcxerences ‘cited,

chapter i1l is somewhat 1engthv Rcader; prlmarlly xntcrcsfedv -‘Aﬂf "

in the expcrxmcntal invcstxgat1onnmay find it expedient to

proceed directly to chapter Iv.* The analytical formulation ~ = = . éj}

for a two component hdat pipe is discussed in chapter V.

In chaptor V the various apparatus used-during the course of

résults_are pfesented_in chapfer Vi togefhcr with fhe pre-

-k s

dictions from chapter v, ‘A number of appendices in which
i . ! .

Chapters II and ITI together with a mod1f1ed 1ntro-'f
ductory chapter are being published as a monograph cntitled, ,
"The Heat Pipe;'" in volume seven (7) of the "Advances in - g""", N
Heat and Mass Transfer," New York Academic Press, 19/1.,,vA,:_7 o
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"7 "CHAPTER II: HEAT PIPE PHENOMENOLOGY

e . . -

- Description and Types 6:1Hcat Pipes

As ev1dcn; from the deflnxtxon ng“n in the xntroduc-
txon, all heat pipes have a number o common fcatures.
Flr;t, ull heat pxpes xncorporate what is ususlly referred

ts as an cvanorator. _This is the part of the hﬂat ﬂipe'

through which thcrmal encrgy from some cxtcrnal source is

_1ntroduccd into xts walls and from there subsequcntl) tians-

ferred to thv workxna flux?. Sncond all heat pxpcs 1nc1ude

a condcnscr ﬂcctionf Thc workxng fluid condens;a hcre and

ultlmatcl) transfers its heat of coxdcnsatton to an cxtornd‘

s1nk. Many hcat plpes contain also an adxabutlc scctxon

~located bctwccn cvaporator and condcnscr._ The adxa;atxc

scction besides prcv'dxng a paSSch for the xTuld serves
no functional purpose o‘her than scparaglng th( hcat source,

and heat sxuk to ma«e thc hent pxpe compat1h1e thh any

3

b . e

ngcn cxternal gcometrlc requlrcmcnt.‘ 1'1 : : '{i- fj}33“

In a£d1t1on to the longxtud1nal :cctxons, i. e.,'

cvaporator, condenser. and adiabatic section a heat pipe;'

ngy also b» subdxvxdcd for tuc purpose of dlscucsxon 1ntd.

three racl 1 componcnts. The outermost she;l xs usuall}

N

refoxrcd to 51mn1y as the * cnntalner Thc conta1ner sf?ﬁi.ff“

| sole-mechanlcal purpose xs to enclose the functlonlng parts

hetanme ke

(Y
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®

gy e
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of‘théfhcat'pipc.aha to. lend ‘it structural rigidity. Sincec.
the'intcrnal“prcssure is‘often'diffcrent [rdhﬂthe envirodj

mcntal prcssure, the contaxncr must be capablc of with-

K4

standzng prcssure dxf’ctcnces thhout bulglng or burstlng

along w1th cost and nanufacturxng conszdera-

This constraxnt
tions has led to thc wvide use of cylxndrxcal "pxpﬂs

In dddxtxon to fluxd and "prcssure"’

.

ta wing structurcs.

cont‘unment

-

the hcat flow path from thc source to the sink {sec Pzgure

2.1). Henee the contairner wdlls should'bc thin to minimizc

ThlS featurc is in direcct onposx-

tion to the thick wall roqu:remcnt for,prcqsure contaxnmcnt

their thermai resistan<

and'hencc an opportunxtx for an opt1m1 txon prcscnts itself

The next radial clement is utuall) rcfcrrcd to ‘as the ic!

‘For casc cf the prcscnt d15cuss;on, thxs may be rcg11dc”

51mplv as a porous matcr)al fxllcd thﬁ small random inter-

conncctcd capillary channcls. Varxous t"pcs of WL\R< and -

thclr propertlcs arc d1sgusscd in grcatcr detaxl later in

_this study. Thc wick rcturns the 1iqu1d ffbmvthg condenser

to thc cvapoiator utilizing‘the surface tcnsidnlforccs;of.

the liquid. Although it is not a réquirémcnt the wick‘is,

usudlly firmly attaghcd to or pressed agalnst thc instde - _

wall of the container. Since the wxck is 1n gcncr«l

saturated with a Low COﬂdUCthltV worklng f1u1d (exccpt 1n

" T et

the casc of 11qu1d metals) the wxck fluxd matrlx rcprcsents

'u>uallv the na)or rcsxbtanco along thc hcat flnw nath

i AR

as‘con-"

the contalncr also acts as an 1mportant part of'

PR v,
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Figure 2 1 Heat Pipe Components

RE

is therefore nccessary to,considcr'thcfmal properties as..

well as 11qu1d transport nropcrtxcs when selcctxﬂg a suita-

ble wick. The interior space of the heat pipe is usaally

‘referred to as the vapor corc-which_providcs a passage for

the vapor‘as it flows from the evaporafor-to th: condenser.
It ehould now be evxdent that the heat pipe definition
entails no geom;trzc constraxnts in. rcg1rd to 1ts s;rucéure"
‘and in fact a largc number of hecat pxpcs of many dlffercnt
shapes have been bu;lt_and testcd. Severa] conventxonal and
unconvcntion#l heat pipes are dcpictcd in Figures 2.2 o

through-z.d. :A.ﬁeat pipe, as originaily concei&ed by

"Grover, ét al. is illusira:ed ’in‘Figure 2.2-A [3]. This ~

partxcular g"ometry exhxblts two features wh1ch early

1nvcstxgators fel; were 1mportant for cff1c1ent heat pxpc -

- M - PN
[SET - .
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. chambers" or "vapor chamber Ffins." The ‘device shown"%a

"operatxon, i. c., a rclatxvcly large length to diameter ratxo'

and - a poTous W1ck matcrxal which covers the inside surface"

of the structure. Flgurcs 2.2- B and 2 2 C 1llustrate two

typxcul heat pipe confxguratlons which also have a large
length to dzameter ratio, but which'provide for capillary
transport of the lxquxd in grooves and crcv;ces formxng an'h
xntcgral part of the containing structure, contrary to thc?_‘

porous wicking material skctched in Fxgure 2.2- A whxch is

. only held against the xnsxde_wall The heat- pipe Snown~rﬁ

Figure 2. 2 D has a vcry amall length to dxamcter ratlo,

Heat pxpes having such proportlons are often called "vapor.

Flgure 2.2-E also fits our deflnxtlon of a heat pxpc although

the liquid and vapor flow paths are scparatcd mcchanlcallv

Vo
whereas in the mor= <onventional heat pipe only the liquid-:

"vapor interface separaies the flow}paths. Finally, the

device depicted in Figurq 2.2-F has recently'been introduced‘
[6] as a "fotutihg hqat pibc.“: Hcrc the 11qu1d return is
caused by centrifugél forces of the rotatlng contrxvanca.
Although the rotating: dcvxce appears promlslng fO?'many
thermal transport problems, 1L does not fit our def i;ltlon

of a heat plpc and hence will not be dlscussed in detall

Fv1dently the varxatxons in ncat pxpe shapes are ff“ df

con518=rcd a doughnut shapeu hcaf pipe. .. cheral lnvestxf

gators [5 8, 9] haVe proposed and dc51gned flcx1ble hea*:.5 T

4t

unlimited; hoth Katzoff [SJ aﬁd Conway and kelley [7] ave 'cf'~ -
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'pipcé.‘,RCA has built nnd'bperaféd héat‘pipcS“Qith a”vaiictf

‘of gcomctr:cs. -Amoﬁg thc§ -ave the two illustrated- 1n

Figures 2 3<A and 2.3-B [10) Tho confxguratxon dxsplaycd
in Z.S-A will cffcctxvcly transport heat around a 90° bend.
ic five-pronged device in Figure 2.3-B allows the usc of

any ‘combination of prongs as cvaporntors and of the rcraxn~
zng prongs as ;ondcnscrs. For casc of manu(acturzng, Hoth
typcs,havé cylindrical cross scctions although this is not
a rcqux’cmcnt.- In additien to the ahévc gédmétfieé,zﬂ;x

'scveral 1nvcst1gators [10 1)} havc bullt and testcd a so-

As xllustrated in Fxgure 2. 5 thc

callcd radial heat pipe.
radxal hecat n:pc provxdﬂs for thermal cncxgv transport from

a bcat \ourcc to a gonccntrxc heat sink. The ulck lxnlng

the inncer walls of the annu!us in this casc is complxmcntcd-

by spokes consisting of additional wick materials. Here,

as thn most other hcat plpo pcomctrnvs, thc rclative posi-

tlons of the condcnscr and cvaporator may bc 1nterchangcJ

in ordcr to accommodate any partzcular thcrmal transport
problem. " The varlctv of gcometrlcs dcplgtcd above arc by
no means inclusive of all p0551b1 confxgur1t10ns and arc'

presented only to 111u>tratc the cxtrcmc vcrsatxllty o( thcn

heat pipe fer tht trancfcr problcmb. ~

[ - o B ’ LN

Functioning of?fﬂé Heat Pibc'

Aiafxrst gldncc, the opcrat'on of a hear pzpcgapycars'

Thcrmal cnergy 15 transfcrred from thc

&

cxcccdxnblv sxmplc.

cvagorator to the condnnscr by Lontlnuous mass C)Cllng and

-
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_ phase changenbf'é'suifnble Qéfkfﬁﬁifluid TTThe;mééhaﬁiém of

'the latent heat of transformat1on has long bccn rccognxued o -

“as an efficient hcat-transfcr proccess. Hany gadgcts, c.g.,

Roilers in many cases utilize a mcchanxcal pump to continu-

‘one of the major impediments for a successful heat pipe

“scnted schcmatxcally as showu xn llgurc 2. . The 1n91dc S

structure. The penalty for having a slxght cxcess of f1u1d
-is small compared to the pos<1b111ty of heat plOC fallure\ﬁ;7>
hhlch mlght arxsc rrom a dCLICXCNCY of fluxd

“the core of the Ei pe 15 es:cntxally Pt t“c saturatlon

phasc change with the nccompanylng absorptxon or release of -
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the coffee pcrcoiator:nhd the reflux'condenser,‘combinc'hcat

;ransfer by phasc change with a graV1tv 1nduccd mass C)clxng. "'; B i

l

ously cxrculate_and rcplcnxsh the working fluid.  In a héat

pipe, however, the working fluid is cdntinuthly‘cycled“by

the surface tension fdrccs of the fluid itsélf. It is thxs o ";H‘f7j

et

unique mcthod of mass traancr which has both stxmulatc& a . R o

growing interest in the heat pipe, and has also proved tb*bc‘ _ gA
‘ - S

operation. To better understand the functioning and the ‘ f'_.‘u.{
limitations of heat pipds let us consider in more detail

thc physxcal cffects occurrxng in a heat pxpc..

Thg steady state opcrntxon of a hcat p1pc may be repre-

wall of the contazncr 15‘11ned hlth a porous caplllary

structure wh1ch is saturatcd with some worklng f1u1d fA"
sufficient amount of fluxd must be auppl1ed in the contaxner

in order to f111 (saturatc) all thc pores of thc capxllary

[ ~ Lo

v;The vapor 1n

Vo
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Figure 2.5 "Heat Pipe Schematic

pressure correqpcndlng to the 11qu1d surfacc tempcraturc.
In actualxty the saturhtxon pressurc of a vqpor in CQUI-
11br1um thh a 11qu1d surface depends also on the radxus of
curvature of thc surface.l Thcvvapor pressure 15 greatcr
than that actzng on a planc SUdeCC if the llquxd surface
is convcx, and less 1f thc meniscus. 15 concave.f The effcct
is usually too small to warrant consxderatxon and is- not |
szgnlflcant until the mcnlscus radlus is of the order of
onc micron [12] Sincc the tvpical capillary porcs in most}
heat pxpcs arc largcr than one mlcron, no notxceablc error’

is introduccd by neglectxng thxs effect




- The heat transfer from the sourcc to thc sxnk is 7'21?;
nffeéééd malnly by sxx'51nu'tannous and 1nterdcpondcnt L
processes: 1) heat rnnsfer frcﬂ the source through the
container wull and wick- liquid matrix to the 11qu1d vapor’

interface; 2) cvaporntxon of thc lxquxd at the 11qu1d vapor

N
s

1ntcrfacc in the evaporator' 3) transport of the vapor in
.the core from the cvaporator to thc condcnser. 4) condcnsa-
tion of thc vapor on thc lxquzd vapor Intcrface in the
condenscr, S) hcat transfer from the lxquxd vanor interfaccv
throubh thc wick-liqu1d matrix and contaxncr wall to the |
q1nk and 6) return flow of thc condcnsatc fron the con-’
denser to the cvaporatcr causcd by capxllarv actxon in the
fwxck. lLet us now con51dcr each of thcec prOCCsccs sepnrntclv
and in more detail. - R
Hcat transfe. from thc source to the liquid-vapsr-intcr-

fac; in the evaporator is csscnt\allv a conductf&h procéss.
For low conductxvxt) fluids, c. g., water or a!cohols, thc_
v»thcrmal cnergy .s conductcd through thc wxck lxquld matrix
almost cntlrc;y bv thc poroas wxck materxal <1nce the wxck-
has a hlgher hﬂrmal ccnduct1vxtv than the fluxd lor-h1gh;”
-conductivity liquid_mctals, hoqucr, the heat is conductcd
both through tﬁé wick ét'uciﬁre and bv the liQUId in the ‘
pores. Heat transfcr by convectxon xs vcry small beCJUSC

.

the porcs are too smaxl for an) sxgnlfxcant convcc;ton cur-

‘.

T

o rents to develop Thc tcmpcraturc drop assoc1ated thh con—A:f

ductxon across thc wxcl 11qu1d matrix dcpends on thc worklng
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heat flux. .
lgquxd can takc p]ace.
- mass £

 responsible for the functxonxng of the hcat pipe.:

: force Pdlance on'a sxnglc pore show

is the bas i d

...forces autlng on the llquxd durxng c1rculat10n.

Vo

fluid;,ﬁick>ﬁaté}ials wlck thxckness and the nct radxal T

.

Thxs tempcrature drop may rangc from a few . [ 7

tenths‘td scvcral hundrcd degrccs Fahrcnhext and is one of

the major_tcmpcraturc gradxcnt> along the heat path

Once thc thermal cncrgy has. bccn traus[errcd to the

.

vicinity of the lxquxd vapor 1ntcrfacc, cvaporatxon of" thc

Te

" As the llquxd cvaporatcs

'the net - -

low awa) from thc surfacc causes- the 11qu1d vgpor.

intcrface to rcccdc 1nto the uxckxng s;ructurc.' The result-- »

ing concave shapc of the mcnxscus, >hown 1n Pxﬂure 2 5, is
A,Simpkc‘
S that for a sphcrlcal

interface the pressure of the v..or cxcceds th lxquxd

pressure by an amount cqual to thcc the surface tension

divided by the meniscus radius. This pressure diffcrcndé

v1ng force ’or both thc liquid and Vdpor

flows. It is opposed malnly bv the gravxtatxona‘ and vxscous

The assumcd

form of the 11quxd vavor interface sketchcd 1n Txgurc 2. 5 15
ptobahly qu1tc rcaT1st1c for rclatxvely low hcat fluxes.} As

the heat flux xncrcnses howcver

thc mcniscus rccédcs even

o

further xnto the wick and assumes a more comp!ex shape [lo]

which may evcntuallv 1ntcrfcrc thh thc lxqu1d flow 1n thc SN

capxllarxcs. Once the lxquxd Has absorbcd thc latent heat

P"L,z

of vaporlzatlon and 1s evaporated thc vapor beglns to move

'( .

through the core of thc,pxpe touards the condonser., The

}.

3
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Ty 5 ould be menti oncd tﬁat thc dr 1v1ng prcssure 1n the vapor"

~flow 1s caused by a small pressure dxffercncc prcvatllng 1n“

“the vapor<corc. Thxs pressure difference is causcd by the

sl1ght1y hlghcr tempcraturc (saturatxon prcssure) 1n the
cvapovator as covpared to the tcnperaturc (and hcncc lower
aturatxon preschrc) in the condcnccr.A Thxs tcmperature‘dl‘
drop is oftcn used as a crxterlon for succe<sfu1 hcat Dxpc
 opc.. on, and -if thc dxffcrcncc is lcss th1n 1 or 20 F, hé'ﬁj

‘:heat p1pc xs often <axd to oe operatlng in thc "heat pipc -

teward thc condenscr, ﬂdul»lcnal mass 15 addcd from the down-
st m portxons of the cvaporator and conscqucntlv the nasc'*

T W

flow rate and vc]ocx;y in the axxal dxrcctzon contlnuc to. ‘?‘,:""f

inchase throuqhout thc evapcratox. 'In"ﬁrgc condltlons prL- N i

vall in the condenser scction of the heat plpc ;o - S

Thc vapor flow 1n thc cvaﬂorator and condcn%cr oi 2 - L
heat pipe is dynnmxca‘lv xdcntxcal to pipe flon with 1n1ec- s
tion or. suctxon respcctxvcly through a porous. \rll : h ~7¢_f%‘,ﬁ;ﬁ

flow may bg cither laminar or turbulent deuendxng on the‘»g

’opcratxng condxtxonc of the heat pipe. “As thc vaﬂor fthS 5=1“‘ﬂf‘

through the cvaporatc* (dnd the adxabatlc <cct10n) thc prﬂs-f"”h'

sure continues to dccrea:c due to both viscous and ac cl cra-

‘tion effects. Once the condenser section is. lcachcd and thc_“"”'”

vapor bchnq to condecnse on thc liquid- -wick surfacc -n par-

'1a1 dynamlc rccovcr) 1n th" deccleratxn" flow tcnds to 1n~

-cre1se ;hn prcssurn :n thc dlrcctxon of fluxd mctxon
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PR corc7{s'somewhat smaller thad the vdpor p%cssure‘différencei S

ot

of the rluxd in thc cvaporator and condcnser.‘ This is so,

bccausc thc vapor prcssure of thc lxqu1d in' the evaporator

.
.

.must cxcccd the prcssure in the adJacent vapor in order to

L maintain a contxnucd evaporation process. Likewise, the’

pressure 6E the condcnsing vapor must excced the vapor

pressure of the adjacent lxquxd in order to maintain éon-‘

tinued condensati on. S -

As the vapor ronden:cs the lqu1d saturates the pores ' v

in the. »ondensor. The mcnxscus "has a v;rv largc radxus of . -

curvaturc, nnd in fact 1t may be con51dcred essent1ally — TR

e

infinite. An) cxcess workxng flu1d in thc pﬁpc collects on : j'i:

)

= - - . . -, - -

T8 Srsearanan xw
.
i
+

the condcnser surfauc thus V1rtuallv 1n<urtng a planc 1ntcr-' . ];%

face. The hcat of condcn\atxon is conducted through the I BRRAR

wick-liquid matrix and contatncr wall to the hcat sink. ' “v : . fﬁfi; :
é If excess quuid 1s prcseut? the temperature drop from the ' ; . e

interface to the outside of the container will be larger : 'u‘_al.'“* cos
than .the corresponding tcmperaturc'drop in the cvaporator. _ A -

In fact, some investigators [14' 16] fcel that the thCdel o 'f_uﬁlf.f

resistance. 1n the condenbcr 15 onc of thc ma)or parumeter

to bhc conaldcrcu in hcat pxpe d051gn.

Finally, the rondcnsatc is "pumped" through thc w1ck to n

\

the cvapdrator bv capxllary actxon.f The lxquxd f]ow 1s gen- '

craII) rcgardcd to bc lamxnar and assumcd to be dom1nated by :

-

..v1scous forccs., Thc preﬂcurc along thc 11qu1d flow path

ee

dccrcascs due to both the vxscous losscs and the 1ncrease 1n=

e et e - e v o e 7
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Load ol idn e g

-10perat10n of thc hcat pxpc ln prescuue of grav1ty hlth the o

’-,condcnscr abovc the evaporatdr actually dcfeats the purpose"

'sate along thc 1nsxde of thc contaxncr wall wlth less

7 V1scous loss than lxqu-d flow 1n the w~ck would cause.\,!n

"his mode of opcratxon thc heat pxpe 1s snxd to havc degcn-‘

din th1< monooraph thc prcssure los< due to gravzty w111

‘elevatxon xf thc hcat plpe 15'6perated 1n a gravxty fxeld

of the wxck sxncc grav1ty can be used to return the conden-

crated into a rcflux condcnser or therNOSVphon.“ Thcrefore,

~ - ., N

.

alwa)s be consxdercd grcat than zero (evaporator abovc

o F
B

'conacnser) or ccual to 'cro (horx’ontal orxcntatlon of heat

pe sxnulatxng a gravzty free envxronmcnt)

&t . ~. = -

Bccausc the vapor tenperature or operatlng temperature

" as ;t is somctxmc: callca of thc heat pxpe is cqscntxﬂlly

determined bv the coupling of the hcat r1pe Lo the heat

source and the heat sxnk a brief dlscussxon of pOSSIble .
source- exnk comb1nat10n> and thc.r cffcct “on. the hnat pxpe

operatxon 15 warrantcd The vapor tcnpcraturc adjusts

v

1tsclf in such a way that the tempcraturc drop across- the

- P

wick- lxquld matr1x nnd the contalncr wall in evaporator and

condenser is adcquatc to transfer thc ngen hcat flow fron

heat sourcc to heat sink. In other words, the absolutc

N

vapor tcmperature is cqtabllshcd 1n rcsponse to the tcmpera-

turCQ 1npoxcd on both thc evaporator and cond*hser by the

< e fe

source and sxnk Thc tcnpﬂraturcs at the outalde wall of

15 -7

. PP
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 ve,

cro on thc typc of coustra
nfloating" tcmperatur

e sort of hcat:flux boundary condxtxon.

- ;. o ' .: '.: . ] ,-‘ : -
1nts*imposed by sourcc or sxnk.
the cvaporator,’a e is usually the ;‘AgiT:n

rﬂsult of forcxng ‘som

upon the he1t sourcc.” This is easily accomp11shcd by .

heaters, 1nductxon c01ls Rr coxls or

employxng resxstancc

radiative heating for the heat source. At the condenscr,

"float1ng :cnpcrature is commonly effected by radtatxvc

coolxng." A fxxed tcmncrature can be mu;nta1ncd at exther""

: cnd of the heat pipe thh conctant tcnperatur; baths or by

utilizing the! heat of evaporatxon or ccnﬂcnqatxon of a
secondary uorklng f1u1d for heat addltxon or rcmoval e

TQSPCCtl\’Cly, at comtant. tcmpcraturcs.- B T

’ ‘ Let us now cons:dcr poss1b1e qualxtatlvc tcnpcra*ure

Prof110< along thc ‘heat flow path (Scc Flgure'-.l) " for Q 3{§jA B R
re 2. 6-A dbplCtS thc' o < b B

\ } qcveral sourcc sin
tcmpcrdturc prof1lc which would be obtained if both the - = : A

k were of the constant "fxxcd" tcmperature ) b e

ax1a1 heat flon rate

k combinations. Fxgu

sourcc and the sin

typc;' For -such a <1tuat10n, only one

is possible. The vapor tcmpcrqture in thc hcqt plpe 15

avera ge of fhc source dnd sxnk tcmpcra~

hat cloqcr to the source"‘"

i
S R
A quite closc to- the
§
i tcnds to bc someh

“‘urcs ‘and probablv

empernturc 51ncc thc thcrmal re51stancc 1n tnc 11qu1d wxck ':-“

matrix is 1argcr in thc conoen<er than in the evaporator.. Jinl,f~¥n”

Ustrates the tcmpcrature orofxle whxch

i
s : Fxgurc 2. 6 B i1l

‘ Lted and the sourccTi
4

%

i

results 1f the sxnk tcnper1ture is. £ .

'tcmpcraturc "is- allowcd to float T\ls partxcular comblnatidn:ff,

AL kA AN TN
]
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e PR




Hre et

PRV T

N
.

o r——— .

(I

~ (FIXED)

~> SOURCE TEMPKR_ =~ | - S|
' \HEAT FLOWsq |

-

SINK TEMP,
(FIXED)

) [] . 4 - -
EVAPORATOR LIQUID VAPOR LIQUID VAPOR CONDENSER -

SURFACE

SOURCE TEMP
(FLOATING )

| I .
Nasn’r FLOW=%>9.1
\ 3 ‘\

INTERFACE INTERFACE

A -

¢ 1 o i

s R

SURFACE

Aok TEMD,
(FIXED)

-T2> Ty
"%

>T,

-1,
SRR )

]

SOURCE TEMPR
(FIXED)

‘Powm we an fom fom
—

s oo an o=

SINX TEMP.
(FLOATING)

i

Figure 2.6

c .
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Along Heat Flow
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5of source and éink is conmonly'found'ih lehbretoty tcstiﬁg"
of low temperature heat -pipes (resxstance hcatxng and water
As ehown by profxles a and c, thc selrce

P

apor temperaturc 1ncreasc Wlth IIICI'C‘GS'

Jacket cool1ng)
temperature and the

ing heat flux.’ Convcrsely, if the heat flux is maxntaxned

constant and the sink temperature is increased as in pro-

files aland b, the vapor temperaturc and thc source tcmpera-

ture agaln 1ncrease, but now the tcmpcrature gradxcnt« in

the cvaporator and condenscr remaxn the. same.

descrlbcs the proflles hhth are obtaxncd if the source

temperaturc is fixed and the sink temperature is allowed ‘to”

float._ Here we - see from prolecs a and b that the vapor
—temperature must drop 1n 01der to nccommodate 4 larger heat
" flux for a fixed source temperaturc and converscly it must
rise for a given heat flux if the source temperature is
1ncrea>ed A >1gn1f1cant omission from Figure 2.6 is the
case where both the source ‘and the 51nk tcwperature are
allowed to float,
laboratory testing of hlgh temperature 11qu1d metal heat
plpes L;nductlon or RF c011 heatlng and radxat1ve coollng)
For th1s case the operatlno temperatur of the hcat plpC
adjusts. 1tse1f to a value at whxch thc total ncat 1nput
cquals the total hea. reJectlon. Sane thxs self ad;ustment

depends on the exact type of source and sxnk uqed andf

posqlbly on ccrtaxn propertles of the contalner Wall Jtself

“ LR . 3

Fxgure 2.6-C ‘

a situation ofteﬂ encountered durxng the o

e. g.; electr1ca1 resxst1v1t) ‘or. em1551v1ty,'an exact ;.‘:3-““

v
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- In gcncral 1ncrcased heat fluxes cause an xncrcase in “the o
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statcment about the Opcratxng tenpcrature cannot be madc. f: Vwifhx'

“temperature conditions. Onc of thcsc is. callcd "qonxc llmxt" R

'."4-» ‘4'“ .

cveratxng tcmpcrature “of the heat plpc..ff'?} it' ~»f s BT

xhc proper fuuctxonxng of hcat p1pe> depends also upon

! cont1nuou: cxrculatxon of the wcrkl ng f1u1d' consequently, ;,d._; '{l%
'it.ié not SUYPYISIng that vxrtually all of thc lxmxtatxons - _335121';7?f
(ix te) for succcsa[ul heat pipe operatlog are assocxatcd ‘li“i l ,;fja:;
in one wav or another thh the 1ntcrrupt10n of thlé mass o Vﬁ%.'
c1rgulatxon.' The limit dxscuescd aad analyzcd most oftcn ; “a;fff

in thc literature 1€ the so- callcd "wxckxng lxmxt. : Thxs 7}’;“‘

cond1tton is reachcd when a vacn heat flux cauccs the

" .

lxquld in the llquxd wxck matrix- to evaporatc faster than - ‘f1~ .

it can be <upp11ed by cap:llary pumping in the wxck (wicklng
actnon) Once thxs Londxtxon occurs, the llOUId vapor T A 1;{

meni scus Lontxnuc< to recede into the hxck unt11 all of thc

liquid has been depleted: - The wick in th cvapordtor "'i“ ‘ '::' o

bcconcs dry and the centaxncr tcnperaturc 1ncrcasc= WIthOUt ;  »{

bouud until a "burnout" condxtxon is rcachcd whxch u<ua11v - _ -
c<u1t< in dcstructxon of the pxpc. of course, thc burnogt '.'-1',. #_ﬂ-
condltlon can ole be reached if the sourcc ‘s ot the float-‘ uA f?- 'Qfﬁ
ing ‘temper aturc tvpc.v For a fzxcd tcmnerﬂture >ource; the ‘:‘ . fu i,é

hcat plpn would simply. ccase functlonxng once . thc capxllary

limit is achicvcd “and no mcchanxcal damage would occur.

Aoy’

5
:

.

Two addltxonal 11m1.s of heat plpc ope rat ion ure common-‘

1y Jssocxated w1th heat pxpe startup" and low opcrdtxng ',“7}'3’;f

. l"'-'—éﬂ
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'»turc is Lept constant uhllc thc sxnk tcmpcrature is lowercd

a condxtlon found 1n hcat pxpcs in whlch ‘the source tempera- '7ﬁ‘v‘ﬂ

- <

The vapor dcnsxt) dccrcasc> and the vapor velocxt) 1ncreases

corrcspondlngly until the vclocxty becomes sonic. Thc vapor

flow ‘‘chokes'" at the cvaporator exit, JJuct as it docs whcn

the sonlc Londxtxon is rcaghcd at the throat of a convergcnt
zzle [17].‘ Once chokxng occurs, a further dccrcase of the

sink tcmperaturc, in analog) to a rcductxon of thc etxt

e e v e il 4w

pressurc in a noz:zle, nocsuno:,rcsult any longcr in an R

_increase of the total heat flow. ~ ":-f:’“‘. e

ey enie

A so-called "entrainment limit® is ched when the

ap)r vclocxt" is hlgh cnou;h and thc vapor stream §hcars- '

L
ek 38
v

coff droplcts from ‘the lxqu.d interface cntraxnxng and carry- - .f L
ing them to the condenser. Quite frequently thc droplcts e T

be heard ‘as they impinge upon the end cap oE the heat : ; : 'g-l
pipc [18]. The prem nturé depletion of the working fluid 'A:-’ 4 VR

from the wick mcans thut less lxquxd can rcagh thc cvaporator

where it is needed for successful heat pipe opcratxon. jThéjf I A P

)

entrainment limit dcpcnds to a Iargc cxtent on the surface'iﬂ :;

porc sizc of the hlck matcr1al nnd also on thﬂ surface tcn-ri'

sion of the working fluid. The use of- smail purc sxacs and

P

b e i e T 5 e

<t
[

fluids having large surface tcnsxons is pcrhaps the most.

cffcct ve way of avoiding liquid entrdxnneﬁt

g} pn o e

The reclative position of thc operdt1ng lxmxts 1n a hcat
flow Q, versus tcmpcraturc T plot 1s 111ustratcd in Fxgure

"2.7. Mlere Q GCrcscnts the total atxal hcat trans(cr ;ate';f'

2 e g iy gy T3 1 oo e
- e
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Figure 2.7 Limits to Heat Pipe Opeyaticn'llsl

and T is thc Avcrage vapor tcmpcrature in the heat plpc.:
Success ful hcat pxpc operat‘on is pos<1b1c only under con-
~ditions existing below the curve ARCDE.  The shape of the
area under the curve may.vyry drastiéall} depending on the

wick material and working fluid uscds however, the basic

shape of each limit curve should remain as shown. Numerical

cxamples for thcse various limits will bc_prescntéd later in

e -

the text of tn1< thcsxs. e  _ B .l:_”7 f -_;w4

'he prcscnce of a noncondcnsablc gas in a heat pzpc may
have a dctr1mcn al effect on heat pxpe p»r(ormancc. The non-
condensablie gas can be: added 1ntcnt10nally for the ﬁurpo<"_
of control or it can bc thc result of xmproper £1111ng pro-

ccdurns. conta;ner leaks, or chcmlcal rcactlons bctween the

workxng £1u1d 3nd the contalncr .or w1ck matcrxal Neglecr-'mwy

. ing thc control aspcct for the prcsent the most common

Jod Ln

1
$

AN RN )




. noncondensables® are air (from leafésfénd"hydragéﬁ (ffbmfihﬂﬁt'

- - PN

chéﬁical réaciions)ﬁ Dur:ng hcat pzpe operatxon thc non'
condensable gas 1s swept to the condenscr and forms a stag-

nant gas laycr.‘ The tcmpcrature in this :onc adjusts itsclfﬂ

in such a way that the total pressure in the vapor core
remains approx‘matclv constant throughout Hcat is trans-
A

ferred thtough this zone to the lquId wxck surface pr:nar-

ily by conduction. Because this mode of hcat transfer 1s

v

cxtremely slow compared to that takxng place 1n a norma¢

condensatlon proccss, the zone contalnlng the stagnant gas

3

is effcctlvely c11n1n1ted as a functxonlng part of thc heat

~pipe. The result is un cffectlvc shortcnxng of the plpe,

thus reduc1ng its total nxxal hcat tranq*cr capabxllty ‘The -

length of the noncondensablc gas zone dcpcnds on the opérét-:
ing temperature and prccsurc in the svstem.‘ For inéreaéed.
axial heat f]uxcs and the corrcspondlng 1ncrcascd pressures;
the zone w111 contract and a]lon more of the cen wdenser to
bccomc oncratlve'agaxn. Conversely' for dccreascd opcratl;g,
prcs>ures, the gas zone expands and rcduues the nrea avaxl-
ablce for condcnsatlon.v If the ouantxty of noncondcnsab]c

gas or the Opcratxng prca>urcs ‘are such tbat the entxrc éoﬁ-n

denser <ectxon comes to 11c wzthxn the stagnant gas ’one,L -

heat pipe opecration ccascs. The poss:b111ty of 051ng a'?{w

<

noncondcnsable gas for the varlatlon of the effect:vc con?

"yt wm—.———
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The prcceuxng dzscussxon bas dcalt cxclusivcly thh
stcady state. hcat pxpe bchavxor.: of equal'xmgsrtancc for
thc practxcal use ‘of these dcvzccs is an’ undcretandxng of

the transicent opcratxng cond1t10n< through whlch a heat pxpc

. passcs durxng startup.' Cc;tcr [19J LOﬂCClVCd thrcc dehC

-~ modcs of startup which may bc recognized by thc shape of thc

' dcvclopxng temncraturc profxlcs. "The thrcc modcs arc cxperx-'

»

enced when the cvqporator 1s hcated unlfornlv ovcr 1ts-*5
" entire lcngth at con<tﬁnt hcat flut whxch mav howevcr, be
varicd with time. The. ééndenscr is coolcd unxformly c1rhcr
by radiation or heat condu;txon to a sink kqpt at unxfor& a
‘tcmperaturc; The varxous nodes of startup arc xllustratcd
in Figure 2}3, the 4b<czs<a of which reprcscnts Lhc d‘stanccl
along the heat pipe (is nd thc ordxnatc the vapor tcmpcra-
‘turc. The uvniform s rartup in kxgurc 2.8-4A t1k0s place when

the vapor density is high at tnc ambxcnt tempcxaturc so that

“the working - fluld bc31n> to rcflux throughout thc p1pe meedr’-:' .
ately in recsponse to an 1.creaae in the heat flux.f ThlS t)pc'

of startup proccdure ma) bc accomplxshcd very rdpxdly thhout .

‘detrimental cffegts to the pxpc._ Thc frontal startup 1n
Fxgurc ~.8 B is encountcrcd when the vapor den51tv is vcr)
low at amblcnt tempcraturc, a case oftcn obscrved when start-
ing liqu1d metal hcat pipes from room,tcmpcrature.. In thxs

_casc the vapor densxty is so low that the rolecule mcan fre

path exceceds the vapor core dxamcter As the Heat flux 15

incrcascd,

thc vapor dcnszty Ln thc evavorJtor soctlon rlscb'ﬁ'f .
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" Figure 2.8 Transient Temperature Profiles of Heat Pipes

Dufing Various Startup Modes. [19]}.
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and the mole-ule mean Frcc path becomcs small comparcd to

the vapor core d1ametcr.’ The vapor in thc cVaborator scc-“
tion enters thc contxnuum flow regtme whxlc thc vapor . in thc
condenscr rcnain; in the free moleculc flow regime thh of
course, a transxtxon region located in bctwccn., This mode
of ﬁtartup i;‘[urthér complicatcd by éompressible-rlow

effects since transonic vapor vclocxt:cs are achxcved

Fxnally, the vapor may condense into lxquxd dronlets 1n the

KL
)

vapor corc since thc vapor is nearly satur«ted 1n the R

cvaporator bnt subcoolcd in its expandxng flcw toward thc
condenscr. Thc frontal startup in nguxe 2. 8 C 111ustratcs

a sitvation whlch can be cxpcutcd 1f a sxgnxfl ant amount of

noncondensable gas 1is prc>cnt a case in wxxch thc evaporator'

hcats up r;latlvclv unxformly
hence prcssure increasc the nonconden<1blc gas. is movcd

toward the’ co1dcnser wherc it collccts in a 1alr1 ell

defined zone. 1hc tcmnoraturc in thlS zone ndJusts xtsclf

.

so that tnc total pres>u‘c in the vapor core is approxlmatcly

constant. As the heat flux is 1ncrea>ed and thc vupor pres-
.sure and tompcraturc 1ncrea%e, the nongondcrsable zone 1;
further compressed thus causing the tcnpcrature profllcs
dlsplaycd in Fzgarc 5.8-C. This mode or >tnrtup ndy alao be
-accomplished very rapidlv The startup modcs nescr1bcd ;*‘
- above are sonewhat 1dcallzcd and varlous 1ntcrmcdxate modes
may be obqervcd depeﬁdxng on the vapor denfxty at 1n1t1a1

'temperaturc and thc amount of noncondcnsablc gas procent

\< the vapor tcmperuture and'




RN

~ . =t v ¢ )
N e N
hd ot -0 fl AT ¢ T
. B . a < -
. -
M ¥
7 - . 5
.
« *7 . s L
. - 31
-
B 4 .

Figure 2.8-D illustrates a common failur< cncountered during
startup. A
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hot spot is formed in the evaporator-and the

increases without bound until failure results.

is usually a conscquence cf cither the attain-

wicking or boiling limit during the startup

heat pipes having a floating temperature source.
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" CHAPTER I11:' LITERATURE SURVEY

e . . . . N

.General Litcratﬁrc '5.. o

A ver) cxten51vc rcsearch effort haq bccn dcvotcd to'

.

hcat pxpcs since 1964 \hcn Grover and hxs co workcrs [3] "; ing:i

at the- Los Alamos Scxcntlflc Laboratorv Los llamos, New

Mcxxco flrst rcportcd thc succcssful 0pcratxon of a heat

.

pipe. A od? sta1n1ess stccl Lontalner lxncd thh zxve R

lavers of 100-mesh 904 staxnlc>s stcel screnn saturated

‘with 40 gm of sodxum became thc prototvpe of all °ubscquent

heat pipes. Five chromcl alumel thermocouplcs werc welded

along the 9-cm-;ong pipe. The temperature’ dxstrtbutxon was

measurcd for~var10u> input power levels ranging fron SO to

600 watts. Of partxtular 1ntcrc<t anong the experlmental

>u1t> reproduced in Flburc 3. 1 are’ thc con<tant tcmpera-

turc platcaus extending from thc ncatcd end'of the plpe
revcallng the zones Whth were rcfluxxng The témperature

drop< occurrlng at the. unhcatcd end wcre attr;buted to ‘

stagnant hydrogen gas formcd b) the meurc sodlum at elevated

PP

temperatures., Thc mcasurcd temperatvre grad1cnt in the

refluxing rcg‘on amounted to less than .05° K/cm. If the

heat pipe were consi dertd a so’:d rod tit would hgvc an

4,~ -

tffettxvc the mal conduct1v1ty 1n etcess of 44 000 Btu/hrtji

W

ft°F. It is not surnrls1ng that a dcv1ce capalle of such




tics, ccpcglally VlLle& propcrtles.
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Hcat Pipc, Grover ct al. [3]
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performance stimulated con51dur1blc intercst among large .

numbers of TCSL&rChCTS Subscqucntly, rescarch and develop-

ment programs were initxatcd simultancously in many univer-

sity and industrial laboratorics leading to considcrable

duplichtion of thevfcscurch ctforts. Much of this cffort

wias focusscd on the determination of basic material propc

Bccnuse of thc large

in a relatively shori period of

time, it is very difficult to prescent a chronolcgical dis-

cussion of the references Instead, the literature will be

dcnli with by subject in the following ordorfu mutcrial

propcrtl s, opcruting charnctcriSt ¢s of hcat pxpes, hcar

pipe Jpplltd110ns, heat p\po Lontrol and hcat plpc thcory

It should not be ovorlooked_thut:s¢vcral~vcry uscful review

P—
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>article$'[20;'21;;223 have dppeafed.ithhé literature, and

' while they did not add new experimental or theoretical ". iE

1nformat10n; they probably encouruged further research and

hencc contrlbuted to the gtow;ng field of heat pxpe tech-

- nology.

'Material Tests.

.

- Work1no r1u1ds
The choxce of a workzng fluxd for a Leat pipe anp]xca-
txon is d1ctated to a large degree by several physicz l pro-
pertles of the fluid and by the'chcmzcal compatibility Cf
-the flUId with the conta1ner and the wxck Deverall and
’Kemme [Zo] were the flrst 1nvestxgators to formulate the
requ1rements for suitable heat plpc flu1d*°_ 1) hxgh latenf
'heatvoi vaporlzataon, 2} hlgh thermal COnductivity,.3) 1ow'
:vxscosxty, 4) high surface ten31on. S) hi gh wetting abzlxty,
7vand 6) sultable b0111ng p01nt. Parkcr and Hanson [24] have
Apoxnted out that the ‘vapor pressure curve dlrtates the tem-
perature range of apnlxuabllxty for a g1ven fluid. In gen-“
eral. a fluxd should be used in a steeplv sloped reg1on of

~51ts vapor pressu*e»tempcrarure curve so that the tcmperature

-,changc*assocxated thh'the given presSure-drop is m1n1mlzed

In addition, the vapor pressure should be reasonably hlgh l!”'

51nhe a low vapor pressure wou*d resu‘t zui,ow vapor densxtles

and hlgh pressure drops in the vapor flow.;




‘ésAa:funcf{oﬂ of ﬁéﬁpérafﬁré'[58; 26,425 Zé :59,3315 A(n '

addition, Frank et al. [301 have publi shed extensivé properiy
group plots for water, sodium, and cesium whxle refcrcncce
‘v:[Sl, 32} yxcld val ues of liquid mctals for possxble hcat pipe
‘apbllcatxon; ‘Langston and kunz {lo] have prcscntcd a tnble
compar1ng the valuc of for scveral low rcmpcrature fluxds
“including the freons,_alcohols, and glycols, 8351ullszand'~'
'Dxxcn [35] have as<emb1e& some propert data on pot ntxai
w rklng fiulds hthh are electrlcallv xnsulatxng

The choxcc of a partxcular fluid, of course, dcpcnds on

thc specxfxc 8ppllc&t10n‘ howcver a ch<gcncral~conclusxonse
can be drawn. For hxg} tcmpcrature hlbh heat flux hcat
‘pipcs, the liquid metaig are dcfinitcly sup rior to non-
metallic'liquids_duc':o thcir'féporApgé$$ur¢ characfcrisiics

"high surface tension, and high latent heat. The outstandiag

fluid for low tcmperatuic work appears, to he water due to
pxxmarl‘v its hxgh ~urfagc tension and latent heat. No .

valid statcmcuts can be made at this time regarding the

uitability of cr)ogenlc fluldb for low tempcraturc hcat

Y

pipc appllcatxons.

Wicks

Prior to thc‘rccent interest in heat pipes,{tbc‘mqjqf- .

ity of work on flow through porous materials' came from such.

"dlversxflcd fields as soil wechanxcs, nctro1eum engxnccrxng,

’watbr purlflcatlon and ccramxu cng;neerxhb. Tbe partxcular ?*

.typc of flow in norou> bod es

under study was usually e1thcr=u

N }r‘\.
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a gra\lty xnduccd flow or a forccd or prCSSurx-cd flowlf' S R

Many publications in these ficlds as ucll as. the fundamental ' ',F

‘theories on flow through porous ncdla are prcecntcd and dis- e

~cussed in a_book by Schc1dcggcr [34]. Instcad of gravxty or v ,g.iﬂ:
mechanical work, the hecat pipc on thchthcr hand, utilizes
sillary ‘induced fluid flow for its operation. This par-

txcular fecature, along klth scvcral othcr prcrcquxsltes to

?
i o S aemere b

be dxscusscd subscquently, has Ied to Lon51dcrable rcseargh

cfforts aimed at«dcvcloping or finding cxisting wick materi-

[ S,

. als suitable fur cmployment in hcat pxpcs.' ‘

-AS mentioned - cdrlzcr, the primary requi tc for a hcab‘

- . . . Coe

pipc wick is that it_acts as an cffecctive c;pi}]ary pump.,. . i »'ff
That is, the surfacé fqnsibn,forccs developed between the' |
fluid and the wick structure must be sufficient tonbvcftomgl - 5 ’ff
all viscous and other pressure drops in the pipe and still.
maintain the required fluid ciréulation. Bccause the hcnt . . , s

plpc may often be rcquxred to opcratc in a grav1tv fxcld

with the cvaporator located aﬁovc “the condcnscr the wick:

Jhould be capablc of 11ft1ng the working {luid to hc‘ghts_»

cqual to or greater than the maximum differcnco.in clevation

betwecen the cvaporator and condenser. The recquircments are

of opposing naturc since on onc hand largc pore sizes are

v

called for to m1n1m1 c thc v1suous 105> in-tﬁc wick and on *
the other hand small pore sizes are necded'to prov1dc for.
cuff1cxcnt capillary pumplng and maxxmum 11(t hc1ght. ,Asy'

[T
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appears warranted and ‘in fact numerous authors have addresscd : o

themselves to th1> problcm and their work w111 be treated

\

The’ propcrty data on potential hlckxng naterxals, which el

have been accumuiatcd to date, orlglnatc primarily from wick-
ing hcight_mchuremcnts ‘and the measurcment of the pcrmca-
-bility,vwhichrféﬁdefined'as a proportionality constant p
between the - flow rate and the pressure drop in a porous: body B -
Thc tcchn1qucs uscd and ‘he values obtalne;lfor these: propcr-‘4 f
ties will be d1scussed»1ater. In addition to tne operatxng : ‘,'7 .
~charac;efisti¢s.'50vcraiimechan1cal features must be con- }r 8 A
sidered when examining pptcntialihéat piﬁc Giéks. 0 spec nl
impbrtancc is the rcpréducibility of a witk.gtructure'so t.at
fufurc hecat pipc’invcstigutor; may rely on data gcncraied
during earlier invéstigutions; 'Thc wick shquia be mechani- . .Av“é
cally stable and should be rigid cnough so fhat iis flow ' L
propertlea do not chan&c in rc<p04~c to wxck sagglng or"
stretching. The ease of wick fabric 1r1on und the co>t are I
also 1mportant and it is conue1vab1c that theqe conxxdcra-.

- tions could somcddy be the major crxtcrxa for w;ck selcct1on, - RS
if heat pipes are cver mass- produccd |

A wide va.xety of w‘cks iqve been succcssfullv cmr10ved

PO

in heat plpCS. As mentioned earlier, the {1rst wxck and
also probably the most widely used to date consiSCS'of?

<cveral laycers. of flnc mcsh screen. Various mcthod: hav ‘343 . ST

becn uscd to guarantnc much*nlcal contact uctwccn Lhe screen




‘and the contaxner. Ncnl [28] rolled the scrccn on a ﬁnndrxl

~and upon ~nsertxon 1nto the plpe removed the wandrxl., Théi

'sc reen was held agaxnst the heat pxpc wall bv 1t< own re511-‘

ience, but Necal found that the rcs111encc varxcd (rom scrccn

to scrccn and hcncc the pcrfornancc of the plpc was not

‘rcnroducxblc. Deverall’ and Kemme [73] forccd a stcol ball

through a hcar pxpe,_after the ecen lavcrs had been -
inserted, and apparcntlvlachlcved guod contact botwccn the

lthk and the wall. ' Howcvcr,~n0‘attcmpt was madc to chcck

.thc reprOuucxbxlxty of the. wxck 5tructuro>.’ Kemme [17] has

“constructed rigid screen wicks using the foliokiné procclure. .

Several layers of stainless steel screen were wrapped around .

.a copper tube.  The structure was placed into another copper

tube and drawn through a die to ccmpress the screcn layers;

the copper wa$ removed chewically.  The screen tube was then

heated to 1000°C iﬁ a vacuum oven to boné the étructurc.
Fihﬁ]ly thé haked, rigid screen tube hﬁsiinéﬁrtcd into a
heat piﬁc_whcro the screen and the crescent annulus between
scrcén und‘wall formed an c?fectivc wick sﬁfucturc with
reproducible qualities. Numcroug other techniques for
-screen wick prqparatidﬁ havé either been uécd or suggested.
»ncKinncy‘[SSI has employed a Coi]éd spring to hold a4 screen
_Qick'Firmly against the heat pipe wall. Kﬂti&ff {S}_COA-
‘structed wicks in which:a single larer of screen is metal--
iitally bonded-to the wull‘ One constructxon tcchnxquc:

.consisted of elcctroplatxna a tnln contxng of indxum or txn

PANI
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onto both. ghe screen and the wa,l pfeséingﬁthc two fifmly'
together and bakxng them in an aven (200°C for indium and
'275°C for tin). Excellent results were also cbtained by
diffusicn bonding stainless stezl screens to stainless steel
‘plates.- The bonding was cffected by prcssi;g the screen
against the plate with a pressurec 0{ 15 psi while baking”
tﬁem at llb0°C for Z>hour$ in_a_vécupm oven.

In additibh to'using screens as wicks, several jﬁveéti-
"gatofs have embloycd>screéns only as a retaining struct&re.
“lleat plpes ‘constructed at North Carol1ra Statc University

[36, ‘37, 38, 39, 40, 413 ‘have’ utxlx.ed ‘wicks consxstxng of
various types of beads packed in an annulus betwccn a retain-
ing sérech and the heat pipe wall. Wicks of this type have
been successfully constructed using beads of monel, glass, .
and stainless steel of various diameters.

Several different textile fabrics have also been em-

ployed as wicks. Haskin [25] used a rayon Lloth as hlck

<f§r a nitfogen heat plpg. The cloth was held ‘1rm1v agalnst
“the heat pipe wall.by slidxng together two halves of a
slotted, dlagonally cut retaining tube. Shlosingcr (42, 431
and Shlosxnger, et al. [44] selected. -a quartz fxbcr cloth Qs
_ a‘wick for their experiments with flexiblc heat pipes, in
which the cloth was pressed againSt thékwnll with springé.'
Attennts.uo bond the cloth to the heat pi pc wall met only
rwith linited success.v . It was found that or dxndry rubbe

cement produced s#cceptable bonds for .operatlng

SR
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temperatures up to 50°C if the rubber was allowéd to cure . X . ¥

. and bccomc "tackv" bctorc the w1ck ‘was prched against thc A
-5~ hall - Experiments’ w1th higher tempcrature silicon rubber VL
. failed hccau<c low molccular wciqht silicon bompounds wvere e R ol
) "‘f \
rcleascd in thc Luran proccs< and cffcctxvcly hafcroxoo[cd s

thc wick. Good bonding was auhxcvcd hv applying heat scal-

vk

able film materials, such as thermosctting and thcrmoplastch
shccté of'thc'polycstcr resin and polycthylcnc-tyhc. ' |
) . ; ’ : . i
Othcr invéstigutors experimented withﬁcommcrcinliy o i
available bbrous metals as potential heat pipe Qicks. Necal

. -[28] constructed a héat pipe using 3 sinteved copner Titer

wick. Unfertunately the wick was not boadad to the heat

" pipe wall and poor results were obtained. Tl'orous metal e T

[

wicks are extremely difficult to machine and nornmal cutting
techniaques such as band-xawing, shecaring and grinding tend
‘to close the surface por;s Jlong the cut. The usc of a

filler material which could be rcnovcd ther cuttlng is not

generally r=commcnded since it is ux!ftgult to gomnlctely
1cmovc the filler, which changc» thc w\ttlnw chdractcrxstxcs‘
of tne porous material. Langston and Kunz [13] havc mxcro-
scopically cxamincd-poroﬁs.metals, which wefc cut by‘cleétfo;i
discharge machining (EDM) and electrochemical (ECM) nachin-
iﬁg techiniques.  They fouhd that FDM tended to crode the
_surfdcc whercas ECM cut the porous material very cleanly
'Qith a minimum of:pore distruction. -A technique to avoid:

the machining of porous metals completely was recently




deve;oped [45] The tcchnxquc cnta 1s

'mxxturc of part1cular mattcr, bznder. and solvent to #

surface. As the solvent cvaporates the surfacc tensxon of

thc fluxd drdws thc parglcles togcthcr, compactxng thcm,

Vyct leaVing open pores. 0f sp ul clgnlfzcancc is the fact

that thh *hlS tcchnxquc wxcklng <tructurcs can bc applicd

to gcomctrxcallv conplcx ﬁurfaccs. zlch QtructurC° have

becn succcssfully fabricated fron powdcrs of Alzo,, SIC;

aluminum, copp»r and nlckc o

th the exccptlon of screen hx;ks, the hxckxvg struc-

turc< wh1gn havc rccctvcd th~ moqt attcntlon are thc #E-

callcd'low rcsxst1ncc “and Lomnosxtc “1cks. Bohdanxkv ct al

{40) first suggcstcd the possi lextv of using chaﬂnclx, cut

into the interior surface, running axially the lcngth of the

tube. Eussc and his co-workers [47] constructed several heat

’pjpes emploeying such an integrated type of wick and found

that the structurc was chyAstaBIe and the pore sizc was

asll) controllcd Kemme {17[ haS'édvocatchthe Qéc of
"‘omv051tc wicks axth a- fine nurc sizé dt_thc liquid-vépdr
interface to providc good canxllaz) pump ng and a Iarger

pore siic underneath for the rcturn flow o( t:c liquid.. He
fabrxcatud such a cnmpOSLtc w1ck from SC\Cle lavers of

scrcen of different mcs\ s1zes wzth the flncr bcrocns R

instalicd on the inside to providc capxllary pumping forces

and the coarse scrcen located in the annulus betwsen the . &

another

fine screen and the wall to serve as flow passage-

tac application of a




type of composxtc wxcks made of axxally cut grooves or
'channels covereg wzth a fine mesh screen has been success-

fully tcsted_by kemme [17] and Hampel and Koopman [32] . Kat-

zoff [5] constructed a low resistance wxck by formxng a single.

cylxndrical p“ssage ‘or artery out of the same sheet of screen
-material which covered thc'lntcrxor of the pxpe. A var;ety
of other schemes have been devised for the constructxon of
low ros1stance wxcks. Ranken and Kemme {481 hav- nmployna

a slott,d corrugated stpinlcss steel sheet which was formed
into a cvlinder and inserted into a~heat pinc."The>tri?___
‘angular passages formed bctwecn succe551vc corrugat1ons
served as low rcsxstance fluxd return paths. Calimbas and
Hulctt [49] modified the basicvscreen wick by plag1ng>n1cx61 
ribbon spacers between the layers of screen to creaté a
series of cencentric annuli. McSwecney [50] made a wick by
_using a3 scries of 1/16”‘diameter rods.wrdpped with 10 mil
wire to space them apart. The rods QercAhéld against the

pipc wail‘by a'coaféé screcn{ Turaer and Harbaugh [Sl] and
Turner [S52] attcmpted to construct a ‘noncircular heat p1pe
“such that the corners of the tube would supply *he Lapillary
pumping force.. Hxs “conf1guratxon pumped heat p1pcs" were l
not veiy successul due to structural deficiencies causing.
_the pipes te bulge and disiort under even minof pré"surc

: dxfferences between the 1ntcr10r and the surround1ngs.

A wxck property of maJor 1mportancc is rhe max imum

height to which a wick 1ifts a given worxlng fluxd. Two”

- e e ik
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R rcasons must bc cited to underline its 1mportnncc for heat

constraint on tnc dimensions of a heat pipe if it is to be

b

.“i. pipe operatxon. Fxrct the maximum let hcxght placca a
|
|

operated in ébgravity ficld with the evaporator located

{ above the condenser. Sccond, the mcasurcment of the maximum -

lift height represents an efficient method for the evaluation

b of the capillary pumping capability of a potential wick. The

[ N

; - capillary pumping pressure must be greater than the sum of

all viscous presé&rc losses and gravity losses if the pipe

Smaanmton a2

is to function at all. Once the maximum 1lift height has L

‘been determined, the minimum effective radius of the capil-

lary structurc can be calculated with equation (5-2)

n W vy e emte e

I h 20 _cosd
o ’ - max Pp B T

4 v Equation (3-2) is obtained from a simple static force

a4 i

balancc performed on a meniscus located a distance, h, above
a frcc surface in a cylindrical tubc. Aktcr Tmin has bccn
\ , detcrmincd, the capillary‘pumping pressurc’is obtained from ot

- equation (3-3) j : . o - P R

= 2 )
8P “?/rmin

which is derived from a simple force_balancc. Thc zdca of .é ':f_' 2

dcsxbnatxng a pore radxus or diamcter is of courso an 1dcdl-_ ‘ i

A

L

“e

ized’ approqch bec'use in gcncral capxllary porcr con31st of ;' lff::

‘1rrugular non-circular chdnncls.. Thxs xrregulnxlty 1n

.*

~
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channel ‘size has prowptcd ancsuxgators at Vorth Larolxna
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State University [36, 37, 38, 39, 40, 41] to define both a

Vrising".and a "falling” éapiildry cquilibfiuh.hcighi.. In
general the ﬁcight to which ajliquid will fise in a wick
(rising- hcxght) is less than the hexght to whxch the 11quxd

will fall in the same wick after it has fxrst becen completely

“soaked ((alling height). Katzoff (5] has indxcatcd that the

diffcrcncc between the two lcvcls is typically of theldrdcr
[ 25 per,cent and attributes this to wetting dlffxcultxcs f

S<0L13tcd with thc rising fluid. J,.QQT

ASevcrdl invcstigntors have cxpcrimcntaily measu}éd
uapxllar) cquxlzbrxun levels in various hxcks.. Yérrcll and -
his co-workers [40] necasurcd the fallxng cqu;llhrlum helght
of water in packed ‘bheds con<xst1ng of stainless stecl part1~
clcs (40 to 100 mesh) and glass bcads (80 to 100 mesh) ‘
Furthcr work [41]) 1nd'caLcd that the cou111br1um h*‘ghi as  '

a function of partxclc dxamctcr could be’ closclv prcdlctcd

by a<sum1ng that the hcnd< were arranged in a cubxc arr V.

. Ih1111w< and Hxndorman {53} measured thc maximum caplllary

prCssurc for a ’00 mcqh scrcnn of staxnl ss tccl bron’c
and nxckcl usan water, mc’hanol and benzene rcspcctxvclv
In aduxt:on, several metal “toams”;and “felts'. wcrc tc>tcd
with thesc fluids. (Thc porosxtxcs of thc samwles rangcd

from 89% to 96%. ) apxllar) prcssurcs were detcrnxncd by

the standard tcchn:auc of mcaburln& the equxlxbr;um hcxoht _f'f'

ana the pressure ncccssary to force. an dlr bubblc through a

saturated wick. Both ncthods gavc conparablc rcsu1t< anu_

?jtﬁ ;vif;kdsm.
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“to .13 psi.

the wires in the screen.

thc latter approach provcd to bc casier and lﬂss time con-

' sumxng. For the screens. capxllnrv prcssurcs rangcd from

12 psx to .36 psi and for the' poroux metals from .02 psi
Katzoff [S] measured the 1ift cnpability of six

screcns and found the values of thc minimum cffcctive menis-

" cus radius ranging between 75 and 90 tlme the spacxn& of

Ernst [54] studxcd Katz off'< data

and concludud that the cffcctxve ncnxscus radius - cin’ bc

'exprcsscd by (d + d,), where d 15 thc mcsh opcnlng half

wxdth and d; is l
and kun- [13, S5]) mcasurcd thc cquxlxbrxum hexght gf water
and Frcon_lla in 23 wick samples. Thc samples conszstod of
thrcc classes of Dorous nwtcrxaIS' sxntcrcd mctal 9crccn=;4

sintered metal powpcrs, and ‘sintered metal fibers {the

porosity of the samples varicd from 47.7% to 91.8%};- Equi-

librium heights grcatcr than 16" were found for severalrofv
the 1ntcrcd nxg\cl fxbcr <ample> thh water as test fIUId
In a stud) not dlrcctx) concerned with hcat pipes Gxnwala R
et al. [50] cxamlncd 178 potcntxal w1ckxng materlal> nnl'“:-
1nc1udcd cellular t)pcs, tcxtllc "nd svnthetlc f:bcrs, fxl-
ter pnpcr§, 1norganLC'£1bcrs p01oux ccramxc and- rcfractorv

products, porous and fibrous metals, ctc. Lqu:lxbrxum :

heights were mcaburcd for thc fxxtecn most - promxsxng mate— oo

rlals;b Maximum rxse h01ghts were obtaxned w1th thc lelca'.

Vitreous fibers and filter P3P°T° whx'e anccntable hcxghts L

were obscrved in V1scou> Rayon., . -:F;fif"  L

Py . L o N [ oA BTN

the radxus of thc'wxrc Ln the mcsh.‘ Langston"_}
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. Figure 3.2 Measuremenp of PcrmeabiiityA-

A property of great importance when sclecting a wick
. is its permecability. Permeability (K) has the dimensions ..

of length squared and is defined by Darcy's law given by

the following relationship: : . . -

My = 'k'\; 2 [(P,.-Pzi) - pig X sina] . (3-4)

- The pcrmeabllxty is dcpcndcnt upon the dxmcnsxons and the
geometry of the paasancs in the wxcklng materxal and can bc
determined cxpcrxmcntally by passing a 11quxd through a
wicking material and measuring the prcssufc-drop in the
direction of the flow (Sce Figurc»S;Z).’_Thc prcﬁsure drop
and the méasurcd liquid mé§s flow rate along wzth thc area
normal to the flow and the fluxd propcrtlc> are tncn uscu

in cquation (3-4) to cvaluate the pcrmeabxllty. The flow

through the porous body may be cither forced or gravity‘
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_induced since static pressure varlat‘ons duo to gravity are

2

accounted for in the second tcrm in brnckcts. Unfortunatelv,
no correlations bctvecn pcrmcability and more easily mcasurcd
wick propcrtles have been found which apply to genoral wxck
confxguratans. Attempts to correlato permeabxlity with
porosity hg?a been unsuccessful [34] since porosity in no

way accounts for the coupling of one pere to another. vor

hiék'mktériais whose geomctry is easxly idontifxcd as for - .

examplc spheres in a cubic array, correlatxons can rcadxly be

found as shown by Carnesale, et al. [36] and Ferrell and

Allcavitch [41] who measured the permeability of‘several‘bedéf

el éackcd spheres of different diameter. For coﬁpardble b;ck-
ing,thé porosity of all beds was 40% and a correlaﬁion
between permeability and particle diaﬁetcr was obtained.
Numerous investigators have mcasured the pormcabxlxty )
of more ¢cemplex wicks for which no corrclatxons oxist.
Ginwala, ot al. [SGJ measured the f10h rate of distillcd
water flowing through "arxous types of fclts, florous mate-
rials, and ccllular materials for thrce d fferent pressure
heads. Their expecriments ingicated that ‘the flow ra*e
under coastant pressurc head dccrcased thh 1ncrﬂasxng time
for all wicking maferiéls. This behavior wns’éhoﬁght to Be
caused by an accumulatxon of gasés and mic roscopxc particlcs:
in the wick 1n1t1a11y dissolved and suspcndcd in thc 11quzd. 

Langston and Kunz [la, 551 experzmentally dctermlned *hc

permeabilities for a number of ..ntered metalllc matcraals $

&}
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fahrxcatcd from fcltcd fxbcrs, powders. nnd screens. Specinl
éare was taken to degas the flulds before their use. The
permeabillty was found to be 1ndcpondont of the nature of thc
f]uid time, flou rate and fluid temperature. A spccial 'est:
in which water was xntcntlonally acratedl bc{ore bcing passed

through tho sample was performed %o ovaluate the effect of

vd:ssolved gases in the fluxd. Thc results showed that, with ,-

a. high degree of air %aturatiOH. thc pcrncabxlity of the uicks

decreased by about 181 1n about S0 -hours of operation.' Using

both equilibrium height andwpcrpcabilggy'4q;§f‘valucs_for a

‘capillary pumpiné parameter defined as the p}oduct‘of‘maiimﬁﬁ

1ift height and permeability were then-éValuatcd qu all sam-
nles. The magnituvde of thi§ pumping parameter is a dirccta
measure of the efficicncy with which a material might func-
tlon as a pipe wick. The data attested that sintered mbtallic

fibers as a group make the best heat pxpe wxcks while s1n-‘

tcred powders vere tba next best und screens were the worat.

Phlllxps f29] and Phxllxps, et al. [53] measured thc permea-

b111ty of sintcred metal screcns. f1bcrs. and £oams usxng

forcod floh, gravxty £low, and condenser flow in an operatxng
hea; pxpc. For the force flow test the permeablllty was found

to decreaso for 1ncroasgng flow rates. Thts is contrary*to

: Langston and Kunz's results whxch demonstrate that pe*maa--

bility is indopendent of . the fluld £low ratc. The d1spar1ty

‘”;, may perhap> bc explaxnud by tne fact tha for comparablc "?ff




samplc« Phtllips ot ul. used a much wider rangc of flowg

rates than Langston and Xunz’ dad (by a fngtor ot ulmost

" four). .cir dqta showed for a 96t_porosxty nxckcl

feam wick a varxatioﬁ in pcrmeability of approximately 23% .

“over thc entxrc range of flow rates. Gravity induced flows

-(such as one or two la)crs of screen or sxntcred nctal

were. uscd to measure the pcrncabllxty of very thin wxcks

samples lcss than .050 inc! s'-uick‘ as a fun ction of m-nis-’

cus radius and flow ratc The meniscus radxus was main-

tazncd constant along a samplc bv ad;uctxnn the flow rate

'[cspccxallv sxnglc layers of ccrtcn) also as a <trong

or Jnglc of xnc‘xnatzon in sucH a wuy that thc vxscous pr;si

sure dror was ox actly countcred bv thc increase in qtdtxc,

head. ?his proccdurc assured prcssure constancy throughout

the liquid.  The meniscus radius was varied by uhanglng the
gas. pressurc on the vnpor side of thc vapor- lxquzd 1nterface.
For thxn wicks the data reve wlcd the pcrmcahxlxt) as a

qtrong function of meniscus TadlUb and for sone qamples

function of thc lquxd filow atc. Pcrncabiuxtv valucc

mcasurcd by forccd and g*avxty 1nduced flow tcchnxquc< heac"~T -_'A;

_ mountcd * For the forccd flow tcs s, thc wxcas were com- fjgf

vplcte.y loecd and the mc1sured permcabxlltf uas bascd

in general not in sgrccmcnt.» The gravxty xnduucd flow
technique yiclded pcrncahlllty valu;s up to 2 1/ txmes
thosc mcasurcd by the forccd flow method. Thc dxsugrccment-

was attributed to thc mannﬁr Ln whlch the snmnlcs were .
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on flow <olclv in thc porous structure. lnvcnsc of-thc
gravity flou tests a fluid fillot formod along thc edge of

the wick which “allowed some of thc liquid to bypass the

wick, lcadxng to an crrorcous and hxgh valuc for the perme-

abllity Several .ttcﬂpts.wcrc also nude to measure perme-
ability\offn wick in an operating hc&t pipe. The pressure
distribution in the wick was measured at fivc locdtioné in
thc condenser and 'he fluid flow rate was ueternxnod (rom

tuc product o‘ the measurced heat transfer rate and tnc

roo

known latent heat of vaperizaticn of the lxquxd. Unfor;a1~

»

atclf the fdsults were erratic and conscquently their repro-
ducfbility for identical cxpcriméhts was very'poor,

Farran and Starncr [57] mcasured the capillary pressure
and tﬁc perimeability of a4 compressihble wick of braided SiQ,
fibers.
to Figure 3.2) is defincd as, o - o

AP =P - P

c Vi 1 - (3-5)

‘could be evaluated from (P,-P,) if the lower end of the wick

“was submerged and the meniscus had an infinite radius of

curvature thus cqualizing the pressure in hoth phases,

P, = P (it is assumed that P, =P ).

va Equa;xon (3-4)

transforms to

. , .o
ﬁ?cpz Awk rl] ) Py g.-\h,k sina

- (3-6)

by X

[ de S e -

They noticed that the capillary pressure (fcfcrringA

—~—
‘
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or thértipg the relation for the mass flow rate in torms of

the fluid velocity leads to
. | | KAP "o ﬁK sSina

' dx _ ¢ 1 L : (37
S L vate: S el

Two techniﬁucs were sclected to evaluato the pressure differ-

once, *P . and the porméabilitv. The first,tcchniquc (dis-

" played schcmntically in Figurc 3.3-A) consisted of ‘the ‘
- measurcment of the stcady state mass flow an the wick. The
fluid was rempvcd from;thc top of the wick by evaporation.
- The second-techhiquc involved the measurement of the trams-

.igntirisc of a liquid in a previously unsaturated kiék (dis--‘

“played schematically in Figure 3.3-B). Inspection of equa-

tions (3-6) and (3-7) then fcvcals that if n (¢r dx/dt) were

‘plotted as a function of 1/x, the resulting plot (Figurc'

3.3-C) §hou1d be a straight linc and thé_pormeability and the
cépillary pressuro could be found from the intefccpt and tSc
slopc.-réspcctivély. Data obtaxncd by botk methods failed

to yicld the exbected linear relationship. Por near hori-'
zontal wicks (sina = 0).£ﬁe'capillary‘pumping prcssurc-and

the permeability turned out tu be constant and the two

~mcthods yiclded values which differed bylabOUt 108. For

sina # 0 both methods indicated that AP was proportional
to (x sina) and thé rccxprocal of the pc’mcnbxltty was |

approxlmately.proportional te (x sxna)z. This behavxor 151

'perhaps best cxplained in terms of the exxstcnce of an

_0pt1mum capillary radius corrcspondxng to an optlmum capxl-*
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*; pumped by CapillaryAaction;‘ Farran and Starner showed an - °

‘ moré, thcy observed that if the optimum radius exists along = - |7

ﬂxcal rcactlons. In general 1mpropcr selcctlon of»campon nts

: oF the WLck structure. Grovcr and hlS dssoc1ates_[3] wcrc.

Jcondcnsablc‘gasesf

inverse variation of this radius with x sina;-and further- "~ ["7%7!

. .

thc cntxrc wick, APC should be proportlonal to (x sxnu) and

17K to (x sxna)z. They: hypothcsxzcd that if the pore size

d1<tr1but10n is largc enough at any partxgular posxtxon X,
cnough,Optxmum sized pores would be available to dOminatc.

tnﬂ flow. Howcver, a dctcrmxnatAon of thc pore size distrx»~

bution was not madcllor thc test samplcs thus’ leavxngrthe'

l

hypothesxs unchcckcd Pznally it is quxtc notcworthy that "

Fcldman [8] has collectcd and prcsente' ﬂ:table Qumnarxzxng

i

pcrmcabxllty valuc> for a varicty of wicks ‘"cludxng thc

sintered metals and somevcomprcssiblc materials.
Compat1b111t) uf Lonuonents and Life TC§t>
Tnc chox;e of cuxtablc mqtcr1al> for hcat plpc construc- B B

tlon is dxctatcd by a ‘ompatabxlxt/ crltcrxon cf the dxtfer-‘

PR . 4

ent materxuls. Manv of the problcn~ assocxatcd wlth long e B T R

term hoat pipc opcratxon ar: a cirect conscqucncc of mate<

#

rlal 1ncompat1b1}1t" thch usuall) manxfcsts 1tself in chem-“

..

results in a gradual appedrance of noncondensablc gascs._ﬁqu
h1gh tempoxature llqu-d metal hcat pxpcs, meroper wnterxal

sele;tlon furthermore acceIerutes corrosxon and dxssolutlon'

r—- «.e-'~“

kY

b~

he flrst to cncouvter and dcscrlb' tho gencrdtlon f non-

- ) P R s okl

thezr expcrxmcnt whzch;ls dgscribcd
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earlxor, tho temperature profilc along the heat plpe dropped
suddenly at ‘the condenser (see Figure 3. 1) "This was attrx-
buted to a pocket of hydrogen gas produced from 1npure sodium
_1n the roactxon, Nall - Na + _H . Andeen, ct al. (18] tested "
a water brass heat pipe and experienced severe problems thh
noncond ensable gas. No attempt however, wss made to detcr- .
mxne the source of the gas. - Schwartz (58] notxced ‘the occur¥
rence of a noncondensable gas in several watér-stdinleés

heat pipes. Snmples of the gas wcrc.withdrawn from one ofef
the pipes and thelr composition analyzed with a mass Spectro-
meter. "he results of the chemxca] nalyszs 1nd1cated that
the noncondensable gas was composed of over 97% hydrogen.
Schwartz hypothesieed that the hyd;ogen was formed as a result
of a chemical reaction between the .dron in the stainless |
steel and'water..'ue suggested thnt the problem.oflnoncon-
densable gas gencration could be avoided, either by choosing
a heat pipe whose metal components raoge below hydrogen ih
the elect:odotive series’ or if»the metals have an clectro-
chenmical ootential aboye hydrogen, by using a nonreocting,
working fluid other than water. .fo test‘this cohcept an_“
ammonia-stainless steel heat pxpe was built and operated con-
tlnuously for 3 months w1th no measurable sign of. nonconden—i
sable gas formatxon. Conway and Kelley [73 were also
troubled by noncondensable- gases: in a. wate -5t 1nless

stecel heat plpe; Although wo tests were made to determxne-

the origin of thc gas,' it was certalnly most lxkely
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'uhxuh plagucd Scﬁwartz. Grovcr [59] hac suggcstnd a possxble”

that hvdrogcn was produccd 1n thc ‘same chcm:cal rcactxon

solution to thc prohlcms caused by hydrogcn formatxon in low

~and modcrate temperaturce heat pipcs.' lic recommended to

fabricntc the condenscr cnd cap out of palladium nllowing'

_hydrogcn to dxffusc to the’ out51dc khzlc retalnxng thc hork-

1ng fluids. ~Thc prohlhttxvc cost of pal]adxum, howevcr, _
lxmxts 1t< usc to onlv the most amply fundcd cxncr;mcntal
programs and . as >ct the conccpt has not bccn tc<tcd

Dc»crall and kemmc [60] have rcportod thc cuccccqfu} opcra—

_tion of a hatcr ctaznlnss stecl Hcat pipe for over 3000 hours

hxthout accurulatxon of noncondcnsablc gas. The ftaxnl

steel tuhc and Jcrcun wWere. [drxt dc«rcusod in ncctoxc and

‘then bright-dxpycd to guarantcc clcnn surfaces whxch were

.

subscquently degassed at 6000°C in a high vacuhm oven
Since thc other investigators nho anoantcrcd hvdrogcn
formation in watcr-stainless st ccl hoat p1pe< rcpﬂrrcd no
cxtcnsx\c cleaning pro«cduzcs, 1t may bc spv J}dtcd that
for the partxcular case of ka'cr stalnlcss stccl h)drogcn
fo*matlon is more a functxon ox the’ tcchnlques used in-
proccqsln? the ndtcrxd ] than of the matcrxals Lhcmsclv"s.

Jefirics and Zcrklc [27] have commcntcd on work donc.by

L\ons \ho testcd scveral f1u1u< in gapsulce of alumxnum

alloy 6061 at tcmpcraturc< from 155° F to ’Z F for duratxonsi'b

in excess of 500 hours. Strong evxdcnce of corroszon has

found with methanol ana_cthanol; n~-utanc (lS °F) and
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Monsanto Cp- 34 (321° F) <h0hcd modcratc corrosion; whcrcas
no corro>1on was cvzdcnt hlth n- Pcntanc (slo F), Bcn«cne

. (5310°F), Heptanc (320°F), Toluene (322 ), Ammnonia (159 f),
Freon-11 (150°F), and Frcon-‘ia (155°F).” -In addition, a
capsule of 321 stainless stecl was tcsicd with water at -
5320°F.  Definite signs cf gas cvolution wefc cvidcnf during
the test, which proved ihla qualitntivcimdss shcctrometfic

: analysis to bhe hydrogen.

uhcn heat pipes arc qpurated at clcvatcd tcmpcratﬁsﬁs; A

consldcrablc cffort was cxpcndcd by workers at Los ;lamos

constructed sclcctingvtantalum as cont;incr and wick mate-
"rizl, and silver as the working fluid. The pipe was
opcrated at 1900°C for 100 hours. Examination of the secc-
tioned pipe revealed that the wick in the condenser had

almost disappecared while the wick in the cvaporator was

"kmall amounts of structurdl material were dxssolvcd by thc
working - fluid in the condenser scct1on, transportcd to the

cvaporator section and deposited there as. thc working fIU1d

evaporatced. 1hc amount. of tantalum dcposxted 1nd1cated a‘~
solubility of tanuulum in sllvcr of approx1matcly 10 ppm..:?

Dissc utxon and transport of the wxck matcrxal also occurlcd

“in -an indium- tungsten heat plpe thLh was opcr'tcd at 1900 C

The most scvere compatibility problems arc encountered .

{15, 23, 48, 59, 61) to study this problcm. A hcat pipe was .

clogged with tantalum. This bchavior was attributed to the <

dissolution of the wick in the working fluid. In th1s casc,J

o b e o S




, vk i ) R ;ﬁ
, S Y T S, ¥
R for 75 hours. k;ccnt tcsfs havevattcétcd’to the botcntihl . ": é
3 of a silvcr-tuné&gcn heat pipe for‘high temperature opera- - . : é
o tion. Such a:pipc has been opcrated for 1000 hours with no | .
;n_ P ‘noticeable deterio:atiénlin performance. Busse and‘his : "'i
;;-jf§ co-workers [47, 62,.63] have conducted an extensive experi- A i’
~?% - "~ mental program to determine matcriai compatibility at the «@:
-~ . temperatures cmployed in thermionic con@ertcrs. i.e., 1600°C'f”- . -7;}
for the c'ongc';or'apd"mowc - 1800°C for the emitter. :
' Special éérc was taken to seclcct materials for which no L @}%
'*'i! known intermetallic cbmpounds exist. For many matcriai “éf
@i%? . combinations, tﬁe}_found that the dissolution of the con- ;;?
ﬁvﬁ” tainer or wick led to eventual heat pipe failure due to ?
clqgging_of the wick in the evaporator. Other matcriél ;
) combinations producéd ultimate hédt_pipc failure due tora i
weakening of the wall caused by intergranular corrésion and
wall penetration. It wa§ also ﬁoticcd for a pafticular b -
thermionic convcrtcf-hcﬁt pipe system fhat the lithium work- " ;
y " ing fluid diffused through the wall at rates sufficient to o 5Af?é
significantiy lowcr.thc'powcr output of the coh#crter.»: - i Ai
Threec systems, however, proved to be promising-for 6peratf055 'i - j"§
longer than 1000 hours at 1660°C: W/Li; W/Pb, and SGS-Ta/T1. ‘ | ;'
Iﬁ the 1000°C teﬁperature range, Na and Cs‘have'obcratcd for" f%;
' : 1000 hours in a Nb-1Zr container wiihuhé significant corro-  ~':vﬂ{*g§;
E_ sion. Workers at RQA flO,_64, 65, 66, 67, QSI'have also : :f'L£ B ﬁ.
% ' _' investigatcd hat#rialhcdﬁpatibilttx at thcrmiénic £émpéra-i " g
tures. Examiﬁdtion‘§fia‘11;hium - TIM ﬁlloy heat piﬁc "¢ ,‘ é
. L ST _ Co : ¥
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employing a moly!denum wire wick revealed about 10 ppm of

the alloy in thc lithiup workzng fluxd after 600 hours of
continuous undegraded opcration. Anothcr Li- T’M heat Dlpc
has_bécn operated successfully for 1,400 hours while a K-Ni

hecat pipc_hhs_supposcdly been working continuously for

126,000 liours. At lower temperatures, a hatcr copper hcat

pxpe has accunulatcd 8500 hours of opcratxng tlme thh no

'dcgradatxon'ln pcrformancc. Ernst ct al. [69, 70, 71] hnvo
reported the successful operation of - a Li-TIM heat pinc for

up to 5000 hours. Some deposits were noted in chc cvaporator

and it was spcculated that it .was probnbly titanium oxide;

however, no attempt was made to determine the composition of -

the substance. Jehnson [72] investigated the compatibility

at thermionic temperatures of the working fluids Ag, Ba, Ca,

In, Li, Pb, and T1 with containers made of Cb-l:i, Ta-10¥,

and 'TZM,. The fluids (mctals)'W¢rc plnccd lnto rcflut cap- -

suICs which were hea lcd for times up to 1000 houx | The,

capsules were then sectioned and cxamincd by x—fhy diffrac-

tion analysis. Results indicated that indium is‘not’suit-
able for long term heat pipe opcrationo .Only“ﬁinOr.in(ci:
granular attack was obscrrcd when oalcium was uch»as‘work-
ing fluid whilc other natcrlal Lonh;natlons 5ho“ed var‘xng
degrees of attack and-cerrosion. |

In summary, for low tcmpcraturc hcat oipc;. care must

be taken when sclcctxng cemponents to a»01d anv conb1nat1on

for which a possible chemical reaction exists ‘which could
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'lcnd to thc formntxon of noncondensable gascs.

- and materlal treatwcnt tcchnxques ‘also seem to qovcrn to F
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largc extent thc ultimate compatxbllxty of hcat pipe matc-

rials. For hxgh temperature ‘heat pxpes, duc consideration’ ;
must be ngen to the formation. of possitle intermetallic
compounds, solub111t) of one mctal in anothcr, and ‘diffusion '3
ceffects. 0bv10Uslv a great dcnl of systematic rebearch xs"' ' _ :
called fo in ‘high temperature applications’ since vcry lxttlc _i' 1
is known about thc crucxal proncrtxcs of mctal at thcsc ' ';
temperatures. o ’ o ‘ T R g
Opcrating Characteristics of Heat Pipes
General

In addxtxon to the cxpcrxncnts concerncd with baexc . e
xnvcﬁtxbatxons of potential hcat pipec materials, manv inves- ;
tigators pcrformcd cxpcrxmcnts to determine the opcratlng i

cnarac.crlstxcs of heat pxpc>. In early 1nvestlbatxons oftcn S

little more than thc succcssful owcratxon of a heat plpu was

w -

Shortly aftcr the work performed at Los A}amos

reported.

had been publishcd, Bainton [73) rcpbrtchthéAsucccssful.u

operztion of two sodium-stainless stecl hcat'pipcs}->Tcmpcra-'

ture uniformity over most of the length of the pipe was vtri}.

) Workcrs atJRCA'{Gﬁl rclafcd:k;:

thc succes<tu1 operatlon of a llthlhm hcat pxpc xo. ovcr

. . o Sk

9009 hours claiming that, as a2 thormal enerqv'transfcr AR .

ficd by infra-rcd_photography.

device, this'hqn; pipé_opcrntcd 1000,to 10,000‘;1mcs more -

:
K
A . A :

&

A




it
i

o

.

H

i, _"i
n o
L

K

Y

e

§
H
H
N
i

e o

‘ . SRR . |
R i - ;- ”‘v_
G B L St e S

cfficiently than thc thcrmal conductxon proucs: in an cquiv-

alent rod of mctals such as copper or sxlvcr. Hall [74]

tested a lichium-TZH Lkeat pipe and verified that fluxes
sufficicnt in magnitude to operate a thermionic converte-

could be obtained. Fluxes on the order of 40 watts per

squarc centimcter were achieved for both a lithium and a

sodiun heﬁt pipe. Bowman and Crain {7S5) opecrated a wafaff

copper bcat nipc'at ncar ambicnt temperatures. The tcmpcra-

ture profxlc aleng the axis of the pzpc was measured to coa-‘

firm heat pxpc opcraticn.' An clectrically i

insulating fluid

“was.cmployed by Rasiulis and Dixon {11} in a radial heat

pipe which could successfully dissipate 900 watts rcgardlcss
of xts oricntation with rcspccf to gravify. Although no
mention was nade conccfning the dniformity of the {lux
across the condenser sutfncc {sec Figure 2.4), it is most
probable that the llux around the Eircumfercncc of the con-

derser was a function of its orientation in regard to gravity.

Invcstigatioﬁ§ of lleat Transfer Limité
Sc\cr11 xnvcstlgators havc cxpcrnmcntallv dct rmxncd

the wvicking limit of hcat pipes as a functlon of vapor
tcmpcrature and/or gcomctrtc parameters. Bohdunsky et_ai.
{76] measurced the maximum. possible heat flow .in a-codidm‘j
niobium heat pxpc in thc te mpcraturc 1ntcrva1 from :00

800°C.

,tO"
The pipe was SO cm long and had .em znncr dxanc—f
ter. - The capillary systcm consx< ed of 8§ groovcs of -

rectangular cross section with s;dth of

4 me and a dcpth

Do

/
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fi?fﬁ_ ;“,‘-ofv ;6 nﬁ;: Thc pxpe was hcatcd thh an RF coxl and coolcd

Tﬂgfi through a varxablc resistance hellum thcrmul bridge with .

Q ; i ) ; cooi;ng water on thc othcx end. | ln subccqucnt e‘perlmcnts‘: : :
_5~ % the inclination of tbc pxpc ¥ s‘varicd in ordcr to changc”.f> ' é
".ié ‘-vthe let hcxght h betwccn evaporator and ;ondcnser. Upon' ' ,§3
23? z e each varxatxon in orxcntatxon the power 1nput was 1ncreuscd S i' ézr

- » until a hot spot appcarcd at thc far end of th; e\aporator

P
£

indicating that thc wlck s no longor capnblc of <upply1ng : é -
bUfflClCht fluxd to this part of the cvnporator.'TThc. ‘éz
e ;’ ."tcnpcraturc varxatxnn ‘was mcasurcd thh thcrnocoup!ca whxch _§§1
B ”;;_ were mountcd at the OUtSldc wall o[ thc pxpc., Bohdansky: ~§i
Sy "‘ct al. {76} plottcd the heat flow rate vc.sus oppfnting . - ;é
- temperaturce shown in Figurc 3.4, wherz the dc"imcntai 34
qi,é cffect of lift height on the maximum he&t transfcv can be ;1{
rccogni*cd ~Occurrence of muximum heat Flows for cach :j
}*  ->cxpcr1mcnt nerformed at. a constant l\ft hcxght is nttrzbuted o fg;'

by Bohdansky et nl. to Lbc decreasc of the \urfacc,.cnaxon

with increcasing temperature. Thcy even furthcr xllustratcd

. Lo .
o

thc cffect causcd by clcvat:on (let) by rcplottlng thc

maxxmun hcat transfcr vnlucs as a- functlon of hcxght a<- e

shown in ngurc 3.5. Nval (’8} in a qualxtatz»clv sxmxlar

t - representation for a watcr-staxnlcss stccl heat pxpc f1ttcd~

o e e e sl fedvade RO

i,

thh four layers of 105 mcsh screen as u uxck strugture
confirmed ‘the results of Boh\ansky-et al It should bL'fj;gg' el
. notxccd that thc ﬁhape of the curvcs xn Flgurc 3. 4 corrc- o

'qpo"ﬂs to thc form oi the qu41xtat1vc ulckxng llmlt curxc ‘g
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’ of Temperature and Blevﬁtioﬁ;;nohdansky'ct'al. {763

4} O(Kw)'
KRAX

v

. H{em)

MaXimum,Heét‘Flov'at 850°C as

P

BT R

a- Function

of Eievation.}Bohdansky et al, [76]»{«

S eeprtimar Rt s HENE ST NI S N



e dxsplavcd in rxgure 2.7. The curves can be comparcd quali-
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N _ tatively bccausc thc wall temperaturc and vapor temperature

op
1

- ~are closcly rclatcd for heat pxpcs operntxng under steady
state conditions.

et e o Cosgrove ct al. {37] investigated two water-brass hcnt

pipes in which the wick structures ;onsastcd of pnckcd noncl

[ e
;
R mtramiiresi i - 4o

Lo . bcads whxch were he{d in an annulus bctkccn a rctu:nxng

scrccn-nnd the wall. For a pnrtxcu)ar wick structure and

'

Kl KA e i b e e

pipe orientation, the maximum heat trnnsfcr‘Wns.consxdcred

o ¥ reached when a hot spot bhegan to form in thclcvaporatbf

P T

vhich was concurrently detected with thermocouples (ins allcd

'?5- ' _. in the packed hcads.  The vapor temperature rcmexncd rela-
tively constaut in all cxperiments in nhxch the prnmnr\\
variables were the pipe qricntatioh and the diamctcr of the'

~nmcnel beads. Fighrc 3.6 iliustrates the effect of particle
diamcter, and conscquently pore size, on the maximum héa;
transfer as function_of inclination, Fbrvu givcn pafticlc

dnamctcr, the maximum Hcat transfer decreases with increas-.

1ng cl vation once morce rcafflrmxng the rcsults of 1ohdan>ky

and co-uorkcrq dcpxctcd in knnurc 3 S. otxcc, that for a

sclected pipe. xnclxnatlon thc mnx:muﬁ hcat trancfer xncrcaqcs

P

with dccrcnanng particle d.anctcr. ‘This clfoc:'is auscd bv

oy -t .
R N

the increcasced capxllary pressure resulting from thc-smallcr

e a ey yr ke e 5 =t
K

b ahngn o § e Ek e

pore sizcs. Cosgrove could not expla:n why thc curvc hlth
the smallest pnrtlclc dxarctc! 1ntcrscctcd with- thc otHcr

curves., If thc porc sizes were decréased indcfinite}y
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Figure 3.6 Maximum Heat Flow as a Function of Inclination

“and Particle Dxameter. Co,grove, et al. 1371

hpwc?ér,.c?:ntually'un cptimum pore sizc would bhe obtaincd
at which the viScous drag in the capillaries would becoﬁc 
dominaﬁt and thc max)jmum hcat {low should decrease agnxn.
The results obtaxncd by BRohdansky “and Cosgrovc and
their co- uorkcrs sugges; that thc capillary 1imiting curve

depicted in Figure 2.7 ia in rvalxtv a family of curves,

ecach dcncndxng on the pipe or)cntatxon in thc grnvitatxonalt

fxcld._‘Morcovcr, the entire fnmxly of curves dcpcndu on

the geometry of the heat pipe, and in pnrtxculnr on the.

“charactcristice of the wick structure.

e e s
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F1gure 3 7. Heat Pipe Dryout McSweeney {50]

While Bohéansky‘et ai. and Cosgro#e et al, iﬁstallcd
the*mocouples in the wall and wick to signal the formatxon
of a hot spo;, McSweeney {50] has found that the vapor
tcmpcrature is-a much more sensitive 1nd1cator of wick
dryout. He experxmented with a Na-Stainless Steel heat
pipe.and monitorcd both the vapor and the wall temperaturc

as a functlon of 1ncrcased power 1npu ~ From his data

‘shown-;n Figure 3.7 it is evident that fhe vapor temperature

at dryout changes more rap1d1y in response te power increase

than‘the well tempefature. The vapor tcmperafure decrease
under dr/out condxulon is somewhat puzzling to say the
least. anortunately the locatxon of the thermucouple probe
in' the vapor space was not mentloned. However, it appears

most probablc that the probe was located in the proxemlt)

of the condenser. P0551b1y the.termxnatxon of-theeheat flow -

'
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canscd by thc dryout of the WICk rcsulted in consxderable , L

temperaturc varxatxons thhxn thc now stagnant vapor core
with rising tcmpcrature< in the cvaporator and decrc1sxng

_temperatures in the condenser which was still cooled. "It is

entire ly possxblc that this type of behavior occurs only in

heat plpcs with a ftxed temperature boundarv condxtton

xmpo>ed on thc condcn:cr. If a floatlnq temperature s xnk

" were cmplovcd the cntire vapor temperature hould most lxke]y

1ncrcasc once the dryout condltxon is rcachcd

" In related studlce Shloszngcr {43} (ound that For com-

:prc<51blc wicks <ch1f1ca11y, the manner in whxch tnc wxck

is retaincd zgainst thc heat pipc wall may sxgnlficant]y

affect its wicking characteristics.  For instance, if a

helical spring is used to retain the wick, the fluid may
have to travel by capillary action over a much,Iongcr spiral
path from the condcnqcr to the cvaporator tldn otxerwise

would. be ncccssary with-a differcnt tvpc of rctaxnlng struc-

turc. 'This'effcct of coursc, would not be prescnt fo* more

r:gld nlcklng matcrlals or for thc comnonlv used axxal slots.»

T

For 1nstﬁncc

axial qroovcs qervxng as a u1ck oftcn formed a hot spot on

—f“ .

- the .top side cf thc cvaporator wnen the pxpe nas opcratcd -'Af;l:'“

in thc hor1 ontal posxtlon, They atfrlbuted *h1s behaV1or

N R
to the nxsslng 1nterconncct10ns bctween thc parallel groovcs, B

thus prevcntlng any Pross flow bctwcen groovcs in: the"'l-n,piﬂ_"

cvaporator.’ In thc condenccr,rhowcvcr, thc cxccsq lquld

o Asee apdy - W s e

Bussc ct al. [63] found that hgat pxpec thh 3,,f .
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occur in the horxgontal mode of opcrauxon.

RSP

'tcudcd to rcsxdc at thc lower side ofAthc pipe thus making

thc lower groovc< the preferred paths for lxquxd transport
Thclr cxplanation was verified cxperimentally by shiclding

the lowcr.sidé_of the condenser of ‘a W/Pb heat pipc; The

shiclds forced the vapor to condensc on the upper side of

the pipcﬁand subsequently no hot 'spot was formed. In a heat

pipe in which the grooves are interconnected by circumferen-

tial grooves for'instance, local overheating should not

A few ihvcsti-i
gators Pavc studxcd the problem of heat transfer and boxlvng
in wicks. “in a rcscarch_project not dircctly related to-
heat pxpcs, Alllnghan and McEntire [77] measured boiling
film heat transfer cocfficicnts on a horxgontal LOppCP tubc
which was surroundcd by a ceramic hl"k dnd immersed in a
pool of watcr For lower hcut fluxcs they measured values
for thc boxlxnn film heat transfer coefficient in excess of
those 2stablished under similar conditions in conventional
pool ﬁoiling; Thejhighcr values were atfributcd to an

increase in cffective heat transfer surface area and also |

.to an increase in active nuclecation sites.

At higher heat fluxcs, however, the trend rcverscd

itsell and the values of boiling film hcat transfcr coef{14
cients decreascd for W1ck boiling bclow-thc cot rcspondxng

valuecs of normal pool bozlxng

cor

Txrst Lhe vnry presence of the"“

wick prcvcnfs ag11at10n of thc lxqu1d othcrwlqe so conmon

appears to be two~f01d

‘Thc rcason for ‘the dccreasej

coL .
DR & L i o v Lot g
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in pool boxllng.

»:radzus of thc capxllary porcs is plotted in Fxgure 3. 8

lcs< steel screcn wxck E Thc wall and. vapor tempcratures

wick boxllng 1n thc 1nter10r of a hcat p1pc.

Secohdltﬁc vapor escaping through thcapores

e

“1mpede> the - 11qu1d countcrflow directed tomards the hcat1ng

surface. The data were reduced and an 1mp11c1t functxon of

the b0111ng ‘heat transfer cocfficient as a funct1on of thc

radial Revnolds numbcr, based on four txmcs the nydraullc

‘u1kcdise, Anand [78] and Anand et al. [79] testcd a

"water staxnless steel heat pive which had a 100- mcsh stain-

‘were rcco1dcd for dxfferent axlal heat flows and thc w1ck

vboxllng hcat transfcr cocff1c1ent hf, was calculated

Anand clalns that the data can be corrclated b)

St = .0051 Pr-® Np-? Re~!-%3 (3-8) .
However, the data were plcttcd using
. .St = .00051 Pro-® NpTe? Rev'-*' T . (3-9)

.
It

Morcover, the ordinate on thcir graph was in error by'a"

factor of ten.' Allxngham and Mantxrc corrcctcd Anand s

graph and prnsentod it in Flgurc 3.9 along wlth thelr own ”_Qﬁ,

corrclation. vBoth corrclatlons show the same trend and arc

in rclatxvcly good agrccant con51der1ng that one rcprescnts PR

wxck boiling on thc Outsxde of a tubc, and thc othcr cne.:
Thc valxdlty

of Anand s, rcsults, howevcr ay be somewnat qucstlonaklc'

S Lo et

in view of thc mxstake made in. thc1r &raphxcal prcscntat1on.~
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- “arto and Hostcller [80) studled the problcn of wxck

hox‘xng us1ng a so callcd cvertcd heat . rxpe. A segtxonal

view of ;hcxr hcat plpc is ngcn in Figure 3. .10. The unique

fecature of this pxpc is a vapor space, encloacd in an annulus

“between ‘an interior tuhe and a conf;n;ng envelope. The wick

consistcd of four layers of 100 mesh stainless steel screen
attached to the outside of the inner pinc; Heat addition .

and rcnoval were accomplxshcd using a rcsxstancc heater and

“a tap water cool1ng cvqtcm both xnstalled within the inner

g
tube.’ The outer cnwelopc was made of glass to facilitate

visual observatxon of wxck boxlxﬂg. Thc results obtaxned-
with water as korkxng fxuxd are dcnonstratcd in F1gure 3.11,
from whxch it becomes apparent that lower superheats were
required under bbiling cohditions in a wick thun in conven-

tional pool boiling. As the radial heat flux was increascd,

dryout of thc wick occurred at the same flux valuc whether

or not boxlxng was ohscrvcd The authors concluded that

“wick boiling could cxxst in a heat pxpc thh no dctrlmcntal

e{fect on its opcratton. The systcm pressure was also

‘varied for both water and cthyl alcohol and it'was found

that for a given hecat flux, the superhcat dééreased as“thc
absolute prcqsure increased. In addxtxon, for a glvc

superheat thc heat flux xn the case of uatcr was almost onc

order of magnx;udc largcr thaﬂ tlat obthneu uxth ethvl '.f%j

alcohol Thxs d1<par1tv in heat fluxcs is cxpected 11 v1ek

of thc hxghcr surfacc teﬂ51on and latcnt heat of uatcr'
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 ;ompared to the samc propcrtxcs of the alcohols. ’Ih4a sthdy
rxnvolv1ng mucb larocr superhecat Langston and kunz [13]

‘mcasurcd thc heat flux through scvcral wxck samplcs as a

'tnus confxrmxng the results reportcd hy \llxngham and

‘“xck in thc cvaporator remain compictclv saturatcd. Ab soon

,as heat wits >upnlxcd to the . c\aporator thc quuld lntcrface

-~this blankct manxfcstcd 1tsc1{ 1n the rcduccd saturat1on of

P N—
8 !

Sy

oot i s
. «

NN

functton of thc supcrhcat They found that for supcrhcats
of thc ordcr of 1s° F and . largcr the flux throunh the samplc‘x

wxcks bccanc much smaller than for b01llng on a flat platc,‘.f

Ncﬁntire. The sanplcs uscd by _angston and Kunz 1nc1uded

ntcrcd nxckcl powdcr and sintcrcd nitkcl‘scrccns;

In anothcr scries of cchrxmcnts on honl:ng in ﬁcat'
pipes, Joss and k;lley[;l} *mpIO)cd a neutxon radxograyaxc
technique to measurce the liquid content (1 .C., lxquxd thick-
ness) in the wick of the cvaporator ;n a co-pianar heat pxpg.
The wick was made of sintered stainlqss,§icel sﬁrccn (I/J"FNV
thick) and thc'worﬁing fluid was watér. ﬁcasurcmcntS prévcd

that onl) under condxtlons of tero hcat transfer did. the'”

rcccdcd into the wick rcducmng the cxtcnt of saturatlon in,
the wxck. ln addition, the Lata dcmonstratcd that undcr
normal operating cond1t1ons the dcgrcg of <¢turatxon of thc
nxck in the c\aporator was 1n\crsely proportxonal to thc
heat flux.v"hc authors concluded tnat a \apor blankgt

formcn at the ba<c of thc wick and that thc cx,stenvc of

tne wxck. Two analvtxcal mouc;s were. fcrnulatcd zn an

e,
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Figure 3,12 Vapor Blanket Thxcknﬂss vs. Heat Transfer Rate,

Moss and Kelley [81]

attempt to describc the heat trans(efrcharacteristics of the
In a conventional model it was
assumed that vaporization takes place at the liquid vapdr'

In the other model however, the formatxon of a

vapor blanket thxckness as a fuﬁctxon of the heat transfer
rate and contact angle is shown 1n Figure 3 12 For heat R
fluxcs smaller than 15,000 Btu/hr ft’ the s;cond model more
closely predicts th° mcasured valugs than thc morc conven-:
tlonal first model.

that the study dxd not pertaln to heat plpe opcratxon s1ncc

Thc results led to somc allegatlons-'ﬂ . ;
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it is gencrnlly bclxcvcd that vaporxzatxon <hou1d ‘nkc piatcﬁ'

» Ny T .

at the liquid vapor 1ntcrfacc dur:ng su,ccssful hcat rxpe

! oneratxon. The authors countcrcd tncsc ~allegations by 1nsist-'

1ng ;hat their meaﬁurcmcnts indicated bcyond any doubt thnt

- data ava:lablc :upportxng the model of conduction through

I the wick, thh vapor\*atxon taking place at the lxquxd vnpor T

'xntcrfacc, than rCsults sustaxnxng thc ob~crvatxons made b)
Hloss and Kelly. For example, Ferrcll and Ailcav;tch [411
ncasurcd thc hcnt flux through packcd hcadc saturnted vxth
water. ‘Their data for.a 40 mesh moncl ncad< are dch]avcd

4 _ in Figure 3.13. It is scen that the duta fall very closce to

i

BRETE WY PR O

the line predicted by assuming purc conduction through the

saturated bed. The curve obtained from the conduction model

was calculated undcr'thc assumption that heat flows by~con4's7

duction through a thin liquid-bead layer in contact Witﬂ
thc heating surface. “The thxckncss 6[ ihe-liqhiJAla§éf wasffiﬁ"

detcrmined by rhe locatxon of the minirum porc dtamcter in ;;:1-”
the bgad co“f15uratxon. It is <omcurnt %urwrxsxng that such

good 3grccmcnt was found between tncxr thecs y nnd CYﬂcrl'

ments since in the cxpurxmcnts the bcd of bcads was com-" e
pletely flooded to a level well ahovo thc upper surfauc of
N " the bed; hcncé}'no'such-thxn.lxquxd-bcnd Iaycr_cxzsccd in”

’ o el

actuality., Recent work by the same -authors has incivded |

heat transfer measurcncents in a similar apparatus, cxcept

the previously pcceptcd idaa of heat transfcr through wtcks 'i7ﬂ;,'

e ~ is in crror. At the present time, however, there are more oL
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Figﬁrc 3.13 Expcrimcntél Results for Surface Covered with

'30-40 Mcsh Monel Beads,. Ferrell and Allcavitch [41]

that now the bed was not flooded and the liquid was drawn to
the evaporator scction by capillary action_idqntichl_in
manner to an operating heat pipe. The more rcccnt data

showed cxccllcnt agreement W1th the. conduct1on mccha se

discussad above. . R SO N
 Simi1nr1y, Phillips [29] and Pﬁillips and Hindéimahn;

(53] mecasured the ficat flux through a cdmpoéitc wick of

nickel foam and stainless stcel»scrcen usiﬁg water as a‘

«orking fluid. The fluid was supplied through an artery.

and moved by Laplll&f) forues. CA ryp)cal sanp'c of their . .

data is il]uqtrxted in Flgurc 3 14 It is again obv iou%t

that conductxon was thc mode of Hcat transfer for low values

of AT. The wlck exhxbxtcu a. hystcrcs1s effect afte*-

———td rry %
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- Figure 3. 14 ixpcrxncntal Results for Distilled Water and i
) _ chkcl Foam, Phillips [’9) and Phlllxps pzd HandarmAnn fSa]
nuclcate boiling was first observed. In addition,.thc maxi-
mum heat flux decreased with dccrcasing_chamber pressurce.

- The rcduction was attributed to the significantly increcasecd )
sizc of the vapor'bubblcs formed during hhciéhte boiling av '  € -
decreased ﬂrcssurc, hence causiang a premature burncut due FO
to vapor’ blockagc in the w)ck The blofkagc oucurrcd : | Vv ' é‘ 3
bccausc the vapor wis forced to vent through the top of the | ;i‘

3 - wick by purposely sealing its sidus. The same crfcct was . g

! obscrved in cxpcrxmcnts p;r;orncd by Costcllo und Redeker i
[$23. They concluded that proper venting of the vs?or was :%

R necessury if the full'capabilities of the capillary supply ' ff%r
L , - : : ; ' ﬂ?j

N
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system Qere'tc.bé otilized. It 1s 1nterestxng to note that

at the prcsent tlmc, no con51dcrat10n is iven to propcr

_3-vapor ventxng of the wxck in heat pipe dcsxgn.

In add1t1on to the canxllary and boxl:ng limits hthh

‘reqtrict the heat transfcr capability of all heat pipes,
those transportlng heat of the order of kilowatts 1nstcad
‘of watts, are oftcn 11mxted by “the sonic and/or cntra1nmcnt

limits. ;Thcse ‘limits are often encountered during startup
‘prooedurcé gfom near ambicnt cooditions thrcvthe initial -

vaoor pressure is:vcry low and the resulting velocities in
,éhe vapor corc arc conscquently very high.

Kenme [17]
investigsted the sonic limit using scveral different liquid

mctais as working fluids. The hcat.pipc§ werc‘hoatod by an

induction coil and cooled through a gas gap -with a water

calorimeter. The use of dlffercnt mxxtures of argon dnd

helium in the ‘gap alloncd heat pipe tcmpcraturc variations

at a constant hecat input, or hcat 1nput variations at a

at pipe tompcrature.

data obtaxncd Lurxrg the startup of a sodxum heat plpc

cowstant he Fxgure 3.15 111ustrates

The-

dashcd linc lndxcqtcs thc sonic limiting curve b scd -on the

vapor temperature existing in the cvuporator cxit. The hcat

flow was incrcased 'in discrete stops and the pxpo Was alloucd

to reach teadv state before the aeat flow and wnll tcnpcra-

ture ﬂcasurcmeﬁts were made. The cvaporator exit t"mperaturc

follohcd the sonxc curve untll it rcachcd 560 C. For tem#"'

w2’ z

pcratures lowcr than 560 C

the flow 1n the condenser scct1on
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Figure .3.15 Startup Behavicr for .Sodium Heat Pipe,

; . Kemms (17])
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L consisted of contznuum flow at the entrance and free mole-?

chle flow at the far‘cnd of’the condenser.' Hence, only thatf
part'of>the ceﬁdenser in which eoetinuum flow eXisted con-
_g trlbuted sxgnlflcantly to the heat removal from the pxpe.-
As the heat flux 1ncrcased eventuall) the entzre condcnser

R | . region was in the contlnuum flow reglme and once this

b

"occurrcd “the hzat removal arca of the S)Stem remaxned 3}*}_f:
fixed, so that a further xncrcasc in heat lnput now resulted
in a larger temperature rise at the evaporator exxt than was

N _ _ prevrously possxble.; The subsequent vapor den51tv 1ncrease

'alloweu the Vexoc1ty at the evaporator exit to become sub--

sonic. Further cxperlments 1ndxcatcd the occurrence of

—r———— o, 3 P oamen el
[ Tty

RN supersonic velocities at the condcnscr entrance. T:gurc 3. 16
’ shows results obtained from steauy state measurements at a A
constant heat input of 6.5 kw; The condenscr temperature ‘ -
was adjusted By varying the concentration of the gas mixture .
confined in the gap described carlier. Curve A deeefibes a
s | condxtlon in which the vapor velocxt) remalned subqonlc _ - f:‘:}
throughout the heat plpc. As the prebsurc in the condenser “ L

‘was decreased, thc vclocxty bccame sonic at the evaﬁorator

exit (curve B). The exlstcnte of subsonxc flou between

L i
S e TR

M : o curves A and B is evxdenccd bv the changes in the condcnser

£

v, St ML LWL SR G i Wi

'temperature and prcssure whxch were transmttted to the

cvaporator uhere corrcspond1ng changes occurrcd a Nhen the'

~ -

|

H L.
. ! pressure: in the condenser was further decreased ~as snonn

|

i

‘

by curves C and D the evaporator p essure condxtlons ‘,:j o M*I;TT
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'remalned constant
'abrupt pressure rccovery “han was evxdenced for subson*'
flow
'Amcntal rcsults and theoretlcal predxctxons was ach-eved ,;"{?M

‘Thc sonic lxmxtxng curve (see Figure -.7) is hxghly dopcnd-

-cnt on the workxng f1u1d and is also dcpendcnt on the prcs-

‘heat pipe thh five la)crs of 60 mc<n screen serving as wick -

- Was cmplo»ed to study the vanorhgﬂloc1tv lxnxt in heat p1pe
‘profiles obtaxned for tuo dxffcrcnt hcat xnputs.
‘s1t10n from supersonxc to subsonic ilow at. the condenser

A~tcmperaturc as mcasuxcd by kemmc (scc Fxgure 3 15).

1pipc geometry.

-latcd capll;ary (or AP) and sonic 11m1ts,1

Thc vapor velocxty dxd not decrease"'

A A PR R A

1mmedxate1y upon enterzng ‘the condenser but contxnued to 2.;gﬁ'“

. 'r e

cxpand and bccamc fxnall) supersonlc followed by a more. o

Plgure 5.17. demonstrates the effcct of dszurent‘

- . S e

fluxds on thc sonxc limxt "Good agrecment betwccn experx-i»’

x

sure and tcmperaturc ‘at whxch the hcat pxne is operatlng

In a sxmxlar stud), ﬂ&akowxc et al. {89] Lcnfxrned

s
¥
-3

the rcsults obta'ncd bv Kcmme. A eodxbm stalnless stecl

~ i e m h A ———————— e

operatlon. Figurc 3.18 is a plot of the a\lal tcmpcraturc
It 1is

1ntcrcst1ng to see that with 1ncrca51ng heat flow the tran-

entrance ‘took place at nearly the ‘same tht flow rate and -
Thls__»

emphd‘ cs again the denendency of the sonic 11m1t on the

5
CE2y

selection of the uorklng fluld and opcratxng condltzons of

the pipec and dccmphusxzcs its dcpendencc on a nartxcular,
Varxous _startup tests were also conduLtcd

The data arc prcscntcd in Fxgurc 3.¢9 alon& n-th the ral;u-

Vote thc data of '
S v_ﬁﬁ e
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Dzakowic, et al. fall to the left of the sonic limit curve :

. ! . . . . ~f’

- while Kemme's data (Figure 3.17) fall consistently to the R
right of the curve. An cxplanation for this discrepancy P

may be derived from the fact that Kemnme plotted his data as 1

! . : ’ : 4
: a function of tbe maximum cvaporator temperaturc, while: £y
. zakowic et al. used“the ten".peraturc measurcd at the mid- - b
! - point of the ad;abatlc sectxon. It appears that.pcrhnps. ;
the use of ‘the evaporator exit tcmpnraturc would move both i

V%

. sets. of data closcr to the predxcted curve. I)zakowxc et al §;
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blc supcr<aturat10n of the vapor and to a lcsscr degrce, to -
hcat of thc vapor.

to <tartup problems of hcat pipes. ObY‘OUGlV the startxng

turc drop as a function of difference in elevation betwccn

was first heated horizontally and then sub;ectod to thc;~v‘y

» .
RITINE 3y SN

4 :1‘ .

R
T H A

attrlbutcd thexr observed temperaturc dlscrepancv to possx-l'

(3

the unccrtaxnty in valucs of sonic chOC1ty and spccxfxc

»

The sonic limit is not thc only factor whxch contrxbutes
tcchnxquc 1s also of maJor xmportancc.f Bdssc, et al. [47] - ~
found 1t 1mpos<1ble to start a magncsxum hcat pxoe unless.
the cntlrc plpc was first preheated. hrnst ct al. [69] ;_"
cxpericence cd that the mcthod of orxcntlng thc heat ptpc |
durxng startup had a 51gn1f1Lant af[cct on 1ts fxnal opcra'

ing condition. TFigure 3.20 depicts thc evaporator tenpcra-f

the cvaporator and the condenser: For;hcight differences
of less than 4.4 inchcé, no effect dcpeﬁding,on piﬁe arien-,f | . VE
tation was evident. Onéé .the puﬁping limiflwas réaéhcd -
honcver, the temperature drop was &rcatlv xnflucnccd by the j

ethod uscd to attain tbc clevatxon dxffcronce. Thc uppcr F

curve rcprc<cnt< thc s tun;xon whexe the pxpc was f1r<t

AR AR
" K

2y
R SRS R

placcd into the dccxrcd pos'txon and subsequcntlv hcatcd

S .

while the louer curve represents tho case hhcrc thc plpc

desired orlcntatxon. \o satis factor' xolanagxon was g1ven

for the ulfxcrcucc in hcat 01pe bchav1or. VCS\ccney (50]

measured the tcmpcraturc in thc vapor space of ‘a sodxum hcat

pxpc which durtnq thc sta rtup tran%xcnt pcrxod unexpcctcdlv




> : ‘;. CoeT ) : T =
o
: e - :
S 140
N = | 0- 380 WATT )
'O i20r START - UP AT
-, < EACH HEAD
. w100k S . »3
0 E :::
80 2 ’:r‘-.
]
g- 60 : N
w ; CONTINUOUS VAR~ :
T & 40 WUTION OF HEAD .
: Py - FROM HORIZONTAL - :
; =3 AT 350 WATTS -y
& 20} - o
SR ‘% o 2 " - A 3 9 . 1 2 3 . ’: ‘
: ' Y0 1 2 3 &4 5 6 T 8 9 10 H e

OPPOSING - GRAVITY HEAD, h -INCHES

Figure 3.26 Temperature Drop in Evaporator vs. Opposing
| Gravity Head for 580°C Sodium Hcat Pipe

Operating at 350'watt$, Ernst, et al. [69]

oscillated with an Amplitude of nearly 50°C and a period of
approximatcly lb'seqonds. Oscillations werec also observed
for stcédy §taté dpcfation_hf the pipe when the heafAremoval
wa§ highly concentratcd by iécglizcd CalorimetérAcoolihg.l
As long as’cdoling wés cffected by free ¢ohvcction and‘radi-
atiqn,hno such oséillations were observed and théAvapor |
tcmperaturcvrcmained nearly uniform tﬁroughdut the vapor
space. The oscillatory behavior was aﬁtributed to eithér

non-linear wick characteristics or the presence of non- . |

. .

condensable gascs. : L
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Neal [28] and Ghlosxngcr [43] studxcd the startup

hchavxor of . low temperature hcat pipes with the worklng

- fluid 1n1t1a11y frozen. The transient tcmpcraturc profxle
'along a water hcat pipe in response to 50 watts of heat’
input is i1lustrhth in Figure 3.21. Even such a moderate

“heat input of only 50 watts causcd kick dryout and subse-‘

quent overheatxng in the evaporator section bcforc thc

entire pipe thaned out and could bchn to operate in xts

normal mode. VWith a hcat input of 15 watts, ho&e»er, the

pipe thawed uxthout wzck dr)out and normal operat1on began

after approxxma;ely one hour. In an attpmpt,to shorten the.'

transient period, an auxiliary heat pipec whichvcmployed'a
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. workznq fluld thh a lowcr mcltxng poxnt was bondcd to the -

-

prxmary hcat pxpc.‘ The usc of the aulexary pxpe greatly

.

enhanced thc thawxng of the’ przmary hcat pxpe without local

vovcrhcatxng and the transient pcrzod of time was rcduced by

'a factor onc half, Inxtxallv the pipec was frozcn only in

the condcnscr ccctxon and liquid was prcscnt 1n the rest of

‘.thc pipe._ Dcvcrnll et al. [84] 1nvest1gated thc startup

behavxor of a water-heat pipe whxcb was 1nxt1111v fozcn

,over ¢t< cntxrc lcngth. Tcn watts of poncr ‘were supplncd

and the tran>1cnt tcmpcraturc profxle shoun in Fxgurc 3.22,

was mvasurcd From the shapc of thc dcvcloozrg tcnperature

profiles, Dcvcr" 1 deduced the followzno sequence of ‘events:

First heat was transfcrrcd in. a<socxntzon with vapor fleow
along the {ull ‘cnkth of thc pipe. The vapor was forrcd

by sublimation in the cvaporator.‘ Slncc thc wxck has st111

" frozen no llquxd rcturned to the cvapcrator to rcplacc the

_sublxmatcd luxd The 1ack of rcturn fluxé rcsultcd in a

rapld rise 1n evaporutor tcmycratu.c untxl it (see <tat10ns

1, 2, and o) rosc¢ abovc the ncltxng poxnt.; Watcr was thcn

'Aa1ckcd into thc hcatcr arca, and the tcmperarure rise was

temporarily arreqtcd Since most of thc f uxd has stxll .f;

~out occurred . and the. tonwcrature of thc cvaporator 1ncrcased

~r»'

apxdlv to abovc 100 C thn thc cntxrc worklng f]uxd was

frozen, "Ot cnough llq“’d “35 Suppllcd to thc hcatcr. Dry-f”’"

g,

:Zfi““IIY WCIth}'ﬁuf£1czcnt lxau)d was. wzckcd 1nto thclff 5*??1”';"
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Figure 3.22 Transient Temperature Profile Along Completely

Frozen Heat Pipe, Deverall, et al. [84]

cvaporator and the fcmpcraturé fell suddenly to 44“C.:

Normal opcratxon bcgan and the pipe became isothermal.
utartup data were. al%o obtained for a (ncnfro*cn) water.,

heat p;pc‘placcd,}n curth orbit. T;lcmctr) data xndxcatcd

a frontal startup‘of the type illustratcd carlxcr 1n F1gure 

2.843, The startup p§occduré and steady statc operation of

the hcat pipe.in orbit‘wcre_similar>to those cxperienced. in

'ldbora'or) tests.

Phenomena nssoc1uted w1th the atartup bchavxor of hxgﬂ

bcrfcrmancc heat_plpes ha ' bccn studxed by Kemmc [85 "86].

He found that it was virtually 1mpos51b1c to start several
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impedes a contnnuous supply of fluld to the cvaporator.. Thc .

_hcat transfcr was 1:nxlxcant1, improved by Loverxng the

channcls thh a lavcr of 'screens. The cxncrlmcntal curvc‘_

shs“c nfxrm< the carve initially depicted 11 Figure
P by

S

sodlum heat pipes wzth wicks conclstxng of ‘axial ch1nnc1<

'(g:ooch) running the lecngth of the pxpe._ The dxf(xculty

was attfibu;cd to the attainment of the entrainment limit,
As meutioned carlicr,';his limit is reached when a high'

vclocity vapor stream shears liquid out of the wick and

cntrdxnment llmxt is dcncndcnt primarily on the charancrxs-
tics of thc wiékwsurfacc. Figure 3.23 shows test data

obtaxncd for three wick ‘surface coxfigurations. 'The maximum :

labclcd 4 is a good cxample of the entrainment lznzt and 1tc

9 =
—o o

In another cxperiment, the effect of “screen fit" was
studied and is shown in Figure 3.24. The mechsnical fit of
the screen was very important in cstablishing the heat

trnnbfcr limit of the heat pxpc. Th2 higher limit with the

>loo~c fxttxnx screen was probably causcd h) thc extra’ fluxd

path: dvaxlaolc 1n the annulus bcthccn tbe ;crccn and thc

outor wall. Thc‘curvc calculatcd for the contac;xng scrcen .

in Figurc 3,24 was bascd cit the capillary limit and -not the

entrainment l'mxt. The Capillarv'and cntrdfnment'Iimirs.Are‘

“both dcncndﬂnt on Lhc wxck stru;turc and zt 1< xmpossxblc to’
theoretically or e\pcrxncr allv Lhangc onc wlthout also f'iy' S
aitering thc;othcrﬂ This dcpendcncy assoc1ated thh thc -}}‘§>~fff

fact that thc entrainment llmxt.zs gcncrallv attaxﬂcd only
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in a *clatlvelf narrow temperature rango (between B and C 1n‘

F)gure 2.7) has somewhat curtailed the 1nvest1gat1on of this

partxcular 11m1t'of heat transfcr in heat plpcs._ _ -

P -

"Basic Studics

The investigations discussed in thc prcccding section

have dealt primarily with the limits to hcat p:pe operatxon

and startup characteristics. A nnmber of addltxonal stud1es

heat pipc tcchnolegy. Deverall, et al. [60, 84;‘87,388]

operated a water-stainless steel heat pipe in an earth -

'-orblt and 1ts pcrformance was monxtored bv telemctry at ’

sevcral trackxng statxons durxng fourtcen rcvolutxons..*'

keSgl-s ndzcated that there was no degradat1on of the heat

pipe pcrformancc in a zcrO»gravity ficld. n further tests

~have yielded information’contributxng to thc rapldly growxng A

[’6' 89] a similar heat plpc was subj cted “to various sinu-_.l

-

a vibratory envxronmcnt ‘on hcat plpc pcrformancc._ The T

'C\pcrxmenr> provod that vxbrat1on was not oetrlnﬂntal to

keat pxpc opcxatlon. On thc contrarv v1bratxon enhanceL

thc wettlng of ‘the hlck forcxng 11qu1d 1nto al] pAVts of ;

the wick structure and thu< actually lrnroved heat plpc

performance. Caltmbas and Hulctt [49] confxrmca thesc

results in a series uf vxbratxonnl tests pcrformed w:th a h_»"

water stavnlcss stcel heat pxpe.'

“~

. Ha<k1n [cS] mcasurcd the tctal radval tewpcraturc drop

. < -~
: - P -‘._.

1n the cvaporato‘ and condcnscr 1n a 10w~tewpcrature nltlogen

“soxdal and random vxbratlons to dctcrmxne the 1nf1ucnce of $
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heat pipe. - He found- that for iow hcat loads (less thaq 36

watts) the tcmpcraturc drop in the conden<er was largcr than’

cin thc cvaporator. .The: dxffcrcnce was assuncd to be caused.

by the cxtra 11qu1d which accumulated 1n the condcnscr durxng
opcration.A For larger heat loads, the tcmpernture ﬂradxent
in thc cvaporator bccamc greater. Thxs was attributed to

partxal dryxng of the wick and to thc formatxon of a supcr-f!

'heatéd vapor film on the inncr metnl tube surfncc. ,Similar

mcdsurcments were made by Schhartz [SS] hlth a watcr staxn-'
less steel heat tpc.. For the same range of hcat loads but

much hxghcr tcnpcraturcs obtalned mlth dxfferent fluxds hc

.

found that the tempcraturc drop across the wall and wlck in

the cvapor tor was cons stently hxgher than in thc condonser.

chcc, a hxghcr condcnscr tempcrdture drop is not thc rulc,

the tc pcraturc 'mrxatlon along thc lcngth ot a. ltthlum heat

but instead, the relation between condénscr and cvaporator-

temperature drops is dep@ndcut on the gftcn geometry and the.
nature of working fluids. - = . nE ";:#i;“' R

In yct auother study Rankcn and Kemme {48] mcdsurcd

- s ,..-

plpc operatlng at abnut 8%0 C as shown 1n v1gure 3 ‘S ‘Thc;~f5 

o

ncasurcd poxnts havc becen flutcd w1th a. smooth LUYVC whxch

was corrected for the temwcrdturc drope ari 1ng from radxal

“~heat flows. Vanor pressure values assacxatcd hlth mcacuvcd -

tcmperaturcs and w1th the tcmperuturc mlnlnum;arc also dlS'

PP .q.

played in quurc J.ZS.- Thc tenperature reachus a mxnxnum B

.

bctuecn the ovaporator and condcnscr., In addltlon a prcssure'
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Figure 3. 25 Experxmental Obscrvatlon of Pressure Recovery

in Lithium Hecat Pipe, Ranken and Kemme {483
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i,recovery of S has occurrcd whxch compares favorably with

theorct1cal predxctxons to be. dxscussed in a iater scctlon..
Ranken and Kemme comparcd data, obtaxncd bv uohdanskv and Sch1ns
[90] u<1n~ a lcad tantalum heat pxpc, with prcd1cted valucs«
for both lamxnar and turbulent flow .26,

Figure 3 B1351us'

.‘turbulent flow~cquat10n give considerably be;icrifesulis'
“than thé-lauinaf fiow.qduafion; whiéu was éxuectéd. becauséf
'tue‘axiul flcw.ReynOIds3 numbcrs were well ovéu;idoo for. L

i tHis expé}iment. hgk1nney [35 91] conductcd cxtensxvc,'
| ,vtests on a serxes of watcr heat p1pcs in a nodcrate tcmperh-'
o 17turc rangc (temperaturcs up to 400 F) Among other con-_i :

r,c1u51ons, wh1uh hnve alrcady bcen anpl) dxsrussed hc found

ﬂolds numhcr had

that the- ma5n1tudc of thc radial Rey iittle

cr no cffect on hcat pipe operatxon

Tien {92 measured thc axxal tcmperature dx>tr‘but1on

..along thc out51dc of a watcx ethanol heat.

mined the pressurc 1ns1dc of ;hc pipe and

the condenser and purt water occupicd the

the pressure whiéh had to prevail'if pure’

plpe He deter--*
conparcd thls with

ethanol occupied

RIS TN LA

evaporator. He

concluded that separatlon into pure componcnts .w a hcat

EN . o

o plpe is cxtrcmely difficult, if not lmp0551blc, to auhleve[
© Instead he found that if the 1n1t1a1 conp051t10n was r1ch

] v' in euhanol the data dttested to the exxstence of a xatcr-

WA

'.ethanol m'xture 1n thc evaporator wh11e naarly pure ethanoli-”

"(1.»., the a?eotroplc mxxture) occup1cd thc condcnser sec-a.f',sru"

1
el

————
h
.
>
SR SN
Kl i i

tion. All of TlUn s’ data houever kCTC obtaxned w;th fhe




pxpe operatxng vcrtxcally with thc cvaporator bclow the con-

SRR _denscr.' 1€ the pipe contaxns excess lxquxd such an arrange-

ment is u:uallv referred to as a rcflux condenser because

H
i .-

vgravzty ’urLc xnstcad of capxllary forces, can always
return the condcnsatc to the evaporator.A In such cases :
o » .rcsults hould have to be vxcwed with some cautxon bccausc

L ) the wxck structure may or may not <1&n1f1cant1v alter thc.”

liquid vapor equilibrium conditions.

| o ‘Heat Pipe Applications

. Thcorcticallv the heat pipc may be npp}iéd to.aimost_a

11m1tlcss nurber of thcrmal transport prohlcns, whlch in

s o gencral can bc subdxvxdcd into four broad tOplCdl Lathorlcs

ol tS, 9, 13, 20] dcpcndxna on the partlcnlar fcagurc of a hcat
t  ?»  | pipe which is to.hc axploxtcd These .arecas of . po sxhlc
g application;arc:‘ lj Temperature Pldttcn1ng, 2) Source Slﬂku
"? Scparation; 3) Heat Flux Transformation, and,4) "on<tant Ile

1

T

Productlon. : R s
The tempcrature ecqualizing featurc of thc heqt plpe has‘

prompted nume rous suggestxons and actual uses for thc naxn-f

of the éhphasisAhas been, and isfsfill,‘fécuscd on tﬁc«prob;i

P

large tenpcrature variations may occur on thc surfacc of a.

spfcecraft resu]tlng from nonunlform heat1ng of thL craft.,[

These tcmperaturc \arxatxons can cause a hosr of problcms’

tenance of a desired constant tcmpcraturc environment.’ Much |

lems of thermal contrel of spatccraft. It is hell known that

including undcsxraolc thermal stresses. kat*off [S] togcthcr":
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. Geos II spacecraft. Deverall ut1112ed the xsothermal walls-,‘cﬁ

v1th several other 1nvestigators [7 93 94 95] recommended"

the use of long heat plpes, wrapped around the. cxrcumference7

R ofva spacecraft, to accomplxsh the necessary equalxzatxon of

'the tehperature distribution. Naturally the evaporator sec-

tions ef the- cxrcular pxpes would have to face ‘the sun whxle_
the radxatton cooled condensers have to remain in the shadow_ .
of the craft. Accordxng to Katzoff such an arrangement of

heat ptpes would reduce fhe temperature varxatlons around a

spacecrast thh a’ c1rcumfcrence o{ ten meters from Z7S°K to.57:~

'44°K.‘ Anand et al [96 97] reported the successful employment

'of two Frecn-11 heat plpes which reduced the tcmperature d1ffer~

ences between transponders located in dlfferent parts of a

of ‘a heat pipe to meaaure the total hemispherical cmissiyity>'
of variouéiy prepared surfaces [23, 981]. Several heat pipe'
contaxners ‘were plated or sprayed w1th different materials, and
the resultxng emissivities were determlned over a wide *ange of
temperature with an es*xmated accuracy of *2%. ' Schretvmann
(991 employed an iscthermal surface of a heat plpe as a metal
source in a- study of the cffect of electromagnetlc fzelcs cq ;5‘

the evaporatlon of metals. Bohdansky and Schlns {100} used

a heat plpe for the determ1natxon of pressure temperature re-

~ ," &

latlons of metal vapors at high temveratures aud pressures.

Feldman arnd Whltxng [9]have sugge;ted the construct1cn of an- 1so—.5

thermal flat pla te for the 1nstallat10n of electronxc components..x"“

They conccxved a sandw1ch type plate, the 1nter10r f111ed w1th
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many intcrconnecting honcycombed hcat pipes, which yéuld'

rapidly distffbute ényilocalizcd hcat flow and‘haintain the
platc at a unx‘orm tempcrature. ‘
Another usc of thc heat pipe hould allow aeparatxon of

the hcat source from thc heat sink. Again, possible spncc-

craft applications of l.ear pipes have received considerable

»attcntxon since the heat source, for instance clectronic

componcnts, is oftcn IOgntcd in the interior of the craft

and thc haqrc hcdt must often be transferred over some dls-,h'

tance for ultimatc rciectlon to outer spacc. Moreover, any -

chablc tcmoerature drop bctwccn the source and thqﬁradi-

‘ator nay 1nduce a s:gnxfxcant wcxght penalt) because a

[

.largcr radxator area hl’l be rcquxrnd at IOhCP tempcrutures

to dissipatc the same ﬁmount of enerpy. Since the heat pxpc

is both lxsht weight 1nd ncazly isothermal it appecars to

prov:dc Ldeal solutxons to,many thermal dlssxpnt;on problems

(7]

encountcrcd 1n spagccraft. Many invcstigator' [46 01, 1
102, 103 104, 61] hdvc considered its arpltcatxon to euch
cnergy dlelpﬁtlon sy»tcms and have cited numerou> ndvanfages

anlud1ng greater heat transfcr pcr unit wc;ght and some

degrec of mcteor protectxon when uscd in parallel arrangcmcntL

Werner: and Carlson [104] havc rgportcd that heat p1pc< can

opcrate sixty txmc> more cffcctxvcly as radxatoxs than solld

IS

rods bascd on heat~transfer rates per.unlt wc1ght' DQVprall

and Kbnmc[ZBJ suppo.t thlb claxn by rcport1ng thar a sx]ver sff

hc:t pipe is S’O t1rus more‘“ffcctva than an cqulvalent




boiling poxnt than thc stored fluid it should be feasible to

_into the storage vesscl, to a remote sink for dissipation.

o

‘mentioned several times [11,»491.‘ , . e

‘onic specialists to c0ﬁb1der .the conversion of Iow heat'

-t T . S e ) R

solld tantalum rod A team of invcstigatofs'éf RCA [20- s1} <(if
has dcsxgncd constructgg and suc;essfully tested a space oo S e
radiator composcd of onc hundred 1nd1v1dual heat pipes. The "th;

system which weighs less than twelve pounds is capable of

rcjecting SO 000 watts of fhcrmal cncrgy at a températurc

of>1420°P.: Hcklnncv [JS] rccomﬂendcd tﬁc 1n>tallat10n of
Lryogcnxc hcat pipes around crvogcnlc storage tanks. It

the hcat pipes conta;ngu a \orkxng f1u1d having a lower

4 o i 2 b h
. . 0 -

transfﬁr the heat, lcaked fror the immediate surroundings

¥
4

Rescarchers &t Los Alamos Scientific Laboratory explored a'

unxquc scheme ir whlch the Lcnstrx;tiow of a heat pxpe plasma-

L WP e o el

oven was proposcd fne dlbDOSal of hastc heat g1vcn up by

clcctronxc componcntq at remote locations has alrcady been '25' : o

Anothcr.féatufc'bf the hcat"viﬁé, which»has gcn:fated

much cnthusiasm, is its ability for- thermal flux transforma- f;n" R

tion. fIleat addition to and heat rumovnl from a heat pxpe S

are feasible uCTOﬂS heat flow ar as of d1fforent 5120;- Thls :

potcn*1al for hecat flux transformatlon ha~ st;mulated thcrm o

fluxes gcncratcd uy radzoact:vc 1sotopcs, for 1n>tancc '1nto{
a sufficiently hxgh beat (lux nh;ch is requxred for’ the wiu;;i? o

operation of a t*ermlonlc convcrtcr.. Lccfcr [64] achxcved a '

flux tranclormaxlon uth a Flux corccﬂt atlon ratio cf ‘ﬂ' i
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approxxmatoly ten to éne équxvalcnt to an output flux densxty
of 250 wattf/cm2 whxch 1s more. than adequatc to meet the
rcquxrements of a thermionxc convertcr. Other 1nvcst1gators
also reported measured flux conversions of a ratio of tcu to
one [107] and even twelve to one [74, 68] A humber of

papers have appeared in the 11terature £23, 64, 65, 67, 71,

108 to li7j extolling the virtues of heat pipes when used in

conjunction with thermionic converters. Numerous heat pipe‘

- thermionic convertcr assemblxcs have becn built and testcd

The results: have generated much optinmism and xt is bclxcved
that the heac pipe applled to. thermlonxc convcrters wiltd
reach technical naturlty in the ncar futurc.

Heat pipes may also §e used to "flatten'' flux variationé
supplied by an unsteadyﬁheat source. Researchers at RCA [107]

have developed a "ciassified" radioisotope powered heat pipe

which supposedly maintains a constant thermal ougbut flux inde-

pendent of variations in thermal input flux for at least

threé half lives. A qualifiedv'hermodvnamicist might want

to study these morz exotic schemes in view of thelr com- -
pat1b111ty with the requ1rements of the Second Law of xhermo-‘-

dynamics. -

Two particular potential heat pipe applications have been‘

proposed by investigators at the Lawrence.Radiation Laborétoty;
Hampel and Koopman [32] suggested ;he,utilization of the : '

heat pipe concept for the.control of small, fast- spcctrum,_”

high temperature rea=tors. Their scheme is baQed on the
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capability of the heat pipe to respond to a sudden increasec
_-". " in heat flux with an increasc in ‘evaporation ratec. If the

evaporator cnds of a sufficient rumber of heat pipes, filled .

with special working fluids having a ncgativé void coeffici-
' o ent, were installed in the reactor core, an increase in core
;; ; heat {lﬁx would result in a'dccrcésé of the total mass con- -
ST - tained in the core (cvqpordtors). Such a hypdthctfcai mass -

transfer device may cventually be used to provide some sort

o

of reactor safety control. Wcrner [118] proposcd to employ

iy o et

e b ~ lithium hcat pipes as tritium producers in the blanket -

+-_1 . - structure of a.reactor. The scheme calls for the‘t%ddépoft,. .%Q
o of the tritium within the heat pipe to‘an achssiblc‘ﬁrhées' -f
. - sing point éutsiée‘cf the blanket where it .could be }émovcd
-by. diffusion or cguivalcnt means and then be used to l
. replenish the tritium consumed ir the core. = = ' S o
4 PE C . o
~~§ B Heatr Pipe Fontrol i
- % Inasmuch as the heat pipe transfers cncrgy betwesn fwo o ‘ f
| é points utilizing a continuous mass c1rculat10n, it.is appar4;
%‘ ent that some degree of heat pipc contrcl may be cxcricd.by PR
t controlling thé mass flow."Katzoff [$] suggééfcd.scvcrall.
! concepts to aécémplish~thcrmal control witn the hcatvﬁiﬁe iAnJ;‘  _}
scrving as a.variablc thesmal conduétér. One. technique ; lf
involves the 1ntcnt10nal 1ntraduct10n of a noncondensable ;§

gas into the vapor space. As dlqcussed ea: llcr, the ga< } o

e

tends to collcct in the condcnbcr hhere 1t forns a relatlvelv

o et et

stagnant gas zonc.wh1chve;fcct1vcly ellmxnatcs any‘wqulng_-
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fluid édndcnsdtion. Thc lbngth of thc gas zonc of &ouréc,

! 1"

decrcasxng with 1ncrcaSIng pressures. The .gas layer bnn be
exploited in scveral ways. For cxample, suppo>c it xs._

dcsxred to always farnish solar cnerg) to an xnstrument

1nsxde of a <pacecraft rcgardle>s of the craft s orscntntion

thh recpcct to thc sun. The task could be ac;omrlxshcd by

mounting the instrument in thc center section of a heat Fi pe_;;‘- f:;
containing scme noncondcnsablc gas. If»the amount of gas,ﬂ‘; .:;K:vf
was <ugh that it filled slxghtlv Iess than half of th~ oipc, 

then thc 1nstrumcnt would JlkaVS rcccx\c encrg; f}om the - _t f”
sun. Thc cnd of the heut pipe on the shaded side 6? the

<pacecraft should remain 1nopcrat1ve due to the b}ock1n5

cffcct of inert gas and thus minimizing hcat losscs. The

Oﬁpocstc problem could be solved by u¢1nL a nartzally LTV.

heat pipc. Now the dry part of th> heat. pxoc, and hcnue the.;

inoperative part, could always Eacc thc sun,'and the 1n<tru-»~ R

. st .
B E S e e

ment which might generate heat could'rC)cct thlS‘hcat b", f“f'
adlatlon from the shaded sxde of thc spacccraft to outer o
space. Be<1dcs Katzoff, Wyatt~ (119} and Anand ct al [79] havc.,f

quggcstcd the use of thcrnostat:callv coutrolled valvcs and/

or bellows tc quwp'v or withdraw the- nonconucn91blc gns.-fifwt“"
Such an arrangement would allow thu offecttvc condcnscr arca

o be varied 1nccrendcnt1y of *tae operatxng prc><urﬂ prcvax

ing in the pipe. kat;ofi nas also commcndcd a control ffl;}x7w ff

technique which involvcs the. interruption of thc lxquid,floé\
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Figure 3. 27 Schcmatlc Cross Section of Variable Conductanre

Space Suit Shell Shlosinger [42, 43, 44} ' .v.. ] %,ifil_l{ ,

N - . LR N . -t
. . - - -- rovai e T T e e B L ik

in the wick. Thxs control tcchnxquc would bc prncblcal only f n‘f" '?;%: *.h;_
in wicking structures in which the bulk of the flow takes | :. fn' f
place ;n an artery. A thermostatically controlled valve - 55 '> Pt
could be ﬁsed to impede, or stop the flow in the artery, in
responsc to the control reqnxrcmcnts. Anand et al. (791 and
Shlosxnger et al. [44] have also considered a similar |
arrangement for'the control of the vapor flow. Shlos*nger ISR ifﬁ%jﬂ}f?;

.[42,43] used th1< conccpt into thc dcqxgn of a varlable _ xuz"l~ :.ﬁ’ligfg-Qf

conductance space suit. H1¢ design is 111ustrated in -0 oo

-Figuré 3.27. The desxgn conccpt prov1dcs for both 1nsu1a-

tion when the valvc 1: closed and for ncat rgjectxon when

s

the valve is open du11ng pcrnode of ‘high metabolxc heat - - f1;{5

gener¢txon of the space suit wearer. hxperzmental reﬁults
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were interprcted to consxder such a tcchnxquc as. fcasxblc, R

N v

but callxng for much more rcscarch Anand et al.[793" rccom-'- B

wly

" mended a control tcchnxquc 1nvolvxng the use of two fluxds ‘i”' o

P - M

f‘ I whosc prcssurc tﬂmpcraturc curvc 1ntcr:ect at thc ucsircd , SRR ORI
‘ _
i

opcratxng tempcraturc. In antxcxpatxon of ‘the dxff\culty

of flndxng such flutd\, this nct1od of control has reccxvcd

only minor nttcntion.; Workers at Honcvwcll [27) havc studxcd
thc concept of bcllon LOHtTOllCd fccdcr wxgks whxch are ‘i

exthcr in contact with the hcatcd surfauc thu> prov1d1n& a

_ . path for the coﬁacnsatc‘rcturn or thc contact is xntera. LT

rupted, thu< prevcntxng fluxn“e:Ufn and hcrcby <hut*1ng

-

of { thc‘hcnt pxno nctton. Heat Dxpc< actzng as "tucrmal

i -t

IS 1 -

. i -
i

R .vitCu=s .were buzlt prxnartly‘xn an c{fort to dcvclop varx—'

dhlc conduutance walla.. Conductxvxty rat10< of 150 haxc

been reported dcpcndlng on ‘the position or_tnc_fccdcr wxck,

Obviously a great many possibilities for heat pipe con- oo

i PRy g O e

trol exist; hewever, most of these concepts remain still in
the dreaming stage, and few controliable heat pipes have . | S
actually been built to date. Much nmore rescarch will have =~ . ) R

.to be devoted to this partic 1ar area of hcat pxpc nnp11ca-.

tion so that evcntuallv some thcrmal problcms can be solvcd

with controllahlc hnat pxpcs.

'Hcaﬁ Pinc Thcdry ) 2 '; 2 ST _j?;-f;w:

'g ' The heat pxp; thcor) dcvclopcd up to datc 15 duc, xn

large part to a stlmulus provxded xn 4 theorctxc ‘sgudy

pcrEormed by Cottcr [4] He formulatgd thc Eovcrn1ng‘ g__f;’ft7 S

PR SUNFR L

1

1
'
s
.
R0 s ekl ik et
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limit of heat pxpc operatxon.

- other xnvestxgators who havc oftcn sxmplelcd or nodxfxcd.

. approaches, all o( whz k are

o Arve o

fact,

equatxons descrxbxng thc processcs takxng place in’ thc hcat

pipe and also dcvclopcd a modnl to prcdxct thc capillary o

His results have bcen uscd by - .

his cquations- to qaxt thctr partxcular as<umpt10ns and/or S

geometrxcs. Bccause th‘

Cotter's analysis will be presentcd in nccessary dctaxl.

«

The dcscrtpt;on of the analysis ‘will be follownd by a numbor‘

. of modified theorxcs and by several othcr analytxcal -

ccnccrch with thc capxllarv‘~m1

limix. Dcrxvat:ons for thc predxutxons of the othcr lzmxts

~of heat pipe opcration are given subscquently and finally

soaveral nnaly<cs whxuh dcal thh spccnfxc problcm< concludc

analysis scctxon.- SR _ .

the

Cotter studied a heat pipe as shown in Figurc 3.28.

The capillary structurc is assumed to have a pore radius,

and to be completely saturatcd with a working fluid.

!‘C,

The radius of curvaturc of the mcnxqcu; surfacc is thought f

to be dependent on the dls.anue, z, and thc prcssurc dx!fcr~

ence across a surfa‘c as a funLt1on of pos xtxon is gtvcn'by‘”'

pv(z) - pi{z) = "g/r( ) = ZOCOSQ/TC

where r(z) is the Jocal'mcniscus radius of curvature. .Ih"

cauation (3-10), of coursb' 1t is assumed that the menxscus’

is represented by one radxus of LurVature onlv If,»in -

» 3 com plcx mcnxscus >hape were ‘ormcd thc term

has been done so cxtcnsxvcly ' e

-10) <t

l. -t ‘\‘Ar‘l'
APt

8

o
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Figure 3.28 -Cylindrical Heat Pipe Strhcture, Cotter‘[4]- 

- {2/r(z )) in cquatlon (3-10) sheuld be replaced by [;l + ;%)
1

where r, and r, arc the two radii of curvature necc~<ary to

describe a three dimensional sur(acc. I1f a heat pipe i§ to

be operated in a gravity field, then the maximum length,

Zmaxe

‘of the pipe is restricted by the lifting ability of

the comb 1ncd wick and liquid system. The maXimum length is .

given by the we

i known rclaticn

4

CosB =

&
max - Pe8 Tc
Cottcr next considered the stcnd) state’ opﬂratzon of a

hcat pipce and applxcd the conservation of mass pxxnc1p1c to
arrive at the relation T :f - _'f

where the two mass {low rates are both posit;ye,ih the plus

z-direction. . - el T e

2gcos8 R ;~ 23:115 ﬁ_u
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The prcssure grndxcnt 1n the lxquxd was | dctcrmnncd from
the. havxcr Stokcs equatxon for stcndy 1ncompre,sxble ~con-
stant v1scosxty flow. By ncglccttng thc xncrtial tern and
b) nodifyxng the viscous term with a u\ucnqxonless constant :
to account for different wxckq the pressurc gradient in the .
z direction was found to“bc - . o
sz L -~ by, my (2)

] 3 (3-13)
uv[ rw'rv.) Oze rc

where- ;hc dxmcnsxonl s constant, b, is defined as tréVK

o Y cosh

and has a valuc of appfoximatciy 8 for non-connected parallel
cy!indrical‘porﬁs, ;nq id-ZG for more realistic capiriary'
structures with to}tﬁous and intcrconnccted pofcs.- The
radial pressure gradicnt has bécn assumed negligible as will
be the case for long tﬁin pipcs; that is, for thase pipes
for which r 1 >§rw’. | :
The pressure gradient in the vapor was found by employ-
ing the results of Yuan and Finkclstciﬁilliol'and Knightvﬁndv
McInteer (12!1. These authors assumed xnconprccslblc laminar
flow and unlfo‘m Ln)cutxon or suction dt tHc 'npor spacn
boundary. rhe 1pp1)cabxl1t> of these re<ults 15 bascd on

the value of thc radial RCYﬁOldS numbcr kc rs which is

defined hy - 1" S n . o
P, T,V Codm, =
v \r T 1 4 . - .
Rep = - m T "B}; ' (f’li?:

v oo Vv

- - o«

It is posi itive for cvaporatxon and ncsatxvc for " ndcnsatxon.~

[ -
At

For [Rcrl << 1, thc vapor-flow is domxnateu bv viscous £o ces

sy
Toy

e
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T and the volocxt) profxle approx:mntes thc usual parabolxc

~
. v

'gradxcnt is gzvcn by ' S

e a3 u . T ' g SO
bl S [1 "3 Re - gh el s 19
- - - . "- v N -

"

For IRc | >> 1, howcver, the flow is quulxtatxvelv dxffcr-
Y R ent .in evaporator and condenser. For hxgh cvaporatlon rates

the vclocxtv prolee is not parabolzc but is proportxonal to

Tyl

- -

and Guevara {121}, and the prcssurc dccrcdsce xn thc d)rcc~

tion of flow. For high ccuac"sut;on rates, on the othe

hand,” the velocity profile is nearly constant across thc
b -~ vapor space with the transition to zero velocity occurring
in a thin:laver near the wall, and the pressure incrcases

in the direction of moticen due to a partial dynamic recovery

ent is found to be

dP -Sm 'dm -
_where S = 1 for evaporat1on and S = 4/ﬂ for condcnaatxon.
rurthcrmore, Cottcr hyvoth051 ed that for somc sztuatxons*'f

where the Rep = 0 and uhc averagc vapor vclocxty 1s hxgh

fully dcvclopcd turbulcnt flow may. occur. For such a casc,

| Cotter recommcndcd usxng IR "n"fz’

-~ . . . [ el e

- .

R shape for Poiseunllc flow. For ‘this case thc vapor prcssure‘

cos % [—I)z, which was verified cxpcrxmcntally b) Wageman-'

Iz * :r———T N ¢

~3

-

in the decelerating {lew. For chr] + =, the pressure gradi-

as nmight exist in hcat plpcs with a long adxabdtxc sectlon,‘f

[y

.
12
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A : cde, 10655 u_? Re
;T y © o Gan
] . - dz . P, T, =
- ) ; g ‘ ; 3 Ny
‘ in licu of ecquation (3-15). o o -
The rclation bctwccn vapor and liquid pressures and the. . .
A mass flow rates is ncxt given b) a lormul supnlicd by the o
| : . . e
};‘ ;klnct1c thcory - - HER
dmy dm, ar, (Pv'Pvap) : : a S
3z s - Jz - . . (3']8) N :
) ' T o /RT?ZnM,, o a SR
whcrc x is a nuncrtcal factor which xncludcc the prob;bxlxty ;
. L
of condcn«atxon of a vapor molecule and thn surface rough' S
' ness of the miniscus. Thc valuc of & is very ncarlv unxty. E *

: 4
) Cottcr next Lonsndcred the conservation principle of ! -
.t cncrgy and by negl ing radiative and conductive coatribu- .
tions he arvived ot
S - | Q(z)-z hfg.mv(z)'. , o .!9-39)3 i

Finally, Cotter couplcd the heat pxpc to the surround- - ';
: . o
’ ing environment by exprc»sxons accoun';ng for heat fluxcs { E

or xnpO\cd temperature condxtxons rcspcctlvcly ,-" . ' .;' A

and . e : S -
. Y Hfl, Tp .o 1, Tw) oy
;(:,rn) = T(z,ry) * [E—_lq ?2 R L '(5f211;V
SO : _ p W woo vl T
where cquation (3- 71) rclatcs th tenpcr“turc on: thc outer
surfacc of the heat plpe to the tcmpcraturc at thc l1qu1d ) .

vapor meniscus.,
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" then the avcrdgc vapor tcmperaturc T

the rclations 't W f_-',' Ff‘ i

-ate equatlon (3 15), (3 16), or ( 17) to detcrnxne the

L-;’surface temperature T ( ) mav be detcrmand The

Equatxons (a 10) through (3 21) nrc gcncralx?ed hcat

:wpxpe rclatlons as prcsentcd bv Cottcr.‘ Thc;o cquatxons can

he solvcd if thc vapor has a ncarly unxform tcnperaturc T,

throughout thc vapor >pncc lf cqaatxon (3-71) is solved

’Tor,T {r(:,rp)], then W in equatxon (3- 20) may bc cxpressed
as a funct:on of lcngth z, tempernturc dxatrxbutxon in thc_
vapor T [T(:.rv)], and the hcat flow, Q;‘ Also,.lf the hcati'ﬂ
flow through the pxpe ends is d"no;ed by F ( ) and,F (T-), :'

and the corrcspond-

ing axial hecat flux dx»trxbutxon Q,(z) are detcrn:ncd from

= = Mz T,) '

Q(0) = Fo(T5) ; _éo(l)'n Fy(T,) -

Wi h th1¢ apﬂroxzmatlon for. thc hcat flux the mass flow
' rate may - bc oc*crmxncd from cquatxons (a 12) and (3 19) }

Thc vhpor mass flow rate can thcn he uscd in thc approprx~

’prescurc dxstrlbutlon 1n the vapor., Also cquatlnn (3 13)

fmay be 1ntcgratcd to ylcld thc axxal prcssurc dxstrlbutxon,i,g

-

in thc lxquxd

PR

Tlnally,chuatlon (a 18) can be solved for

"the vapor prcssure of thc l:qu1d to thhxn an addxtzv

constant

ancc the vspor pressure _a krowz functzon of lxquxd

S

IS

“Cotter recommends usxng P(T ) fcr thx< consta ntrtfaf.mf“
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. consistency of this procedure can he vcrhflcd 1£ tho nxxal

811 comparod to Ty.

Cottcr used thxs’proccdurc for the special case of -

constant hcat addition along thé'cvaporhtor ané constant )

heat removal along the condenser. Thus he obtained

e 2Q, /1, i 0zl o
Q,(z) = h. m (2) = - g - (3-23) -
0 fgv (I;Z)Qc/l-le : lc <z<1 o

-

- where Q iv the total hcat inéut to the cvaporator. By

cmployzng cquatxons (3-25) in (3-15) and (3-16) and ncglect-

dcn51t), pv,.to be con»tant in both a stra:ghtforward inte-

gration yields

[ 4u '1Q
T ¥ = ¢ Rep <<l
. Vv ) {, ‘ .
AP, = P (1) - P _(0) = | - ' (3-24)
v \Y ) Vv (1'4/HZ)QC2‘ o .
. v Re, >> 1

Likewisc, intcgration of cquation (3-13) yiclds

. b il‘ Q‘l

Pi(;)-bz(o) f nglcosc + <

r.

‘1ng the term Re in the forncr. and assumxng the vapor_ .

(3-25)

ap,
2 - rt- r\
Zn( rV}oicr hfg
“The temperature difference in the vapor spacc can be
obtained from cquation (3-18) lcading to- i ‘
L Q MRT7TER L
AP = 6P - ~—— — T (3-26)
‘ N vap K v ilé(llle)‘hfg_q‘y - ) Ao
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And finally by considernng the vapor as an ideal ga<

e

dppli-

catjon of the Clapeyron - Clausxus cquat:on and ncglcctxng

the volune of the liquid phase results in

To? AP

.éTv - vap - -
. .. fg ° }

The prCCCd{ng cquations were applicd to a horizontal sodium

(3-27)

heat pipe und the results of these calculations are lzctcd

bclow.

The left hand column indicatcs thc pcrtxncnt values -

uscd and the right hand Lolunn shows the calculqtcd paramr

1
cters.

An inspection

it

SO0 watté;

Ty (1)

Pvap (TO)

&P,

b}
8Py,

APi

ATy

‘g

0 -

L

ji:ém/socw>
50 #m He
-,2 mm g
-.S i tig
2 ,mm Hg

of the computcd values cwplaxns th *hc heat

pipe has gencratcd so nmuch cnthuqxasm among thcrmal engx-

neers.,

A rclat1vcly large cnergy tranaport is nccompllshc

thh an almost ncg11g1b1c tcmpcraturc drop.,

~Cotter next Lons;dcrcd the maximum heat tranknowt wh&ch

is possible in a hcat pipe

pumping ability of a

ing fluid.

.

whxch is- lxmxted onlv hv the

wick in. assocxatxon Hlth i ngcn hork-

The. maximum prcssurc dxffcrcngc whxch can bc

. i
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" has been used to simplify thczlcft hand 1dc of (J 28) prxor?;

.equation (3-29) becomes ' - R ﬁ',].ffi, Eoa ,f'

supported bctwccn the liquid and vapor is achxcved when the
meniscus rad1u¢ in the cvaporator achxc‘cs a mx:nmum value,

1.0.[ cqual to rc. Therefore equation (3-10) becomes.

. | ° 20c§§8 - : | e 13
p,(2) Po(2) < - A _ (3‘?31 : A
- < - T - - s . 3 =
which must be satisficd fur all positions, z. In pérticul#r,?. o
for z = 0, cquation (3-28) nav“bc~rcwrittcn with the aialdf',. . "é
cquatxons (3- 24) and {s-’b) to ngc thc capxllnr) lxmxtlng B 1
condition for the total axial heat flux R
4\3 lQi ) g ’ 1.‘
- Re <<l -
nn Ty o r ;
2g1co~8 . hﬁungﬁl_ _ < 20§o>o
9 2_ : _
(l-l/r‘)x. T Tw rv]picrchfg, ¢
Roor o | (Re,>21
(3-29) -
where
‘ Pv(n)- P () = Pv(l)- gﬁv‘ AP - Pg(l) = APz- A?v (S'SQ?,' ~

to the substi tutxon of equations (3 Z4) and (3- ’S)

Cotter next detormincd the optimum--"pillary pore LT R
radius, r_, in terms of Q. by considering cqhhtion (3429)
where the cquality sipn is used and the f1r<t tcrm is stmpl)' “ .
‘-APV. Now since A?v is dxrectly proporttonal to Q (or Q 2),,¢,

the hcat transported is a maximum if AP‘ 1= a max1mum. Thqu;;“




‘ ! ‘ 113 ~

T Ty 1Q, - B N
AP, = pylgcos8 + (3-31) - -
. L i

! : . -

| : : 2_ 2 2. L.
I T aeegeng e e T
x , .

s C th equatxon (i—al), the prcssure drop, ap_, becomes a T T
: S - . L o
. maximum when v ‘ e LT A _fﬁ‘ C. E . fA
A _ _ : ' o . S . ;__ij
: ‘ ) 3 b u IQ " ) oL L. ) ) . e,
B ' . . - - : § [
= . C ok e t e o (3-32) S S
-~ _ = ' -ani -r }ozehf ocose B : L
E,"' ; . . - ] R - s ~’ . - "v , .- ) '*; ; R j'
‘The maxlmum heat transport is dctcrmxncd b) convcrtxng cqua- T R
: : - ~ . L coeT S :
P tion (3- ZS) to the form . . . S f‘ R '
. 7 ' . S P ‘
3 oo . v T - oo : SR
- - - Now for Re . << 1, and with no hvdrostatlc rontrlbutxon to ~;7 o -f;é
- : APl, equation (3- 33) is u:cd 1n con)unctxon with cquutlons - " ;
= (- 24), (3-25), and (3-32) to solve for Q,, leading to L vJﬁt
; , - alcos’s rvf [ré-ri]
-E . Qe = (3-34)
-5
R

T2 bl u\. uf. i . . . . . . . i .
Th 2 - _ . oy . ..
w<h cpvol L o . . e

tg
Obviously Qc bncomcq a max1mum whon the term r, [ J : i

assumes « mux;mum.".rmplc calcu¢us‘shows that tnlb,. tua-- nj ;-4-‘ e

.

* . tion is achieved when - L e ~4,A; : Q. 1(' -
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for thc optxmum pore size fot Re,

. f
v .

<<

&1'

as a variahle.

A P bui oy }/5] L F
The analogous cxprc:sxons to equatxons (3 46) and (3 37) for :
Re >> ‘1. aae ' i. ,l,iﬁuuﬂ_i_- e R
‘ i - ..‘A’_‘w ﬂhfv {pv°£~ cozco.szb l/! .,” _) T
- Q. =" — | Lol el (3-38
‘ e .. 3 T-b ] e e
T ey b1t e
2 T Crlo= - D (3-39)
RN (n? -4)91 qnoso = S

Cotter'< nodcl for Re

¢

>> 1 prcdicts thdtvthdfmaximum -

extent of prcs<urc rccovorv'1s fxxcd at 4/n torfcsponding“

to 40.5 pcrccnt of the-drop that occurs in the e"1poragor .

regardless of the amount of heat transfcrrcd. Thcrnforc,

the profile illustratcd in Figufc 3.29 rcprcqents thc vapor‘

prcssure d1<tr1hut10n for any case whxch is domlnated by ) ~i-,“31'

e

1ncrtxal forccs. It ehou d be rccallcd that the wroflln 1n

3

F15urc 3.49 is dependcnt on all thc aseumptxons madc by

v e € -
. . -

on the assumptlorvvn

AN - Y

W

Cotter in h1< analysxs nd in partlcular

that the vapor 1s 1ncomprcss1blc.; dfk“? and Hanson £743 Havc

A

wrztten a conputcr codc in wh1chthey consider tﬁ vapor te'

be compressxb{e and consequently ' i

G-
- L - Ly

,A comparlson of thexr rcsultﬁ thh

N . “

trcats the vapor den<1 y'}'_ff:’A
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" the pressurc’profilc 1n the cvapora*or sectxon. Howcver,.

'_a sxgnxf:cant nepnrture from Cotter's prcdxctxon was found

to exist in the condenser scction. licre, the extent of

pressurc rccovery was dependent on the heat transported by"

the pipe. . Figurc 3.30 illustrates the predicted pressure

recovery as a function of the heat transported for a phrtic

ular sodidm hcst pipe. The extent of prc>surc rccovcry 1s i

scen to be consxderably largor than that prcdzctcd hy 4'imﬁ}i;“:‘

'«

Cotter for large hcat transport rates and hence. the net nd

K N

- ~ .

to end prcs:urc drop in the heat pxpc hlll bc qmal]cr._ whenAf
'compr0551b)11tv effccts are lnportant Cottcr s analysxs
’undcrﬁredxcts thc mdxxnun heat transfcr capab:lxty of . the»A

hcat pxpc, and it may be used to provide a conscrvatxvci

,cst1m1tc of the capability of thc pipe. Of coursc, an cven
more conscrvative estimate conld be obtained by neglecting

pressure recovery altogether.

/

Ernst [54] has disputed the validitv-of the meniscus

bbunddry conditions empldycd by Cotter for the spccial casce

of largc radial Reynolds numbers, zevo gravitv and incom-

prcssxb] vupor'flow "1t should ‘be rccallcd that Cottcr

assumcd a meniscus profxle of th tvpc shown 1n ngure o al

jstng this profxlc, he went on to optxmx*c the cap;llarv

radius and heat transfcr ragc ard drrl\cd at cquatxonb

(3-49), (3-38), and (3-19] Frnst has calculatcd thc prcs-

surec vrofiles ba\od on these equatxons for the Spcc101 casc

of a sodxum hcat pxpc opcratcu at 700 C Wlth r = 1 Cm,_ani“

en

-
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Figure 3.31 Liquid Profile for Non-Optimized Capillary =

at Maximum Q, Ernst [54]
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Evapofaﬁor:‘ 'f} ,v{}';:j e coa R i.‘ S,
o "Qz' _:; b ul'Ql < Zoc0se"v (3_40)j~
e eIy theg® *,3“{’i ]pg€d heo T GO
_ Condenser: ~ ;j_ 7;if*ﬁfl:j}-t l'ﬁif“i'ff ﬁfﬁffff S
aQ? | a- b ul Ql R

‘ A : R
'1;'- S0 cm, and 1 = sd é@._ His profxles are 111Q5trated 2_5;7?“' 3
s )in Figure 3.32 by thc lowcr set of curvcs.~ Fxgurc 3.32 . -tﬁ,f_}i ".i
" 'shows that’at the condxtxon cf maxnmum hcat transfer pre; SRS ‘é
- PR B
: _dxctcd by Cottcr, thc prcssurc gradicnt in ;hc 11qu1d 1s _ g;jdif'j;’ ;};;
smaller than that in the vapor. Consequently, the p;c:sure R ti

of thc lxquxd in thc condenscr is grcatcr than the pressurc

in the vapor. Ernst has. concludcd that for such a sxtua- -

txon, a ‘meniscus profxlc of thc t)pe 111ustrated 1n Fzguro

3.33 must c<1<t.‘ Howcvcr hc rcgard;d thxs menxscus proflle

as unrcalxstxc and xnstcad proposed the prof!le 111ustratcd  }f

- in Figure 3. 34-for thc non optxmxzcd cap111ary ~ase.ifn_ L ;}
 thJs rev1sed profxlc. prcssurc equallty bctwecn thc ;1qu1d : .. fi
and the" vapor is assuwcd to occur at -the 1ntcrfacé bcthccn "i ﬂff1 ~»;?‘
the rondcnscr and thc cvaporator 1w;tcad of at the con—vi : j?' f S g

donbcr cnd as as<umed by Cotter. Fop thc snec.al case of a- ‘

.wire screen capillary <tructurc, Lrnst haa dcrlvcd thc ' B ,’._~ .1$
“followxng cquat10n> for thc pressure ba]ance 1n the cvapora? J:fif:A f

tor and condcnscr, the optlmum mesh opcnxng half hldth and TN

the maximum ncat transfcr c:pabx*xty,.rcspcctlvcly "u«ﬂ:

. 2 Ly 3
:Sv p rv n‘.g

ey
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. e - = 119.
t - . ",._' i - -\0 ]
Optimum mcsh opening half-width: = - . .~ LT
‘ - : 2 2 2 : e
' . 2 {bp n 1 1/13 . )
- n e A 2 C . :
=. N . -4
Maximum heat transfer: , L R ;"17_'$
4urw hfg [ 1 P PgET COS 8f1/ e em
Q = - 3 . \-)"43)
- m 3. - 2 b ou, 1
i 217 (4] £ “c. . _
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whc}e rc = d(l*k) and X\ = d /u has bccn used in der1v1ng
cquatxcns (a 40) through (3-43) and r = (Zla)r has been
applied to thc dcrxvatxon of equations (3- 42) and (3-43).
Ernst also Jpplxcd cquatxons (3 40) through (o 4s) to the
-5ame :00 C bodxum heat pipe dlscusscd earllcr. Hxs prcs-_q
sure profxles arc illustrated by the upper sct of curves
_in Figure 3.32. The pressure cquality between the liquid
and anor in the condenser implics a mcniécué profile‘of
the type shoun xn Flgurc 3. SS A compﬁrxson of‘thc rcv1>ed
maximum hcat trancport cquatxon (3 43), klth thc cxpr~ssxon
derived by Lottcr, cquar1on (3 38), lcad Exn<t to bclxeve
that Cotter's exprcssion tcnds to ovcrprcdxct “the maxxmum

heat transfer capahxlxty of the heat plpe.: In part}cular,

for the 790°C sodlum hcat pipe for whxch the prcs<ure pro~ﬂf'

files in Figure 3.35 were calculatcd th*s ovcr pred1ctxon

is dpproxxnatelv 40% The cxtcnt of over- prcdlctxon ‘of v

Y

course, will vary for dzf crcnt hcat plpc gcomctrles.jf':”?;

-, . I

' »Lrn:t also claimed that the naxxmum hcat transfer Lsnab111t)

<
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Figure 3.33 Interpretation by Ernst of Cotter's Liquid

‘Profile for Optimized Capillary at Maximum Q, Ernst [54]

'
'

«—— EVAPORATOR -

CONDERNSER

Y. X d . . 57

-Figure 3.34 Revised Liquid Profile_for Maximum Q,

Non-Optimized Capiliary, Ernst [54)
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Figure 3&35; Revised Liquid Profile for Maximum Q,

Optimized.Capillcty,-Ernst [54])
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of a hcat pxpc can be 1ncrca<cd if thc wxck xn thc evapora-r . K
- .- tor xs dxffercnt {rom the wzck 1n thc conden.er, 1 the g .
optxmum ‘mesh hulf width in the evaporator and condcnscr are >
N . - . : ) " . T
\ R, e e : .. ST
- 7 jre,pectxvcly : B ;“A R - o e —
SN o 8bip u,f 1 1/3 1
S . de = (1 K) g ozlc‘ocose (3-44) g
<~ . L .. - - . A . -\
| b y 2y 1 /2 ' . :
. e = |4 PUelcPy :"' Prg| '/ (3-45)
¢ Al
! - ¢ | ,0@ € _“m T
then thc exprc<qxon for thc maxxmum hcat trnnsfcr ngcn ”?“_
Py
previously by cquation (3- 45), becomes 7 Sy
. 2 27173 1 -
o - 4n if hfg 1 IK § P00 C?s 8]/ 5-46) §
. m ? n-(l* )< b By T J A '
ARt : o : 1
! A compurison of cquationsA( 4)) awd (1 46) for a tvwxcal :
case wherc € = .8 and l =,le accompanlcd hv some calcula- !Q
lTi ‘tlons shows that the usc of dxffercnt “1Lk< in thc evapora- ‘
—.‘l : tor and condcnscr may increase thc maximum hcat trantport 'f.ﬁ
L} - g‘- 4
L 'capabllxty of heat pxpcs bv ovcr 153, Fhe percentagcv” i K
5ot ; -‘1
: xncrcasc varies from pipe to pipe dependxng on txc cvapora-. ¥
tor and condenser lcngths and on thc poroqxtv of thc, ij
! capillary structure. 7
; Hdny 1nvc;t1gators have euggcstcd varxous alternatlv ’ ‘Q
' . IR Y1
(. P v
‘ Aexpresqxons ‘for the prcs»ure drop in the &as and 11quxd for 5
S N
dxfferent hcat pxpo conf:guratxors whx;h way nc used ii p Lo
1 . o
| Aequdtlon (3-29) instead of ‘the pxessurc dropq predxcted by —i_
i 3
y -3
‘j

-, -'“,‘ Vol ;
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y _Cottcr as ngcn by equatlons (a-’#) nnd (3-25) Bohdansky et alh

[46], for 1nstancc, rcC)mnendcd thc fcllowlng expressxons  j”g

for a heat pxpc hhth employs axial channels for the lxquxd
return and_for which zero g, lamxnar, 1ncomprcss;b10'flow,

s

is assumed in both ‘the liquid and the vapor:

S v R o LI
: S v v . e PR
and L o T e
- . . _— g L - e i . -
. APR . :mit:zl‘. . .._‘A, . (3-48)
: K . . “ch pl B T . T
where K is a channcl ¢hape correction . tern wl h is approxi?'. ;
matcl) 1.5 for channels of rectangu]ar crosc se ct ion andf'AfA “1}?7 ;ﬁi::f%
depth cqual to thcc the wxdth. Lquatlons {5 47) and (3- 43) : B
vere used to derive the following rclatxons for thc max;mum . , ;' {
heat transfer rate: - ' . "_ o . S - ’*'}“V1
. , . ORI . 5
Q . - 1 r\’ hfg -1 K~:\l 1/ ) o (3-49) -
max .- 6 - .a I ?@v? vy T

.

where "a' is a channel Shdpe factor wh:ch hdS a value cf

A

about 2° for the channcl dxacus<cd ahov ~and 'AC 1s another S

dxncnsxonlcs< numhcr dct:ned by

n= Y -:,(3-50).-' .

hotxce that A is dcpendcnt on the numhcr nnd spac1ng of the

axial Lhanncl and has a maxlnum value of u. } Eouatlon

.. PR . - -

(3- 49) is of llmxted tmportance to thc deexgn cngxnecr,;i’if'r

because of the large number of dlmcn51on105< constants S

which must be cmpl‘vcd

and the ;ack o‘ ‘a mcthod for the
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’:,dcfermination:g{ thcse conctdnfs. Busac ct Jl L47) noixfxcd ) 75 'f 2f%
'cquatxon (3- 49) so that all thc dxnensxonless paramctcrs dre o - .';fj
xncorporatcd 1nto one constant. Hxs cquatxon for the maximum _ : v";f.
heat flux is = o ‘”._ B | 1 o=
Sy T R L e |
_ , ef{ - o v, Vo : : , f;j
where 8 is this dimensidnlcss conéfaht ‘ If thc channcl ? fu ;
‘:dcpth is 1,, the channcl wxdth is 12, and the dxmcnsxon b:A"”fTi‘ ‘fé%fg
between channel< is l,, thcn 6 is approxxmatclv 9 for 1;* | "i :~";f[;?
1,"'= 212 = 21, and is approxxnatcly .5 Tor l = 1 l,.'  :A? fjﬂiﬁ 5;
The term 1 ff is dcfxnCu by BUbSC as 2, _  ¢55 j‘ ';;ﬁ:‘ - : ‘,.i?i;g
_ - max 4 : o e
and is thc:go-callcd effective length of fhc,hcntThipe<f -
'whéreia(z) is.thc average axial hcaf'flux nt'any pésition '_ﬂ _ : ff';é
v;;:avofagcd over }hc'piuc cross settion. The 1nc1usxon of o .
'équation (3-52) 1nto oquatxon (w Sl) would howcvcr, cause f
,ithe tcrm of interest, bl.e., Upax? to cancel. A more\x'i‘; n;;({;ii;‘
-straxghtfurkard avnroach is to szmplv rop]acc 1 r;bln (3- 51) ‘
by 1, the total heat pxpe length ’,;h,'_ _ ..,>§~ o
Londans}y and Sthns [ooJreconmcndcd the followlng ) )
¢éxpressions for the vapor and lxquxd prcssurc drop»for.;;w_ F?;uf;f;“.
,‘turbulent flow'{" » o

r'd
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- . ’ I/Q’ -
.0(5 7/0. uﬁ 1 ff .
APy = 7% .‘nhQ — T (3-54)
f Yie/
LR A G A )

‘Equation (3-53) is obtaincd hy a straightforward integra-
tion of cquation (3-17). The cxpression for AI‘2 is obtained - - .
in a similar manner but has”bécn modified to uaccount for:

‘channel shape by the dimensionless K term.  As suggested f

above, Icff should pcrhapé‘bc replaced by the total heat
pipc.xcngth\ﬂﬁnquatioh'(3-54) is very likely of limited o D
value bccaU\c thc liquid flow will gcncrallv hc lumxnar c\cn:' B iQC

. B a

- for very hxkh heat trnn<fcr rates. o '
Bussc {123} considered laminar vapor flow in a cylin; e ‘ “)'w;
drical heat bipc which had an adiabatic -section sopnrntiﬁg k
the evaporator from fﬁc condenser. For the casc of constant
heat nddition'and'fcmofal the vdpor flow was dcscrihcd by -

the Navier-Stokes cquat1on which was salvcd by anproxxratxng o .

the axial ve X"CI'VVPTOfilc by a iourth pouer polynom131 of S -~f; ' _\A:i

the rndiﬂs. 'Thc analvs 5. furnxehcd a \clocxt) profllc whxchA

[P,

whe Nai-

was. rclatzvcl) constant along thc cvaporntor' thnt 15. 1t o I B

Loi

Al A

approachcd tnc Po::cxulle profxlc in thc 1dxnbat1c scctlou,

and deviated LonSderxb:\ from thoe Poxscxullc.prof:lc in the

.
s L

condenser.  The pressurc urop in thc cvaporator is ngcn by

R - . 24

.f4uv'm1c ' : 8;\ 1] e [
:)- P (0) ?‘é——F—f—f [lfch {j 77 “Tﬁfj!f"* “( 55) L

Y

where V 1s.the axial vcloc.t) a\eragcd over tac cross’ccc-_ﬂ9

’t1on in the c»aporator, and A is ngcn by
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o Equation (a SS) may bc ap;roximatcd thh an crror of lqsé*
- ' than 1; byt LT LR

~aw v 1 [ B 61rc ] 2

’ a yaoe . 2 h '- o )
Py(2) - 2,(0) = ——7= |1+ 6IRe x| Tr (3757

v

The pressure drop in the adiabatic section is given by

z “r_Re

.r\l

S . S - . . . Do

- ) . o

'whcro Re 1is ’he axlnl Rc)nolds numbgr dcfxncd hv.:

°

Re = 2r. .V o /- and 'nf is a corrcctxon tc the Poxselulle

P (2) - P(0)

L N1 7 8 23217 ¢
o B [ 8

vmy

_(:f . - S e

velocity prefile defined’ by R S

":Typi:al values of 'a' arc i1llustrated in Figure 3}36 for

"~ several radial Rcynolds numbers. Lquation (3- 58) c.n be

approxzmated with an crror of about 1% by

_suvvmz [ .106Re_ l cxp( 302/t Re i

3.
. rvz ' 18+Skc - -/r Re Q j

R

- The ‘pressure distribution in the condenser scction is given

- . S

by oLt .fm 'v:f

-V

.

;gé)'

P

... a exp(-22a/75) = A exp(-22A/75)cxp(-1442/5r Re) (3-59)
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 Figure 3l36 Vélocity Profile'Corréction vs. Position

3;i‘,~'- " . ' in,Héat Pipe, Busse (1233 -

P

where now -'a' is. found byvthe.solution of

el ¢

a
0

‘ 75/(22 B)
a - KJ .. 1ag BJ o . [;' TMJ (3-62)

S :-  'i5 V., .’18  : '3" 18 27 44 1/2 ~" ,>—
R 7 R i _[[5..*,!?6'")",7-“5']. o Ge83)

Here ao is the veloc1ty proflle corrcctxon .at thc begxnnlng

of the condenscr scctxon.4 From Fxgurc 3 96 1t is seen that

O’S’do < .655. Busqe plottcd thc dxmcns1on1css pressurc

dis trzbutlon in the condenscr sectxor as a functlon of

.
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3.37 reprcscnts.thc special case where the adiabatic section

is so Jong that thc flow at the beginning of the condenser

EATETRD
N
\

has assumed a Poi<eui11e velocity profile, i. e., ao = 0. : _ .

It also shows that up to a ccrtaln radial Rcynolds number a
: 'prcssurc minimum occurs at the end of thc condenser and that
increcasing condensation rates tend to move thxs nxnlmum

(3 .

toward the beginning of the condenser;“.Thc Qislocation oflvV

this minimum indicates a partial pressure recovery. - The™» = - - ..

pressure drop of the vapor which‘should bévémployéd in 5h.

overall pressure balance equation, such as equation-(3-29),

'dcpénds‘on the net heat transfer of the heat ﬁipé.t'BGSSeﬁ

v
f

has mentloned fhat for strong hcatxng and coolxng ratc& a.

pressure equa11ty exnsts xn the vapor and the 11qu1d phase
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in the proxxmxty of the beg:nnxng of the condenscr.
'obeervatxon was substant1ated by Bohdansky et al [76],,recall

-that Ernst also had noted thxs equalxty in pressurcs.‘

and has

pressure equallty bctuccn the vapor and lxauld w111 gcﬁerally';q

'exxst at the far cnd of the condenser.

va . T \,"' .
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such a 51tuatxon 011v the. vapor pressurc drop 1n the

.

cvaporator and adtabatxc section has to be taken xnto

account for the calculatlon of the maxzmum hca~ flow.

a comblnatxon of cquatxons (a 55) and (o 58) yxclds thc

e

Thus

.

total prcssurc drop in the vapor exprc<sed by Bussc as

where-

The factor F can he approx;métﬂd w1th anqcrror of less thaﬁ“
1% by o e L
T O (I
.."’g'a;_’ e X {'R'Er-"fe_

61 to 181{ On thc othcr hand

- (3-'66)
'uIUCSAranging‘frdh .

for low heating and’cooling‘*atcs 1 c.,vcmali Re '; thc

For thxs case Lnowl-

- o

edge of the prcssurc drop in thc entzrc vapor qpace 1s
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L Thc rc)atxon was prcv1ouslv obt incd by Cottcr cquatlon ; A

(3-24), for a hent plpc thh no - adlabntlc sectxon, i. c.,

--Ala =0, uhcre thc brackctcd lcngths 1n equatzon (3- 67) wcre

replaced by tho total’heat plpe length. It'iA ntcrcstlng

to note that thc lcngth oi thc adiabatic scctxon has more

influence on tho/nro<surc drop than thc contributions ‘Caused
- r"/‘.. -

of thc cvavorator or condcnscr.

by the length:

Haskin .(’S) has dcalt with a hcat pxpe contaxnnng an

adiabatlc scctxon. Hc transformcd equation 13 23) into

The prcssufé drop»iﬁ‘thc cfapordtor and condenser was f 
obtained by suhstitgring cquation (3-68) inte cquation
(3-15) and its subsccuent integration. The pressure d*c,

in the adiabatic section was found by assumxwg the cx1<tcncc

of Pox>ouxllc flou. The net end to end pressure drop for'

.

4 Q 1} "‘, :; S

Neg

This cxprcsszon is dent‘cal to cquatxon (3- 6’) whxch uas

dcrived by Bussc.‘~‘or the case of Qe >§ Naskln u»ed

and apo‘zcd cquat;on (3 1 ) to the ndxabat:c scctxon and

obtained ,'T”A;j' ‘,if,;“ff ;: ?. ”5frl ”;‘1{fwv

e zQe/Ie S 0_§’z i‘}e T
e ) = h, m (= ) ; Qe ;'1¢ Lzl (§i68) f _
(I-Z)chlé ;-IC £z2<1 y

‘Re << 1 is givcn hy'the sum of the xnd‘vxdual contrxhutxons

P, = G s (3-69)
“\f: .ﬂpv tv. h e

_:. : X .. [ 5

'cquatzonc (V-GS) and ( 16) for thc condcnser and evaporator"

e
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Notice that_botﬂ-cdﬁationé (3-69)‘and'(3;705Mfcduté‘to
Cotter's results, cquation (3 24), for thc spccxal case of
13 = 0; Thc eauatlon for the prcs»urc drop in thc lxqu1d

‘was found to bc ldcntxcal to that obtalncd by Cottcr cqun4
txon {o-?S), with the cxucptxon that the lcngth, ; in thc

viscous tqrmlls rcplaccd by (1 + la)‘~-

ERRE . .

Schwartz [S8] hds used Cotter's analvsi and 1ts cxtcn-

sion b) Haskin to display ’hc lxquxd and vnpor vclocxty and
the vapor mass . flow ratec as a functxon of the hcat lo“d for

a water-s axnlcsc steel hcnt pxpc Thc wick uOﬂblSth of

two layers of 100 mesh screen and the pcrtchnt dxncnelons

“&f the pipe were; 1 = 3 in., 1_= ih.; I = 8.5 Ln.; and
e : c a

sl

-V

arc typical for a low tcmncr1turc hcat pxpc. rhg vanor
velocity decrecases with xncrcasxng hcat load duc to thcy

large vapor density variation in the temperature range of

interest. : T

W

Werner [118] has cemployed Cottcr’é prcssuré balancc

cquation (3-29), for Re_ >> 1, and obtained ina computc

calculation the axial heat.flux and (ach nunhcr as a,”

functxon of Iongth for a 1500°K lxthxun hcnt plpc thh

W

r, = .S cm and rv = 4 Lm Thc results of these computa-j

tions xe bhOhn in Fx&urc 3. 39 xllustratlng thc hlgh

r._ = .189 in. Thc results are prcscntcd in Plﬂurc 3. 18 _und'

.
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Fxgure 3. 38 Calculated Heat Pxpe'Parameters vs. ﬁeat

fransport Rate, Schwartz [S8]
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Fxgure 3.39 Calculated Ax131 Heat Flux . and Mach Number vs.

Length for Lithium.Heat Pipe'at 1500 K, Werner [118].
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?w VCIOLIthS u“d fluxcs whxch ma} bo obta:n;d in a hxgh tem-
i td . . - N -
I pcrature hecat pxpe.‘<”1gurc 3, 39 ‘of cour>c, is ba<cd on
b _the cquatlons for a caplllar) lxnxtcd heat plpc and thUs

L ‘the flux rates may wcll cxcced othcr hcat p:pc 11m1t> such

P
h{ " as thc cntrainmcnt or boiling limit. Werncr and Larlson LIOS]
..’] .

‘modified cquatxon (o-“9) for the sneclal case of a hcat pxpc

with a capzllar) ~tructurc consxthng of axial greoves

covcrcd by a 51nglc ‘Jyer of screen material. If the =™
intervening wall between grooves is négligibly thinrif'th¢
-~ -~ inner radius, then thé'prcssdre drop,in’the liquid may be .

‘ritten as

o Bup Q¥

o © .. AP, = p,glcosB + - — ";' (3-71)
; T M sles e e e O
B where {rp-rv} 1s the groove depth and r. is the capillary

. _ | Ty |

radius {groove half width). Folloﬁing a procedure: identical
to Cotter's and assuming no gravity effect, Werner inscrted
‘cquation (3-71) into cquation (3-29) nnd arrived at thc.,

follonxnb CXple\LOHS for thc optlwum CJpxllarv radlua and

N

the maximum heat tranxfcr ratcf

——res

ey
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©on. the hcat flux thc Operatlng tcmpcraturc 1nJ thc 3*'iv@”' 

ln addxtxon, hc found that thc max imum axxal hcat flux xs_?

obtatncd when T /r = 5/6 a value approx:ma~cly 2. 3% hlahcr . _;»_5-;‘?

than thc onc found bv Cotter (VY273). Notice that Wcrncr - R ;ff ”7
- L 'fs
aseumcd thc same size for the caplllarv rad~us and thc

groovc half—wadth. Conscqucntlv thc scrccn ncsh sxzc and

the groovc wxdtn can not bc sclected xnd“pcndcntl) Han-

I s - -

rel and Loopman [3 4] rectlfxcd this lxmxtatxon h) dccoupl-

‘ing tbe channcl dznonSJOn from the prc<surc qunnortlng mesh

1

dxmcnsxon. Thc lxquxd flow in the channcls wns trcatcd

simply as flow. through an annulus nnd ccrrcctcd adequatc ¥

i
‘
:
’ R - R
»

to account for thc actual area avatlable to thc flow"7ln4“

addxtxon a xcalxng factor 'a’ has xnzroduccd to aCLount

for the addxt:onal pres>ure drop xnduccd bv thc channcl

configuration.’ Por the casc of kcrA>> 1 and zero gravity .  ' L
cffect, Hampel derived an eaquation similar to cqun,zon : _ :
g : o S , e R
(1- 4/1:2)02 R T -
Sp r, hf. <

€ o a e . NI I
. | coym fg?v[fw rv) ?w Ty

‘where 'd* is the screen meqh opcnxng half wldth and 1is.;
the ratio of thc actlve channel arca to thc total ' fcum-5f

fcrcntral arca of r, dxffcrcntxatlng equatlonA(S ”4)

-

with re:pect to T the rcsultlng ratxo T /f{} has found

v v
_to no. longcr bo a constant 1 c., / 73 or 5/6 but to depend
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Fxgurc 3.40 Optxmx‘cd Rclatxonshxp Bctwccn Vapor Radius and

Wall Radius for Lithium Heat Pipe, Hampel and kOOpman {32}

thcrmodynamlc prﬂpcrtxcs ot ‘the horkxng fluid. Typical
- valucs for this ratie, rv/r , ‘are 111ustxatcd in r‘gurc 3.40 8 fj g,

for a high tcmpcrature lithium hcat pipe. : ' _ ;"f .3;1{4

S - Anand et al. [14] and Anand [96] employcd ‘advanta gcously,
equation (3-36). The total Iength 1, was rcplaucd by
P [lé + 1 ] and the condenscr length ic, was rcplagcd by Qc/C

.

where C is a condenser pardmctcr deflned by ' , RS
x, [r,-T B ‘ o
w [ v -w] o ‘ (3-75)

PSSP

nfr /r

C = 2n

This procedure led to a quadraiic term in Q with the sclution

. ’ . ' _— y Ccrp 2 :,‘3 €1 .
1 3 _ 2 Dl € y/z c le e I
Qopt 3 Cn rw”hfg 0cosh |3 —— 5 :

BECRRIE T

-



to the capillary radius and obt; ine

- . . . . . . L

Equation (3i76) illustratcs how a rcstiuini on the axial heat

transport capability is imposed by the radial hcut’(low in
the condenser scctién. The condenser paramctcr.vc. may be
vnricd by wick.flooding, iﬁtroductiqn of nohcondcnsnbic o
gases, or by manually chunging the surfﬁcc arca. Equﬁtiop'

(3-76) rcvcals the possible applicabi!ity of these tech-=- 7.

niques for hcat pipe controi. - o N L . ,;i.,.ﬂ

Brosens [110] started with cquation (3-19) and con-

sidercd both the liquid and the vapor flows as laminar, -

steady and incompressible, i.e., Poiscuille flow. Thc.wickf:

structure was‘thpught to consist of 'n' cy!indriéaf éupi;-'?
lary tubes and pressure équality wias assumed at the fur‘cnd
of the condenser. For the case of zero gravity and pdrfccf
wetting of the wick; the expression for the maximum heat

transfer was found to be o , : -

-Q - ’j,-:.hr)l ‘1 + Wl oo ‘3.77)-
N mitx Tl T . _

\
..

The sume result was independently arvived-at by Schtioder amd ~

-

Wassner £1241, Broscens optimlzed equation (3-77) with fcapuc!

3 vy |/~_ o . 3

Te,opt © Tv |0 (3-78).
from which resulted L . LT
. . . . . ; ". )

v o ry hfg _

Qmux}op( . foeT v

. v Tc,opt -
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be much larggr than those measured oxpcrlmcntallv "Thé.f
deviations arc causcd by thc many 51mp1xfy1ng nssumptxon%
adc during the derxvntxon of thcac cquatlons.:
Yrann et al. [30] used Poiscuille flow for the lxquxd and

- a modt’lcd Po:scuxllc flow for thc vapor._ Hc gavc thc~'

vapp. svessure drop as -
‘] o . - 8u. 1 : - b,w,.
: S v o f Tv.o-
Y L (3-80;
v vy 2

.l‘

. whcrc 1r is tnc ef:cctxve flow Icngth and cxtcnds from the

mid- poxnt of the cvaporator to the nxd poxnt of the con-“‘3{

denser, and the functxon, ¢, is givn by

Re < 2260

5, = (3-81)

(
14
J .
LLooass we/* Re > 22000 .

Noticc that ¢V is discontinubus fuuction'at»nc = 2200n(bv

approximatclv 50%), so some reservations as to its applxca-'
ndc uce.”

bllltV in this rangc are 1ndecd Justxfxc Franb

of cquatlon (3-80) to dcrxvc an exprcssion for'ghc max1mun'_.ﬁ7

heat tr1nsfcr c114h111tv of a hor1 ontal hc1t pxpc.fA_’t

ae FL) (012 o
Qmaxﬂ=.éw"- 32 ] ris N

i'f s _ The valucs predxctcd by equatlons (3 77) and (a 79) thd to L

Tae Lo

5
k
- :J{
%
;.
.4.3
- A-é
4
A
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Dl*xn the preccdxng cxprc:s;on 1s the nydrau'lc dinmetcr of

«

the caplllary Dorcs.’

-txon of equatxon (a 8’) for a grooved heat pxpé and by

~

assumxng perfect hettxng,‘r c., ‘a = ; and by rcplac1ﬂg

by-AL/AQ. obtalned for maxxmum hcat Ilow “i}Q_ 7-35 aif

Rcfcrrxng to Figure 3. 41

PO P v

, e .} §'+ W 1~¢f,,:'f>_ i¢f~.‘;
e TW N T (J 87)
and the numbey of grooves 1is
: > 2'm.r
' LR \
¥ B W .

A . oal CE P i oo e

rrank [26] next dxscussed thc applxca-:'

a humbcr of~aux11iarv'vafiables"““
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Flgure 3. 41 Sketch Illustrat1ng Des1gn Varlables
. ' 1n Gtooved Heat Plpe, Frank et al. [30]
N ! . max = SC . Qa ‘4’ . -
. T IS ()t (1) (3-91)
where . : " - EREEE
S C = nN/Blr” (3-92)
and
D < o=
S 1 (3-93)
L O

Eqﬁation (}fél) was next extrchiécd-

max/rQ; and if a bdf is _s
mum value, then the rasult is
T 3 —3 -
W (1+¥) 1+ 7y
given implicitly by -
-5 ° (-9 Q1) o 16 |y
—13 X 7.2 . B v,

‘value of Q

to yieid the

ed to denote

"

optimum .

the opti-
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L3~ 97) were obtaxncd by Frank and arc reproduced in ngurcs~

optxm 1ng;the ratio Q

- s e

.Figurc 3.44, Using this value bf v, thc optxmum valuc of‘ B

‘Q /r.? can be taken from F1gurc 3. 47 and ¢, “from rlgure

b i e LN

e g‘,"'(sw)(wff L

o000l RS — . (3-96)-~

ST 2(10% - L-%0 0 e

In addxtxon, since the optzmum heat flow gcncrally occurs

- i, -

when thc vapor flow isf:urbulcnt, °v may be written as’

. . . 3/5‘ - .' [ - 2 Qmax 14.‘1, / . . - _'l o
¢vﬂ .00494Re | __..09494 [“‘rg“'v r || T (3-97) f

pe O . v L .- . -

" The solutzon> of cquatxons (3 94), (s 95}, (3 06), and

42 3.43, 3.44 ‘and 3. 45  rcspcct1vely. Thc.prqccdurc for
/r* is an itorative oﬁe. First,
thc effective flow lcngth f;'thc‘dpcraiihg icméerathrc,f“ﬁ L
the working fluid, and the pitch, 8, éfc sclected. The |

pitch has a minimum value of unity and it is advisable to

‘make it as small as possible. 1In general, the minimum :

value of the pitch will Bc‘ihﬁoscd by maéhining and strcngth

requirements. Oncec these values have.becen selected, an

s

initial value of ¢# = 1 1is asﬁuﬁcd and ¥ may be found frcm

max’ w

3.45. If ¢, <‘ ; the vapor flou is lamxnar and no further'_ T

iterations. are *cquxred If, on the othcr hand, ¢  ‘“1{

then the prcva111ng vapor flow rchme is turbulcnt ano thelﬂf

' proccdurc should be repeated u~1ng thc ncw valuc o; 0 Lv;'vf"“f"“

.

enter ngurc a 44. The optlnum value of u can bP found
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Figure 3.42 Optimum Value of Q
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(as givea by the aspect ratio).

the maxxnum heat (low has hcon tak"n 1nto'x

n:?)‘ (z;?)(;;ifb.
Voiovw-1-¥*

i1}
Y]
3
”»

j 2 - A " A
) : 0.2 0.3

>

Figure 3.44 Optimum.Value of ¥, Frank et

from Figure 3.43 once the itcration proccdure has

to constant values of 0 . Frank claims thut.this

ence is

three itcrutions. (omplotlun nf thx

/:'

matclv

xxnallv yiclds thc _optimun ‘tlUC\ of QO

max

ratio, a. This

0 r LOHVL‘

the maximum heut flow maty be found

given heat flow,

and, morcover, for hoth qltuatxons,

Only the

xteratxon proccdurc dnd other lxmnts

.

such

..“)»-.%’-‘,‘:’E:“pﬂ, 2N el

5,

zcly,

ount Jn the

as thc‘entrain

converged

converg-

rapid and may Lcncrt]lv he dLLOmpll\hOd hv‘app:oxi~

proccdurc‘

al. (300

implios thnt'lor.u glvan hcxt plpc radsux

ior

L

the mlnxmum pxpc rudlns miy hc dctcrmnned

-

! und thc aspvct P

thc optxmum groovc shapc4; L

apxl]ar) limlt to '7f_

-f"“::.. ﬁ;,’_‘.ﬁi —"':f“
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Figure 3.45. Graph‘fér Determining @v,'Frankét al. (30)

~

limit which is especially important for open grooves, may
d ’ .

well pose additional restrictions and wvarrants further

consideration.

McKinney [35, 91} discussed a hcdt_pipe héVing an‘adia:

batic section. He found for Rer << 1 the prcssurg_drop in

the vapor to be identical to that reported by Haskin cqua-

tion (3-69). The resultxng cxpx0551on fur thc maxxmum heat

transport rate was given as ’ S .
| : .',- - T .;; R | : -‘i-
Q . = |29c0s® . p,glcosB . (3-98)




A e, B = I‘K“K“" 2l (3-99)
o TPy 1f-g. o i pl fg J S .

For the casc of Rer >> 1, McKinney employcd Cotter s rc>ult>
for thc evaporator and condenser and assuncd Po1scu111e flow

in the adiabatic section finding the hcat flow _ N
Vo fv R W1/ P L
E o+ [E’- 4D[p£1;oss - 39§9§3]J-, - B

: < : - s
Qmax - . 20 7 . o u(3 100) P

where - e "f}f L

o
o)
o
< -
-‘“
P P
~
:‘ t
51
~~
v
i
(=]
-t
Nt

.
<
N
e

ard B T F o B ST SRR SR RN HE

b= S:v 1u;,;,§§u£ E;*la) - (-107)
ﬂo\, fgr\,' . - pzlfgﬂlr‘ ‘V - . .

Tl

Moo

Voticc that for Re >> 1; chinncvvworkcd with thc Poiscuille
flow asxunptlon for the vapor in the adlabat1c pxne sectlon" N

whercas Hask}n assumed ful Y developod turbulent flow for B ~1;'~y~

the cvaluation of the pressurc drop For lntermedxatc axxal

Rcynolds numbcrs, thcrqfore, thcsc two tcchnlqucs mhx both ;‘ '5

be employcd to encompass thd actual prcssure‘drop “and the f“kg'§1”5‘

" ’ «

\rcsultant heat transfer limit. ﬂcKinney with thctaid 6f.f. ~ .‘a;ﬂ”
cquatxons (3- 93) and (3- 100) dcvelopcd a computcr proqram

for the graphical dx>n1nv of Qm x versus thc r“tlo r /r

.

for various adlabat1~ Icngtbb, perﬂcabxlltxc 'wcttlng

.

transfcr tcnded to delleC 1n thc nclghborhood of ry /r

anglcs. and tcmpcratures.;'lﬁ all cases, thc maxxmnm hnat




Thc'réasbnifor'iﬁé‘largc'devfafioh o(-his’Valdé‘froﬁ the
.valdcs"obtaincd by Cotter and Wcrhcr, i.e., /Z73 and 5/6

'respcctxvely, cannot be cxplazncd without a more dctailed

study of the problcm. o ‘

In all of the prcccd1ng analyses thc prcssurc drop‘
in the vapor spacc in one way or anothcr was con51dcred
S1nce for low tempcraturc heat p1pc> “this pressure drop may
gencrally be assumed nvgllgxble, a quick estimate of the
.capxllary lxmlpéd hcag,flux can_be obtaiied by rcgarding _
only the pressure drop . in the quuld Several aﬁtho;s'whoscf
Tesults are d1scu55cd below have used thxs sxmplelcatlon. ‘
Ph1111ps~(29] and Phllllps and H1ndcrmann [53] applled Darcf';

law to the liquid flow and arrxvcd av cquat1on (3- 25) whcrc 1 is

replaced by {lé v 21, ¢+ 1 } from which he obtalncd for 1, = 0.

Q = 4 gif& 'KA“ 2 5&E£E KA cosB (3-]03)
max v vy w & L

L

'In'addition, he recommended the use of the following expreSv‘

sion for heat pxpes w;zch emﬂloy a bypass or arterlal type

“of wick: _ ;;f e : SR
an v : Q. 10_,1-4 ?c]’ s Vg [rv+rw] ' Q 1.+1,
Py _*K7- fg “Z7"a ‘~7J .TK "X rv[rw~rv] hfg lc- Ie , ,n.

- - Y

The fxrst term in cquation (3 104) represents the pressure

drop in the artcry while the second term pertains to the

_A.,-,’ . ..

pressure drop associated thh the flow of lxquid to and from
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f'and Chato [125 126] have uscd thc entlre hcat pxpc lcngth

calculatcd with cquatlon (a 103) A sxnllar analys15 has

the artery in the czrcumfercntxol dxrectxon.

PRAN .x

N

drop calculat1on equatxon (a 25), 1s cssentzally :"guff%fif:
1 /2 + 1 - 1 /2 and that 1 =0, hh1ch reduccs it to half ;:.4

'of the total heat plpe length Fcldmnn [8] and Str»ckcrt i:ﬂé-}"‘i‘f‘

1n thcxr prcssure drop calcula’xons* conscquently the:r B

rcsultant maxxmum heat transfcr rat» 15 onc half of that :

v

bcen pcrformcd h) Neal [’8] Langcton and kun"[la, 55]

consxdcrcd mass, momentum ana cncrg\ balances based on an

elcmcntal thxcknebs of wxck in thc condcnser. By asquming

-an 1nf1n1tc menxscus radxus at thc far end of the condcnscr

and a mxulmum value at. thc condenser evaporator 1nterface '}'_'f R ST

he obtalncd thc lxmxt)ng heat flux o T S
. N K . X ; ' . - N . : o . i

; | 2Ry

PSRRI min,Ti p, 8 h__ | . "
. S }v-_; o 2 L BAX WR ..

o~
)

The'subscript NR,Vrcfcrs to thc tcmperaruro condltxons at

whlch the max1mum w ckxng rxse 1> mcasuved

kA
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: é = 1. COSgrove ct al [37 SS]cxtcndcd thc anal)sxs of “_‘;“'"Q R
Langston and Kunz to 1nulude the effoct caused by an adxa' ‘

batic heat pipe sect1on and the temperature varlatxon of e

.. - .the fluid propcrt:es. The maxxmum hcat transfcr is thcn

0 - - . -

given by‘; . R ‘:'1,4A R ";;_ L T 8

Qn'ax = ZK ° A hfg "TA E'g‘ O[Ta)pgwﬁ -hmax' | . | ' -
oo [vz['l‘cllcdvl{'ra]la] 0 WR ) o
- | s v BT

- Eﬁ [Dl[Tc]lc + 91[1‘}1 ]cose -
.:L{;i;.il.l,;:«: y-:?;_i, - o 'T:f f f,; (3:1b7).}” _;Q ﬁ}}f3 :
whéré T1 is thc temperaturce of the adndhatxc section ana‘is ' ;f‘
cqual to -the saturation temperature of the x]uxd and TC is _'9
the condenser tcmpcraturc‘and is taken as thc average of thc‘ )
'_saturation and sink tempcratures. Noticc that for the T Pk*‘
spécial case of I, = O_chation_(S-iO?) reduces io eqqatioﬁ' T i
Thc above dlscu>sxon ha> dcalt qolel w;th thc cap11-' ’ ‘ t E
Jlary limit to heat pipe opcration. As ncntxoncd earlxer’ : fiiv
Lhis typc of limit 1is espcc1all> xmportant for lou tcmpcra~ - o
ture 1pp11Cdt10n: hherc rclat‘vcl) low vapor vcloéltlos anul:i, ’ ,l .f
_heat fluxcs prcvaxl. For high vapor vclo cities, on the' ‘ ;-

other hand, thc sonic and entrainment 11m1t be come 1nport~'

ant. Levy [127] pcrformcd a one- dxmcns1ona1 compres<1b1e

. - - -

apor flow analvsls on a control volume haslq restricted

e ! P v -
e hﬁfmf{""ﬁﬂ "f",*"'? e
N S e e B e or Ny o

frae ke

faciss o mada doni™d




'ratc was found to be B Do :‘x'3~ ST T

.‘vapor and thc analvsxs to whlch 1t was anp11ed )1eldcd a‘

fcr ratc. lquutxon (» 108) thercfore nay he used to ohta n'~'
“the tncoretxcal lxmltlng curvc< whxch kcrc 111u<tratcd
“carlier in Figure 3.17. Levy comﬂarcd the limiting heat

sodium hcat pxpc.‘ These lxmltln" rates are 111u>trated in

'obtalncd with equatxon (3- 108) whlle curves B and C rﬂprCa

strcam cnd. «lso dxqplaved are the wxckxng 11m1t derlvcd

’prox:dcd bv kcnnc [SS} Rcldtxvely gOOu_ggrcemcnt xs dlS“"

“to, the vapor spacc. Two models wcre used to relatc the

thermodvnamlc propcrtxcs in the vapor. Flrst by treatlng

e "

‘the vapor as a perfcct gas, the sonic 11m1t1ng heat transfer

: ‘ 2y n : Lo

. \% : oo
Q.. = py W .r. 0V, hfg . (3-108)
max. /IRy, L

A Y

R
.

P N .

This condxtlon zs reachcd whcn the vawor flow chokcs at’ the

downstrcam sxdc of the evaporator. The second model

»

. {
“described a'singic-component cquilihrium two-phase saturated . P
I

“ - s,

. by - - K

complcx tranccndcntal equatxon for thc lxmltxng hcat trans-'

transfcr rat‘ ,rcdxctcd wnth both models for a. nartlcular

Figure 3.46 as a funct1on of tenpcraturc. Curve‘A was "‘:j
sent thc two phasc modcl solutlons. hurve B was calculqtcd
u<1na thc tcmnerature at the upstrcam ‘end of thc ev"norntor

and curve € was obtained u51ng the tcmneraturc at the down-

-

k]

from Cotter's fundamcntal cquatxons and ,xperchntal data

ccrn1b1c~hetwccn thc senlc-lxmltlng curves and the ex pcrxf B L

mcntal data for tcmwcra ure less than 600° C. Above“thatA‘f

Mhdae Nl 44

A uf

E—



rate required to achieve choking within the c¢vaporator

SODIUM HEAT PIPE
| ———— DATA FROM {33)
. ==—=== INCOMP. THEORY ,WICK LIMIT -~ FROM (ss)
L o PERFECT GAS MODEL
<=se— TWO PHASE MODEL

! DsiB cm

Lg=8 cm

- LgeSocm
4000}
. -
2000}

1 - B A o
‘“Aﬁf 1 1 N 9 1
) §00 . 600 700 800 -.200
’ TEMPERATURE ,T. °C

MAXIMUM  HEAT - TRANSFER RATE , Quax,WATTS

Figure 2.46 Comparison of Perfect Gas Model and Two Phase

Model for Sonic Limit to Experimental Data, Levy [127]

temperature the sonic limit curvc greatly overpredicts the
measured maximuﬁlhcat transfer rates and, in fact, the

mcasured rates were probably limitedhby the pumping ability

of the capzllary syqtem.' It becemes also apparent from the -

agrcement between curves A and B that the perfect gas model

(equation (3-108)) is uscful to estxmate'thc hecat transfer

N

section.’ -

The theory of the cntraxnmcnt lxmxt has rcccxved llttle',

atcention, the reason being the dcpendcncy of this llmlt on




4 f;f';rb the detnxls of the geomctry and thellnterfac1al shear streﬁg"h..

:—i§~'557 dxe;rlbut1on.n Cotter (19] and Kenme [36] ‘claim that for

1 ? Tl Weber numbers greater than unlt), the pOSsxbxlxty of entre1n-.'

;-'_i: ment exists. The Weber number is thc ‘ratio of 1ncrt131 ‘

? f' . _force fo surface tension forec wrltten as ) ‘

l N R At T
oo A Weber Number = —% ; - N (5-109)

. . . 2. N - - R o -

where &' is a chnractcristic dimension associatcd with the -
uick'surfécet An cstimate of the cntraxnment 11m1ted heat
- flux may be est ahllshcd by cquatxng the hebcr number to C

unity. This assumption, ;ogethcr with the cnergy equatlon‘

(equation (3719j], yields

. . B : Q - pro’ h 2\'1./2 . . i o
ol Ll i“x = _L_Trﬁﬁ R - (3-110)
_‘ . B - - -, [ . . .. ‘ v . 0 . - - .

2 :

Kemme claimed that for scrcen wicks, the characteristic

lengfh, L', is Vcry nearly cqual to the screen wirc:diameter
and that it probably depends to somc extent on.the wire -

spacing.

o

The heat transfcr 11n1t a~soc1ated w1th b0111ng w1th1n "

the wick did not rCC°1ve much attent10n exther.. This tyne

! 1‘_L of limit is Gifficult . to pTedlLt since it *equxrca among
other’ﬁropcrtxes a thorough Lnowlcdge of the cav1ty d;mcn- c

sions in thc wick nnd of the . cffect1ve thcrmdl conduct1v1tv

or the baturated “1ck 1he b0111ng l1m1t was 111ustratcd

in ngurc 2f7 and Has to be con51dered as aualltat1ve 1n T




1nstcud of a negatlvc one,

‘nature accofdiﬁg.to Dcverall [18] Nofice that the limitiné -

heat flux decreases thh increcasing tempcratur NcaI:IZS]-

“-’took the superhcat whxch 1s necessary for thc 1nc1p1cnce of

nucleatlon 1n the hxck1ng into consxderatlon and rclated the

supcrheat to the tcmperature dxffercncc ex1st1ng acruss the

wxck in the’ evaporator and obtalncd for the boxlxng 11m1ted

.

heat flux:- . '-a"lr' : T sJ‘.. i' ’
Q i lek“ ? Tsar | 2 %% (-111)
max Tﬁ:?w/rv ovghfg b 2?f2_7;' S

.:1 /

Marcus [128] contributed yet another rclation for the boil-

ing Eeat"transferilimix .g-A c . ‘ 2 . ]1',.w;}‘
. i . 2 1 o ) /2
L ,.,“f} atoplxl Ky [;g— chrv]{,nc,v - pyglcosB
Q .. = [T +r —

mzx h}l— My 1 o,
j . e

He furth r rccommendcd to eva]uate thc cffectlve wick con*

ductivity with - L o o '_‘A‘ S '

-~
]

ék o+ (1 e) hlt(‘;

Obvxously the 1bovo cxnre\sxon< are qultc dxflerent 'rom the B

qualxtat ve 11m1t glven b) Devcra 11 51nce hoth Ncal and

Marcus conclude that thc lxmltxng heat transfer increases

w1th 1ncre351ﬂg 1p0r tewpcrdturc., H°nce thc b0111ng 11m1t

{:curvc ‘depzcted in P1gurc 2 7 >hou1d hnve a’ po .ve ;1ope
,,,,,,, o -'{' -, X _‘; R

{3;113)'",

-y
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‘and theorctxcal
~limit can be treated with suffxcxent conf1derce.'ﬁi
The foreﬂoxng dzecussxons pertaxned }o the numerous
predictions of the maximum heat transport capab111ty of heat*“
pipes in view of the wieking, SOﬁic entrainment and bC111ng

limit respectivelv. Only a few analyscs havc been undertaken

~on othcr aapccte of heat pipe technology 'f' zje--ﬁ;eA"

Lyman. ‘and ”Ua"g 11293 studied - - two d1men51onal fﬁ'

PRV - .

ligquid flow and hcat eonductxon thhxn thc wxck near the

condenser entrance. Assumlnn constanf pressure and a

cons*ant rate of Londeneatlon in the condenscr he computed

the tcmperature d1str1hut10n in thc thk Thc rcqults of ~ S TR -
- A - - N N ESREN

his dnalv>1x are d1sp1avcd in Figures J.47 ddd 3. 48 Thel f qui' o

numbers on thc 1<othcrn5 reprcsent the tempcraturc abov N ;?';‘f., i

the coolant tcmnexaturo Tc’ in unxts of [Q/ok ] while the 0 G ' -
. - - _ el | .

numbcr< on the adiabatic curves glvc the fract1on of rhe SRR oy .

heat flow, Q, which passes thrOunh the portlon of thc wxck f; - ;:'%-fff
'te the left of the curvc...kxgurc-o.48 111ustrntcs the
_dxmcn51onlcss tempcrature d1>tr1hut10n in the mldplane and

‘at the surface of the'w1ck. lor hxck matrxces of 10h con-fi},

duct1v1tv larnc temperaturc gradxcnt> are p0951hle in thc

wick at thc 1unct10n bctwccn the adxabatlc qcetlon ard the

e -

condcnser. Such tempcrature gradxcnta have becn observod

qualitatively. in several expcrxmeﬂts w1th low tcmpcrarurc_:

o~

watcr heat pxpc : Unfortunatcly 1n gencrll ,the thcrmo~7

couplc< were ot pluccd suf{1C1ent1y closc to accuratcl»
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Figuré 3.47 Isothermal and Adlabatxc Curves in Condenser ‘
- ; W1ck Lyman and Huang [129] '

T"’Tc .
Tamke .

N ’
Y

TeMPERATURE AT ..
SURFACE OF WiCK

0.374
TEMPERATURE AT

~-ADIABATIC SECTION —sto— CONDENSER SECTION - -

Flgure 3. 48 Tem}\rature D15t11but1on< on M1dplane and

s i

Surface of W1ck Lyman anu'nuang [129]

MIDPLANE OF Wick” i R .

it
A
1
B
b -
——
PRSP W
¢
a4 f .
'
-
:
f

m ey mmemba e o



vcrxfy thc steepne>s of the gradlent

H PL N

sxzed that th1s analytxcal solutxon 1s appllcablc onlv to

cie -

_condcnscrs thh a f1xcd tempcraturc boundary cond:tlon, c.g:,

.calorlmetcr cool*ng It is also evxdcnt that ma)or cowden-T

i

“satxon and the a<90Llatcd hcat flow into thc wick occur ver)

'ncar thc entlancc to the’ condcnscr <cct1on.

lhe cffcct;vc

wick condugt1v1'v was ‘alculated b\ assumxng paral:cl heat

conductxon through tnp lxquxd and klck matcrzai as dcscrxbcd

by cquatxon (3- lla) Gorrlng and (hurchxll [150] and \1ssan

-kct al

- e

mcacurcmcnt and thc conputatxon o{ *hc cffect1ve thcrnal

EEY

[lwl] have suggcstcd var:ous tcghnxqucq for thc

it

conduct1v1tv of othcr w:ck matcrlaxs.
Brpsslcr and hyatt'ila?] xolvcl tﬁe dxf(crcntxﬁl equa-
‘tion for the velocity during the transicent capillary rise of

a liquid in grcovcs’of various geomctrics:

is plottcd 1n tcrms of dxmensxonlcss qroup> shown in Figure
"3.49. . The conqtant ¢ cquals [’ csc (B/ ) -2 csc* 2(B8/2)1,
'IE], {8(w —2)/n ] and h is L%csc

-angu]ar, >cm1c1rcu1ar and ~quarc'cro<s qcctlon &100»0

're<poct1»cl) Por a glvcn aroovc geonc‘rv rlund propcrtxeb,

hall and J1uu1d sur-’.

and tcmporaturc dnffcrencc‘bctwccn th

face, [Tw - TS}, the medn vcloczty v Nd) bo dctcrmzned from

‘Fifurc‘S.dQ. “The total hcat flux:at <tcad) starg <an’ thcn

'bc ca‘culatcd from

if~shou13 be'cﬁpﬁa-;,"

«

The mean vclocity,

/3)1, [-]. [é]. for tfi;'{f"
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Figure 3.49 Célcﬁlatéd Mean Velocity in Grooves,

Bressler and Wyatt [132]

Bressler uscd the above method to investigate the effect
which grcove geometry has on the maximum heat transfer. He

found that a vertex angle of approximately 50° led to the
highest heat transfer rates among triangular grooves. .
Furthermore, it was found that square grooves are charac-

.

terized by.the highest heat transfer rates per unit groove’

width when ali'grppvgs have an optimized depth. The results
were dif{ferent, however, whenjall»grooves wcrq'témpafed at

the same depth. Many more comparisons of groove charac-

“teristiecs may be made depending on the specific requirements

to be evaluated.
In another study,-Galowin and_Barkéf fiSS] employed a

two parameter, fourth'prdcr Vclccity pfbfile in the Karman -

Pohlhausen boundary iayer integrai mcthod to defermine

L *

ANy




velocxty and pressure fxclds in“a- two dxmcnsxona‘ heat pxpe.:z' S

.The vapor was assumed to be 1ncompres<1h1e wh11e thc 1n3ec-7

tion and suction velocities at the wick surtacc were con-

sidered as émall. For thc cagé of'l = L and unxform

1nJcct10n and \uctlon ratcs thh a vcloczty V ; thc vcloc:ty

lc f

and pressure distributions;wcré found to be:

For 0 i z i L: - . . ) .‘- : . ‘.‘- ‘.»w.

- ) o :‘r (,) =.3v"~' (L f: (3_115)‘
S » m-< 2 lﬁ lf T‘ ‘ e
. o -3u vV 2 {,)2 ’
. Cop() < P(0) = — {;’T] {f—] (3:116)
For_L <z 5'2L:' )
) 3V ’ . i
. _ v L - Z‘ 115
Vo (2) = — '\T) [, o (3-117)
. 3u v, B
“P(z) - P(O) = Tu" w (L) fi: - 4 [E] 2] (3-118)
Appreximate solutxons were also ohta1ncd for the casc where

the inicction vclocity obeys

llllcr and Holm [lsd] considered thc po<<1b111ty of

using modcl hcat pxpes to DTCdlCt the ncrforvancc of d1ffcr4~u

ent prototype heat pipes.

was employed in which the

rial “as uscd in both the model ani thc'prototypc.

a ramp functlon.

[
- “

A matcr:a; prescr\at1on sch°mc

This

xmpllcs that thc thcrmal Londuct1v1tlcs of the wnll and

klck

3

the cn1ttnnce of tho condcnscr surface

and the'

same horklnq fluld 3nd W1Lk mdue-»




perneabllxty of” ‘the wxck havc to be prescrved

'starrcd quantxty represcntlng thc modcl to prototvpc ratxo

~

iof that quantxtv ‘the modellng cquations are

: ) [Tv . 11;o]“ =gt - (3-119)
i CoTy = @ et Y T ez
- and L ‘ c-
: eogteNT R (3-121)
= . L ¥ -

hxpcrxmcntal vcrlfxgatlon of thc dbovo equat19ns showed that,

‘:prototypc thermal behavxor could be pred1ctcd from the model

"behavior to within 10°F over a temperature range of 240 to’
330°F for a pair of. watcr hcat pipcs. Hodclino cquations

for another qchcmc Nthh prcserves the heat flux from model

to prototyp° were also prcsentcd but an cxperlmewtal veri-

fication was not attempted.

With a’




CHAPTER 1V: THEORETICAL CONSIDERATIONS
OF A TWO COMPONENT HEAT PIPE

The processes which take place within a two component
heat pipe are considerably more complex than those encoun-

tered in a more conventional single component heat pipe.

. 1In addltlon to var1at1ons in velocity, pressure and tempera-'

' ture, concentrat1on changes may occur throughout both the
vapor ard liquid phases. If it is assumed that local equx;
librium tonditions.ore oresent between the liquid and vapor,
then the additicn of.a second componene, in effect, provides
an extra degree of thermodynamic ffeedom in the pipe;-thus'
both the pressure and temporature must be specified to com-
“pletely de;erm;no the state of the mixture at a given loca-
'tion._ Additional modes of mass transport, such as dlffu51on,
-must also be taken into consxdevatlon. |

| The phenomena wnlch occur in the vapor-core of a two
_component heat plne are descr1bed by a set of elght coupled
Agnonllnear, second order, partial d1fferent131 equatlons.:ﬂ
If the vapor behav1or may be regardcd as two dlmenSLOnal
thcn these equations 1nc1ude the momentum equatlons in each

vrcoordlnate direction, the energy equatxon, tuo mass flux_ﬁ:

equations, an‘equatlon of st ate, and two LOHtlﬂUlty equatlons.

[

-t 4n bt s




The la'ter two equatxons are rcqu1red because the total mass

" the end walls and W1CkS and by assum1ng ‘some sort of 1n3ec-;'

e.g. it depends on whether constant temperature or flux

and the mass of each component ‘must be conscrved whxch leads
to three cont1nu1ty equatxons, however, only two Jre 1ndepen-
‘dent._ The e1ght-equat10ns mentioned above represent the.'
rela;ionship between the eight unknowns:

o

. : AR L

. . u(x, y) - "9i(x. Y)‘J
B O . ST N |
il y) Ty o
\ GG y) R,y

The solution of these equations requires a complete specifi-
cation of the physical properties as well as a sufficient

number of boundary conditions to define the probtlem. A

~ consideration of the cquations indicates that .twenty boundafy

conditions are necessary. ‘The velocity boundary‘conditions

are easxly spec1f1ed by applying the no-slip condxtxon at -  ~n

tlon velocity dlstrlbutzon at the wxck surface. rbls

1n3ectzon velocity d1str1but10n is of course coupled to

'»the external cond1t1ons applied on the con»alner wall

condltzons are utllxzed for ‘the ult:mate source and s;nk

ylhe temperature gradlents normal to the end wa11< may also:A

be assumed to be zero 1f the end wa115'are treated as adxa-fV .

batic surfaces. The commu.;/ applled condltlon of cymmetry

VIREESNHA

,.\.
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159
about the pxpe centerlxne is not app11cab1e due to the

presence of 'he body forCe ‘term which tends to produce an -

.asymmetric densxty and temperature distribution depend1ng

‘on the pipe's orientation with respect to gravity.. Moreover,
- p p .

the density boundery conditions at the wick surface are not

'un1que1y determxned " In fact, to establish only the ratio

of compoaent densxty to m1xture density. (cr mass fraction)

.at the wick surface requ1ros a pricr knonledge of both the _fv‘* ' ‘_V' 4T“ﬁf

local temperaturc and pressure as well as an expcrxmentally
determined’ equ111br1um curve relatxng prcssure, temperature,
and mass fraction. Cousidering-the above d1ff1cu1t1es, it

is not surprising that the. equatlons have not been solved.

The prediction of complete component separation as B

presented by Cotter [4] is based on the assumption that only f L. ;A-ﬁ
R . . ‘ s

: o N/

axial*variations of temperature and concentration occur. mmgf
Hxs predlctlon is eased solely on the cr1ter1a of mass con- : S i

servatxou and a consideration of tke equ111br1um curve for-
the.b1nary'two phase mlxture."The-charactcrrstlcs of blnary o ) {
:equilibrium curves ara discussed in grear detail by - |
Bosn)akov1c and Blackshear [135]. A typical set of such

curves for the b1nar» system water- mcthdnol is 111ustrated

in Figure 4.1 using data from references [1&6, 137]. Each

enc’oswd curve represencs the temperature and concentratlon

characterlstlcs at a 11qu1d vapor 1nterface for a glven

pressure. For-a particular pressure,'anv po1nt below th

S—— : :
L R ) BT EU L
- . . . . .l

AR

o

closed curve rcpresents a llquxd ‘phase only, while any p01nt

PO
SR
EeR

above the closed curve 1nd1¢ates that only thc vapor phase




.-‘exists.. For poxnts wh;oh fall 1nsxde of the curves,'however,'
1both phases are. present.- The comnos1t;ons in the liquid and
.Avapor are now determ1oed by the 1ntersectxon of the prevaxl1ng
.itemperature lxne wzth the lower and upper branches of the

curve, respectlvely. Thxs‘lmplles that wirenever a two com-
ponenﬁ, fwo phase mi;tufe with an equilibrium diagram of the
| type illustrated. in Figure.4;1 exists, the vapor‘phase is
; »always r1cher in the more volatxle cemponent than the ,1qu1d
% ‘ phase. If thls is the case, then Cotter argued as follows.
i The same total amount of mass must be moving in opp0>1te
é  d1rect1ons 1n the vapor core and in the liquid saturated wxc}

at any given axial posxt1on to satisfy cont1nU1ty. However,

-if the vapor is richer ih one component, then more of tha;>

component is entering the condenser end of the pipe than is

leaving. The net‘transfor cf the more volatile compoocnt to
the cordenser end would'continue until the iwo componeots

are completely separated Since the pressurc in the vapor

core is nearly constant ‘a complcte scparatlon Jnto pu*e
jcomponents would.manifest 1tselt by significant temperaturc
variations from one end’ of the pxpc to the otner. In fact,

where each pure component ex1sts, the temperature would tend

. ~ toward the saturatxonvtemperatute of that component'as deter-
mined by the prevaiiing pressure. The result would be a
i L temyerature dxstrlbutxon along the pipe that con51s s of

'two plateaus with some tran51t10n rcglon bcrween them.

. . . o PR
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The one d1nen510na1 argunent discussed above‘*opcars to

be h1gh1y 1deallst1c. S1nce the VGlOultY and p eSbUTP f*elds_"
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-are obviously two dimensional (due to the injectidn and suc- S

5

. eight “quatxons mentioned earlier. IR e Mﬂ:;?  R

L A DS 162"
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tion at the wxck 1ntcrfaces), there would scem to be no
logical reason to assume that the concentratxon dxstributxon '
is also not two dimensional. If this is the case then the |
vapor nust be rxcher in the more volatile component only in’

‘the 1mmcdxate vicin1tv of tle 11qu1d vapor 1ntcrface. The

conscrvatxon of species requxremcnt would then mean thut at ”;"' "'”i;ig
each axial position the following condition must be satis- - i' ' '5;.;€§
fied. S T |
{ ) va -~ - . * ) ) . »_ . ) . ,,‘ . ; . ; e
[ tuoay = [ e ay  @1e T
Yy . - Ry R : Co S PN ;
vapor - - owick oL T T S

-~ . b

An infinite pumber of component density and velocity distri-

L N

buticns exists which satisfy the above equation. It is

&

:
>

readily apparent that sxtvatxons may exist where a partxal
separat1on of components is possible. The exact nature of
the resultxng component dxstr1butxon, howcver, must be d°ter-

mined clther experlmentally or from.the solution of the

Cov

e s B T A et 8 e b b br St

Since a solutxon to the eqaatlons is v1rtually 1mpossxb1e
due to an 1nsuffxc1ent number of boundary cond1t1ons, an B

experxmcntal solutlon to thc problem was 1nstzgated The

experinental apparatua employed and the results obtalned

with it in the xnvestzgatxon are dcscrxbed in subscquenr chap—[:




CHAPTER V: EXPERIMENTAL APPARATUS

Introduction

The cxpcrxmcntal program consxxtcd of threce phaseﬂ
Durxng the carly stagec'of the 1nvcstxgatxon it was dccxded
that somc effort ehould bc comnlttcd to the study of wxckxng
materials. [t was fclf:that ‘an adcquatc knowledge of vnr1-
ous types of wicks was a prcrgguysztc to the design Qf hcagg
pipcs. Of‘spccia) intcrcét'wus.thc maXimum height té which
liquids could be raiscd bf capillary forces. Of cdual'

importance was the magnitude of the velocity at which fluid:

could be delivercd at any chosen hcight in the wick. This,

velocity can then be d to calculatc a con<crvat1vc llmxt-“'

ing ‘mass cxrcu‘atxon ratc assumlng that all of the llquxd
is rcwovcd from the uxch at ert;Culdr hcxght Thc pro-

duct of thls mass c1rculatxcn ratc and the latcnt hecat of

3

vaporization provides a measure fdr‘thc maximum hcat,trans?
port Lanabllxtv of a hcat pipe. Thc valldlty of uxxng a
dv amic vclocxtv mcasurcmcnt tefhnxquc to prcdlct thc qccadv

statc mass flow within 2 saturatcd cap111ary structurc is
SONChhat qucCtxonable.A Wctt1nn dxfflcultxes associ ated hlth

the novxng ~1qu1d 1ntcrfacc most ccrtaxnlv 1mpcdc the flow

The dlffcrcnce bctwocr thc rxszng and fallzng equzllbrxum

heights discussed carllcr 1n thc llteraturo survcy was - a1<o




L
e e el

attrlbutcd to such wcttxng prohlems. Howévcr,'a qﬁalitd~

tive comparlson of capxllary 1nduced nnss flow rates Jav

c .

gcrtaxn]y be made using this. tcchnlquc.",_; l co

Hencc an apparatus was dcsxgncd and constructcd whzch

allowcd in onc cxperiment the mcasurcmcnt of both the moxi- -

mum wxcklng hcxght and the lxquxd vclocxtv as a functxon of

bhexght. Later a conventxonal C)lxndrxcal heat pipc was

‘constructcd and opcratcd with a sxnglc componcnt fluxd

The construction of and cxpcrxmcn;atxon thh a.co- plannr

heat pipe concludcd thc cxpcrxncntal phase of the 1nvcst1-

'gatxon. The d1ncnsxons of thxs rectangular hcat p]pe were

_such thnt it should, however, be referrved to as & vapor

hamber. Two side nalls were madc trnnsparcnt to allou"
visual and optical observations of the wick and thc vapor
core. Experiments in this heat pipe were performed with

both single and two componcht working fluids.

hlc\ Inchtlgdtxon

For thls phasc of ‘the 1nvc<t1gdtxou.°n annaratus was
developed wnxch al‘ouod the advanc:nb 11qu1d front in a
porous samplc to bc’contxnuouql) monxtorcd. Th 1vparatuq
conqlstcd of a rxgxd balance beam to knlCh thc tcct spec1-"
men was attached at one end and compensatlng balancc welghts
at the cther (sce Figurc S 1) Thc bcam was >unportcd on a

<harpe1cd ‘tool stccl fulcrum hhxch could bc adlustcd accord-

N

“ing to the hc;ght o the . test Sch1ncn.. Oncc the dry spncx-

" men was halanccd hlth the compencat'ng wctghts, a Duyt"onzc
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lc\cl as the Spccxmcn hcgan to transport liquid from ‘the.

‘pan. The rxcxng lxquxd cxcrtcd a force on the heam whxch

was- scn>cd bv the lond cell and converted into an clectri-
cal 1gnal hhlch was <uxtnhlv ampllfxcd and f:nnlly rccordcd
with a loncywe ll ctrzp chaxt recorder. thth known porosi-

ties of the test spec:mons,and_mcnsurcd distances between

. fulcrum and the supporting point of the specimen and between

!uicrum and the attachment of the load ccii respectively,
thc'strip chart rccordiﬁg‘could casily be converted to a
tran,xcnt l:quxd hcnght versus time granh "“The maximum

wxckxng chbnt was snnpl) “the hcxght at whxch no furthcr

variation of the sxgnnl cou}d be dctcctcd

lcvcn ﬁorous ‘metal <pc;1ncn> acquxrcu (ron the. Gcncral

Ilcctrxc Conpnnv were tub&cd - The porous mctalq are narkctcd

undcr the trndc name of "roam thal" _ Thev-had varxous,J Lo

uorosxtxcs and were fahrxcnth from two dxffcrcnt ndrernals,
nlC&Cl and gonpcr.f Of the clcvcn qpccxmens only thc two

nickcl nmplcs of rhc nxghe:t dens;tv yxclued repcntable

data. It is bcllevcd that thv".cppcr spcczmcns oxxdxz d

RN . - i R - - - g
: e o (1
(1§’A-1) load coll was rzgzdlv attachcd od;acont to thc 3
-compcncatxng wexghts. _The liquid lcvel in the pan bcncatﬁ };
the specimcn was'thcn slowly raised by adjusting the height L
of a largcr liquid reservoir which‘wasiconncctcd to the pan ’ 363
with a flcxzblc eyphon.£ubc. This mcchod of liquid height AN
control elamznatcd nny surﬁacc disturbances in the pan 1"
bencath the <pcc1mcn and lto.guirantécd a‘cbnstant'liquid .
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and that their wctting propcrtics.doéfcascd to such an
extcnt that csecntxallv no water could be "wicked". The ' P

maxzmum wicking height obtained with one of the nickel

. - sanmples was 16 5 cm. - - B - e

Cylindrical Heat Pipe

Sen¥ iyt v

. Next a conventional cylindrical heat pxpc was con- "iﬂf
Lt :
- ~© structed. The heat pxnc was composcd of thrcc scctxonq 3
i : bolted togcthcr rc«ul;xng in an overall length of 71.1 cm

(sece Figure S.-) "The two cnd sections were nado of 2,54

1 _¢m 0.D. brass tubing while the. ceater section was madc of

A A oA s $D
e gl .

.51 cm 0. D. stainless stecl tubnng. Thc lcngths of the g

¢t

& _ cvaporater, adizbatic, and condgnscr sections were rcspcc-‘

tively 24.1 c¢m, ’0 3 em, and 20.7 cm.  The sections were

PP

separated from cach other by bakelite rings which were

scaled with shieared anncaled copper gaskcts, THc bnkclxtc'
;;u ‘. rin

as well as the low thernal condu»t1v1tv %taxnlcss . R

rs
oW

te

s
L
—

adiabatic secction reduced the axial heat conduction

through the Contdincr walls. The brass wallﬁ of ‘the con-

e e

denser nnd the c\apordtor tcnded to rcducc tke Tddldl

temperature drop.

The condenser was surroundcd by a 5.08 c¢p 0 D staxn-.s S aé

less steel tube. (“olxng water suppl:cd xron a constant

hecad supply ¢t aqL was pumpcd thxoukh thc annulu: (h?C izgur“".

5.3).. §1nfc the pump was a constnnt dxxplabcmcnt nump ‘a

bypass lxnc to the condcnscr was required to rcgulatc thc

water flow through the condenser annulus., By ohscrving thc

ST M o
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6 Thermocoupla Junctions f Bross Tubde

b "Bond Meotlers : ¢ Stolaless Steel. Tube
¢ Condencer 3ectlon h Barelite

4 ‘Adlebetlc Section 1 D" Ring

e Evoporater Sectlon J Wick

Fig re 5.2 Cylindrical Heat Pipe

flow meter in the main line and by adjusting the valves in

both lines, any given flow rate from 8.7 liters per minute

to 178 liters per minute could be casily maintained,

Nine chromel-alumel thermocouples were placcd-firmiy
against the exterior 6£ the container wail at various axial
positions. . Thermocouple potcntinls'wcrc acasurced Qith a:
potentibmc;cr by selecting any desired thermocouple wi;h‘an
isothermal switch. Tﬁe refercnce junction Qas immcrgbd in
a distilléd watcr-ice bath. | . o  ? B

Four Ogdcn hose clamp typc band heaters #crcAinstgllcd.
firmly aroﬁnd'the.cvaporétdr. “The power input was.éon-
trollcd with a Poacrs:a: and monxtorcd thh a wat;mctcr.

The maximum power input was 1000 wates.

Small access tubcs were pro&xdcd on bnth cnds of the . h._-~-f

heat pipe. The tube at the condenser was utilized for :

A T Sy ok
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“fluid addition or removal, and if desirced, for the cvacua-

tion of the pipe with a mechanical vacuum pump. In opera-

tion it also served as a pressure tap <onnection to a

differential pressure transducer. The access tube on the
cvhporator was connected to the other side of the differ-
cntinl pressure traﬁsducer and also to an abhsolute pressure
trnn:ducc., bnih manufactured by thc Pace Enginccring Com-
pany ' Thc pressurce signals were 3mplif:cd w:th a Pace
carrier dcnoJulntor, model CD-10, and finally recorded witﬁ

a foUr chunncl Sanborn rccorder. Prior to opcrntion the

dxffcrcntxal transduccr wis calxhratcd ngnant dxffcrent

hcadc of water acting on onc side of the dlnnhrngm. hhll
the other side remained expoced to the atmospherc. Full’

scale deflection on the Sanborn recorder was ohtained for

pressure differentials ranging from ¢} psi in the cvaporator

to ¢l psi in the condenscr. Based on repeated calibrations,

the accuracy obtaincd was ¢ ;OZ psi for nnf given pen p0517
tion. The absolute nrcssurc.Cransduccr was calihratcd with
a chsc prcssurc gaugc and full scale pen dcflcgtlon was _.
obtulncd for absolute pYSS‘U*CS ranging from 0 to 45 psxn.
The- reeuracy for any given pen dc(lcrtuon wn: s .4 psia.
 The heat pipc was mountcd,on*n pivot which niloucd the

pxpc to he opcratcd in anv orzcntatxon w;f\ rcxpcct to

gravity. Although two wxgks ware- emnlo;cd durxng thc exycrx-

merts, for uhc ma,or;t) of the cxpcrxnents a wl.k consxstxng'

_of four laycrs of 150 mcsh stainless stee! <rrLcn thh n
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wire dlamcter of .0026 inches was uscd.'- The screen was held

t

firﬁly against the intarior of the container wall by a ceiled

steel spring, Prior to asse cmbly, the pipe interior, as well
as the screen wick and spring were thoroughly degreased by

repeated rinscs thh trnuhlorcthylcnu. cthano!, and dis-

tilled water. In additnon, the <tuiulcqs steel nereen wes.

pnssivﬁtcd with a dtlutc nitric aczd solutron. The Othcrv 
wick tsed con nsisted of a sil;con oxide cleth which is mar-
keted undcr the trude name of Pcfrasll hy the thco Compnn).'
The part;»ular form of this cloth used was a hraxdcd tubular
sleeving. thh a nominal inner diamcter of 1.91 cnm. Thc‘
sleeving was reta:ncd-:n“thc heat pipc in an aﬁnulus hetween
the ccntn{ncr wall and a smaller diamcter pér(ornféd teflon
tube. ’ |

The pipe was prinarily'operutod in the hcri:ontal_or3
ncar horizontal orientation both with and wiihbut insala-
tion. The inculntion conSistcd of‘approximntclf 3 3nchc$
of vormnculztc which completely surrounded. th" entire pip¢. '
This insulation material was LhO\CU bccnusp it could bc .
simply poured into a rctaxn:ng structure whxch svr*ounucd

the heat pipe and was likewise, casily rcmovablc.»

The cnergy tran<rortcd {rom the cvapotator to thc con--”‘

denser was calculated in thc followxng RAINCT . “The pxpc aaﬁ-

first evncuatcd nnd xf dc%nrcd 1nsulutcd.‘ 15c poucr input

‘was sclected, and ongc stcad) state opc ctxng condxtans;

were achieved nine ax:ul tenperatures were recorded. This®

‘mmm i \auwm ey ;
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CIop ¢ procedure was repcated for several power inputs. The heat

L : pipe was divided into nine scgments, each segment containing

4

) ‘_ one of the thnrmocouplcs. The initial cVacuatioﬁ of the ,
:; : "pipe 1nsured that all cnergy added was clthcr lo<t from tﬁe,‘
S 1
 %{=4,_ - surface of a partxcvlar >egment, or conductcd to th next-
PR

Sl "_'«scgmcnt i.c. no energy was transferred throuah thc vapor~

" . . PR -

oo - " core. Enc“gy balances. wcrc madc for cach segment and the

. hcat loss from ‘cach scgment was computcd This loss and.,“.

thermal resistance hetween each segm-.* 3nd the surroundxng -

"~ environment. Since the pipe was rur = varxous power

levels, and counsequently various tcmperaturcs, thcsc ‘therma?

resistances were established as a function of temperature

e ay ..

in cach >cgmcnt For the actual heat pipe test, thc tem-
T peratures were agaln m-asured und agaln an energy halancc

was made, this time howcvcr iucludxng energy t*ansfcr thhln

the vapor sﬁd”c.“ The Hcat loss from cach segment was found
by cmploying ‘the temperatrre dcpendent thcrmal res:stanccs:

obtaincd-with the cvacuatchpipe. The heat . transfer ratc

,

due to heat pipc.action'wns considerca to bc.cnc sum cf the

cnergy transfers to the V1no corc in the cvaporator._ Fdrﬂt

N “ thc'uninsulatcd c"sc, fhe accuracy of the above mcthod was <

very good. Durxng the uctcrmxnatlon of thc cxtcrnal thermal

“«
PRI

1e51<tanuc< as a functton of temperaturc,‘a nlnxnum of

; - 95 4% of the - cnerg) 1nput could. be accountcd ior uhlle for

- RS

the Lnsulated_cascs,'a mxulmum of 87.4% coulu be accounted

e e

for.

PR, o NS,

the mcasured tcmpcratures werc then used te‘calchlhtc~thc' R

|38 I
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turncd on and steam and air were cjcctcd~from fhc piﬁc at

fmcasurcd. When the collcctcd condensatc 1ndxcatcd that the

ot
~. ? T
-
s
v
)

AN

1hc workxng fluxd in a‘l tests was dxstx]lcd WJtcr.

The plpe was charged 1n1txall) w1th a mcasured quantzty of
water af ter which 1t has placcd in a vcrt1ca1 position thh
the cvaporator bolow thc condcnser._ The heatcls were

thc top whcrc the stcam was condcnﬁcd collected and

dcsxrcd amount of hatcr ‘remained in the plpe a valvc was

shut and the pipe was rcady for opcratxon. The va;uun pump '

H

Was emp}ovcd to pcrlodzga‘lv thhdrn“ noncondcneablc gaccs
whxch occasxcaallv accumulated in tnc pzpe. - The cxpcrxig-
mental data obtained with this hcnt pipe will be presented

r V1.

N

o

and discussed in chapte

Rcctnngular licat Pxpc

A rcctangu;ar gcomctry was cmploxcd so tb"* two sides

LOUld bc made of &las .*1ow1ng_v1<ual ohccrvatxonq'of tha

wick, and possihlc optical measurcments of phcnomcna occur-

ring in the vapor core. 'Thc djmcnsions of the vapor space.

were 35 ¢m fronm cnd to end by 2~.7 cm fron w1nd0h to w1ndow

by 14 cm from wxck to wxck (sce ngurc 5.4). rhe cnsxrc

“

structure was “made of st 11n1e>5 stcc; with. 639 cm platcs”

uscd for the longor 1dc halls and 2.54 cn platcs cmplo)cd

for thc ends. . Thc latcs were wcldcd ;ogethcr and thc

xdcs for the wount)ng of th wlndous wcrh machlncd and

' X

Vground flat and parallcl Thc w1ndows wcrc 1 43 cm thxck

'and were hcld in- plaLc hlth tho brackets Ln;c% f1stcncd to .f
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Figure 5.4  Rectangular Heat Pipe

the end plates. Natural rubber gaskets togethcr with a thin

- film of vacuum greasc provided the scal betwcen the'windows e

- and rhc'stainlcsq'steel walls. The structure was mountud
on a stand which permltted the pch to be posxtxoned in any
orientation with respect to gravity.

The wick consisted of two porbus .635 cm thick shects

of sintered nickel fiber. These werc manufactured by the

Huyck Metals Company under the trade name of ”Fclthctai"
and the particular fornm employed was FMSIS. The por051ty
was given as 85% and the avcragc pore size-was 74 mxcrons.

i
i The wicks were held flrmly aga1nst the interior wa’ls of
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v1dcd Lonstant tcmncra‘urcs for calxbratzon from SS °F to
151~°F Ior convcnlcncc,_a lcast square f1t stralght llnc

- was f1t through the callbratxon poxnts Jnd cxtendud for all

'o{ thxq tcchn1quc W1th1n ‘the calxbratxon rangc hJS S °T

_Por tcmpcraturcs con:xdcrablv din’ cxcess of 191 °r'

thc pxpc with thrcc brass strxps whlch were scrcwcd ugaxnct

thc 635 em stainlcss stecl.plntca."

Packxng glands were provxdcd on thc condcnscr hall for
n1nc thcrmocouplc probcs. chcn vere <vmnctr1cal]v p]aced
on thc centerline betweon thc two w1ndow< and two wer:

placcd close to the windows to'check the two-dlmcnsxsnality

of the device. Two-types of'prohés were uscd Thc impc‘r-~
- most and lowermost probcs on thc ccntcrlxﬂc weére puz dscd

from thc Conax Corporatxon and wcrc l mm in dlametcr. Théwl

othcr probcs were made "in housc" nd hcrc l 8 =n dxametcr

“and 42 cm Iong, and were of thc Lopncr cowstanta. typc.";

1hc packlnL gland< contaxncd a tcflon bushlng Nthh was

comp*c#ch 2 axnﬁt thc probe <tht to pTOV‘dC a; lcak proof

scal and yet pcrmxttcd novcmunt of thc probcq to any dcsxrcd

locatxon. The two smallcr dzamctcr prohcs were located in

thin qroovc< Lut 1nto thc undcrsldc of thc hlLk matcrxal S

The thermocounlo probcs were calxhrited agannbt dﬁ
mercury in gleb thermomctcr whlch could bc read to thc'

nearest’ ,?F' A thcrnostatxcally gontrollcd bath pro—.

tcmpcraturcs mca<urcd durxng the cxperxmcnts. The accuracy,

{thc crror}f.,;”r”'v
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-‘)ustlfxed that. such hxgh tcmpcraturcs occurred only undcr

‘system is illustrated in Figure 5.5. Elcven thermocouple’

S

P

,"of the thcrmocouplcs, howcvcr, 1t was anticipatcd and later

'dry out conditions 1n thc thk and hencc an accuracy of

t 1 l/Z 5.2 °F was adcquatC. " o . o ‘3c'.

The wiring diagraum for thc temperaturc measurcment |

junctions were uscd in the experiments. During the carly

tests two! dtmcnsxonallty of the dcvlcc_was ascertaxncd and

'-u’» T ? -

<ubscqucntly only seven thcrmocouplcs.werc cmploycd 1n thc

hcat p)pc all locatcd midway bectween thc wzndows.,-The'»

remalnlng thcrmocouplcs were used to measure thc amblcnt

air temperature, thcrmostat b ath tcmpcraturc and thc 1n1ct

and outlct temperatures of the condcn501 coolant All
thermocouple voltngcs were ncaxurcd against a qxnglc refcr-

cnce junction which was 1wmcr<cd in a dlctlllcd water- 1cc

mixturc. All wire conncctxons hcre nadc in an 1>othcrma1

~enclosure, and solid coppcr wires houscd in a sh1e}ued

cablc 1 od to an xsothcrmal <h1tch and ultlmatcly to a_f:
digital volt meter of the type \xdar 510 Intcgratlng ngltal

Voltmctcr (). Thc inaccuracy of th1s xnstrument accord-

ing to the Vidar Wanual is "typxcally lcsq than t 07% at

full scalce 1nc1ud1ng the cffects of non- l:nearxty, 24 hour’fi

drift, S5 °C tcmpcraturc change,v 10¢ lxnc voltagc changc
and attenuator 1naccuracy all aducd in. rms fashlon"'*'The
drxft problem was reduccd by re- calzbratlon of - the DVH

whxch was done xnmndlatcly prior to any data ncquxsltlon._
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Thc Londcnscr surfacc of the hcat p1pc (vapor chanbér)

; was naxntazncd at’ a consinnt ‘temperature by Lxrgulatxng :
cooling wntcr through a bank of two times’ cxght thin wallcd

’ brass tubcs, shpwn in Figurc 5.4. This particular design’

was seiccted bccaQsc if allowed the condcnsér arca to_bc:
.;casﬂly'coﬁtrolléd by mcrcly intctrupting thc'flow id aﬁj g
'huﬁbcr 6f tubcé. Thc uatcr was supplxcd from a constant
tempcrature bath and 'hc flow ratec was wcnsurcd Wlth a f!ow
meter as depxctcd 1n Fxgurc S.6. Bcthecn thc Elou mctcr
'and the actunl condcnscr surfacc the flon was dxvxdcd xnto

’sxxtccn currcnts b) WO mdnzfolds placcd 1n bcrlcs.. The

first man1fold dxvxdcd the flow Lnto two strcams, onc for?i
~each side of thc heat pxpe and the bCCO”d mantfold Which

was mountcd on thc heat pipe svpnort suhdlvxdcd thc tw

flows into cxght pdr ts cach. The oaposxtc manxfo:d arrdn"c-_

ment was uscd to recombxne thc flows after thﬂy had passcd

.through the condcnscr tuhcs. Thc two thcrnocouplc probc:

used to measure thc condenser inlet and outlct tenperaturcq

wcrc placcd xnsxdc of th" ‘one to. two" manxfolds.v lor thc<

nurposc of clarlt\ thc "onc to cxght" manxfolds as wcll as‘

the sixteen 1nd1v1dual condenscr tubc< arc not. shown 1n.;l

Figure 5.6. The constdnt tcnperaturc bath whzch supplxed

the condenscr LOOldut fluxd was a Lauda ABSD Thcrmoatat.'fJJ

Thc thcrnoqtat consxstcd of a rcservoxr, cxrculatxng pump,

and a tcnperature control unxt Thc rescrvox* was flllbd

L4

hlth d1st1llcd water. and Lonncctcd to thc manzfolds formxng

e
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fluciuations were easilv'scnscd by fhe fhcrmocouplcs'in the

manifolds and since thn fluctuatlons hCTC out of phase w1Lh

one anothc' (due to thc dxffcrcnt Pos it;ons in thc flow

nath), an accurate deteremination of the inlet and outlcf

condeénser temperatures was difficult when the on-off tempera- -~

ture controlling mode was us 4 A 1 5 | E f[ .
The e\aporator was hcated with ten Ogden strip rcsx<t-‘

ance heaters. Five hcatc(s wcrc.lpca;cd on cach side of

the bipc as sho#n in Figure §.4. TAII hqﬁter; chc ;qnncctcd’

in parallcel And thé pcwcf inpﬁt was Eonirollédlénd méasurcdtu'

by an’ AC variag nnd n wattmctcr rcspcct1Vﬁ‘) . .acb heatcr

had a maximum power ratxng of 150 hntts at 120 vo lts hcnce;'f' ;'

limiting the maxxmum power xnput to thc hcat plpe to 1500

watts. As thh thc condcnscr,vthxc GCblgﬂ was conq dercd

dcsxrahlc since the cvaporator area could bc varied sxmply

by 1sconncc'xng thc leads to rnrxoux hcntcrs..

(] ‘. PN P H » . e
R . . rove B N - “ :
) 2 : . - . -
- - e W TG v e D e Pt Y .
a closcd loop, through which the fluid was circulated hy a

buplex pump, The reservoir temperature was maintaincd L
constant by bucking the heat losses with an adequate heat -
inpu:; The heat loss was controlled cither by a continuous ’5
. . . ) ’ - _g‘e
flow of cold tap water or by an auxiliary Freon refrigera- ke
tion unxt while the heat was supwlxod by an electrical i
N L
s
resistance hcatcrlxnstallcd 1nsxdc thc hath.- This tvpc of .
temperature control avoxds the fluctuatxon< nornall) e
. .;’f:.‘

encounterced when thc rcﬁxstancc hentcr is pcrxodxaa!ly E
cyclcd to aaintain a desired tcmperature. Such temperature i

e 1,
e WVAIL L e

e

Sibadh S, o
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Thc gage prc:%urc in thc test qcction uns mc sufdd with"A;‘ N B

P

i ‘t!vn-l' .
FapATiny X5

a mcrcurv manomotcr whx;h was conncctcd to thc condenscr for Ea R

-

hori’ontal oncration of the pxpc and to the cvaporator for

iSRRI

vertical. opcratton._ Thc prcssure could bc rend thhin

; S mm Hg.! A mCTCUry barorctcr locatcd near thc tcst

section. 1nd1cutcd thc prcvallxng dtﬂObphcrlC orcssure <o

that the nhsolutc prcssur¢ ;n the test secction could be

cnsxly dctcrmxncd. ;gj:“ ‘ "; '\‘ 4,, :7,'

Acccs: tubcs were xnstnllcd in the cvaporstor cnd wnll
for thc char;xng of fluld to thc p:pc and (or a oxpe
’conncctxon to a mcchanxcal vacuum pump 1mc proccdurcs
>u~ed to Lhnrgc aﬁd opcratc ;hc plpc werc as’ f0110h< 'Thc“
pipe was first cvacuatcd to remove as much axr as possxulc R {:‘f
It was thcn piaced at a modcratc ang!e fxon rhc %ornsontnl ‘-”.:"_; g
with the evapor1tor on top. Ahout 800 cm’ of fluid hax‘ | ‘fé _;.f' : ;
forccd xnto thc plpc from a buret by atnosphcric nresaurc -
ccultxﬂg in a pool of lxquxd nt thc bottom.. Thv top wick
was <aturatcd bv rotatxng thc condcuscr 1nto a ton po<1txon’7jf
and applv:ng pOhcr to the lowcr bank of TCblbtanCC !catcrs
while onls thc tov bank of conden<cr tubes wa< coolcd s
Thxs cnuscd a p'cfcrrcd conJcnsatxon on thc upper wxck andk

resultcd in rotal saturatxon of both w1cks. !nough f‘uld

was added so thnt a alxght nmount of excess lxquxd rcmalncd,

on thc 10hcr hxck aftor both wxckﬁ hqd becn saturatcd

 This proccdurc as rcpcatcd occasxonnllv durxng rhe cxncrx-f

ments and cspccxal:) after a TCldthP]V hxgh hcat flux tcst B




-

calorzmctrzcally'

.’”for uhxch a partxdl drvnng of thc top wick was ortcn exncri-

cnced. . Thc majority of casc< 1nvcst1gatcd were stcady
state,'nl:hough scveral tcsts were made for which transncnt
tcmncrnturcs were recerded in rcsponse to'a step chwngc in

po&cr xnput to the cvaporntor., lpiv:‘“ 'Q NI }V:H;

For thc stcadv state modes, the temncraturcebwcrc

: mcnsurcd at 3 cm nntcrvals startzng 1 ¢cm from the cvaporator

cnd wnll.l The condcnscr :nlcc and outlct tcnpcruturc as‘ﬁi

wcll as thc room and hath tcmwcraturc were rccordcd cvcry

txmc the thcrnocoupzcs in thc pxpc were *cad nnd thc

‘avcragc valucq were u%cd in sub#equcnt dnta rcductxons. .

Thc gagc prcqsurc in the test section and thc atmo<phcr1c

prcssurc were read m:dha\ ‘h\ough thc tCnpcrnturc rchln&c
so that an average vulue could hc uscd 1f.thcsc values
chaﬁgcd A Lomnlctc set of data rcquxrcd a?préximatcly oncf
hour of txmc duc to the rcpcatcd novcncnt of the probCS’hv B
3 cm increments and thc subscqucnt haxtlng pcr:od for the

tcmpcrnturc readxngs to <tabxlx~c. . ;5g‘ RENNY

-~ The encrgv tranxportcd b) thc tht]

‘Io<<es from both the pxpc and thc calor:mcter tubxng nnd

" the c(fcct of hcnt conductxon along the, h811< the followtn«

reasontng in aQLcrtnznxng thc»c 10ssc< xas uqnd hhgn the

turc, thc outlet tcnpurarure 1 hlll be dlffcrent from

out’

'thc inlet tcmpcraturc, Tin* duc ta thc hcat cxc“angc hlth

was dctcrmincd T

Howcvcr, bc auqc of thc pr;scncc on 5cat

- coolant flow is at a, tcmp raturc dlfforcnt fron room tcmpcra-';;
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room air. -As shown in Figure 5.7, if the ambient tcmpefaturc
is less than the coolant»tcmpetaturc'(givcu by T;,) and the

power input to the heaters is ze~o, then T_ . is less than

T, and vice versa. In addition, if for a particular differ-

cnce in coolans und nmbicnt tcmpernturc' the pover iﬁput is
grcatcr thnn scro, thcn thc additional cncrg) conducted

along the heat pipe unll will furthcr increase (T -T. );

out
The groccdurc adhcrcd to for the calibration consx<tcd
of the cvscuntxon of the pipe, and the subsequent mecasuring

of the calorxnctcr tcwpcraturc dzf{crcncc, (T -Tinl,»

out A
for various coolant tcnperaturcs andvhcnt additions. The .~
coolant flow ate was’ matnta:ncd constant at 200 ﬁgn/hr.
The resultant curves which arcﬁxllus:ratéd in Figure 5.7
were usced as reference curves iﬁ the cipc}imcnts. Thet is,

out in
these curves was censidered to be due to thie mass transfer

any incrcasc in temperature dxxfcroncc (T -T. ) above - .  -.

and phase change process taking place inside of thc heat

pinc. For c.nmnlé"if the coolant temperaturs was ’S °C -

-above roon tcmpcxaturc and thc heat input to the cvaporwtor',f'-“»*.'

was 306 watts, thu gnlorxmctcr tcmpcrafurc dxxfcrcncc '

B

_expected would be drp'¢mea~cly -1.5- °C Nowcvcr, xf a'l

~ :.

temperature dlffcrcnce n{' 5 °C was mcaaurcd durxng tbc';

expcriment, thea a dxffcrcncc of +1 °C would bc uwed in. ..;:

-

the calor:mctrxc cqu1txon to calculntc thc encrgy transport 15»‘

s
5

“in the hcnt pxnc. - Since” durxﬂg norna’ hCut pxpﬁ opcxataon

o

the prescnce of fluxdﬂxn the cvaporator-wrck,causcd‘a'lownr
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jthc case dur1ng calxbratxon), thc rcfcrcncc 11nc< in rlgurc

5.7 would Probablv be xtuated somcwhat ;oucr dnd consc- S

greatcr than prcd1ctcd by this tcchnxquc.

tcmpcraturc therc than in the abscnce of fluxd (SULh as was o -

quently the dc.unl hcat pnpc energy trnnbfcr was somcwhat

lxpcr1ncntal dnta obtaxncd hxth the rcctangular hcat

pipc will be prcscntcd ‘and disc cd in chaptcr VI.




]

porous "Foam Mctal" spcc1ncns.»

. CHAPTER VI: EXPERIMENTAL RESULTS

4

Balancc Bcam

I

Tuc balance benm dcscrzbcu in chap;cr V was Ude to

measure thc transxcnt wxckxng chnrnctcertxcs of c!cven

e N -

A pnrtxcul r test was 1n1-

tiated by ﬂllOWIHQ thc lower surfacc of thc sanplc to touch

a lzquxd pool whxch was qlow}v clevated benen th 1t.' Thc-

hﬁw cont1nuou~lv

The sample

sample hc1ght nnd hcncc thc llquxd he1$h

monitorecd for anproxlnato;y thxrtv anute

surface was left cxposed to the cnvironment so that a smal)
amount of liquid cvaporation undouhtcdly took place. How-
cver, for runs of rclatxvcly short d"rntlon thxs cffect mav

bec neglected. Thxs, of course,-is not thc casc for long

duration runs; for qumy]c

‘in other studies whcrc a saturdtcd cnleonmcnt mu%t h‘

employed. '.ﬂ: -“ﬂ  "h_‘uﬁ_“' o ".'1t113;f:»;:!

sOf all fhc speg1ncn> tcstcd thc ocqt “xgkxng ratc was

obtalncd with a 40% den%c nxckcl qampic Thu tran:xcnt -

hexght versus time curve for thx: samplc with water.aﬁftest 5

Also 111ustratcd is) thcvl

.

fluxd is nrescntca 1n Fxgure 6 1

5 ‘ EEY

curvc for 35% donsc n1ckcl “Fcltmctal“-as supplxco bv the'

The CLTVCb 111u>tratcd Ln Tleurc 6. 2 were

Ve ¥,

ohtuxncd by numerlcallv dxffcrnntlntxng th

nanufacturcr.»

hc;ght verﬁus ;

up to 2 months havc hccn 1cportcd“
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dyes are often added to the 11qu1d or lxtmus strlps are

‘time curves and replottxng as a xunctxon of hexgh 'These

curves are useful in comparing the rclat1ve merit of various
wxcks»for potcnt1al‘heat pipe use. From these curves it is
easy to see wh}.iﬁe'“FeItmetal“ was ultimately chosen for
use in the coplanar heat .pipe. B ' '

For all nxckel samples testcd the data ﬁere repeatable
over a time span-of<approx1matcly one month. For the copoer

samples, however, the wxckxng performance decrcased with

increasing time. The transxent rise of water ln a 45% dense

copper sample is 111ustrated in Figure 6.3. he higher
curve was measured shortry after the sample was received

from the manufac;urcr whxlc the lower curve was measurecd

twenty-five deys later. The change in pcrformance was attri-

buted to oxidation of the wick which was rcadily apparent
from the dxscoloratzon of the copper.

The sxgn1£1cance of the data obtaxned w1th this dcv:ce,
llcs not in the aotual values. measuxed since none of the <
samples ;ested were used in subscquent hoat pipe designs;~

but in the mothod osed ‘to measure them., A de71ce has been

LR

‘desxgncd and tested which continuousiy and accurately moni-

tors an advanc1ng 11qu1d front w1th1n a porouo sample. Th1s

is a distinct 1mprovemcﬁt over spaccd vxsual 51ght1ngs of ‘i,ff“

the advancxng 11qu1d since often thc liqu1d line. 1n the wxck

is dlff1cu1t to see.’ Tn overcome such dlffzcultles organlc ﬁf““”w

- taped to the sample'surface. Such techn1ques often 1nf1u~;i.f;

ence‘the'dnta,to.sochfan extent_as»to maxe‘1t~a1mo§t: ;o
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,meanxngless.: The balance beem, morcover; may be eas11y ad-
justed to different sensxtlvlties by simply moving ‘the ful-

crum. - For long duratxon runs_the device may be adapted to

~ provide a saturated cnvironment around the sample'by enclosing

the eéntire beanm within a plexiglas box.

s
le : R N . o
1 . . .

lelndrlcal Heat Plpe

In all of the tests ‘with the cyllndrxcal heat pipe
distilled water was used as a workxng fluid. Prior to the
actual heat pxpe tests, the pipe was operated dry at several
power inputs. This, in effcct, calibrated the p1pe so that
.for subscquent testswath a fluid in the pxpe,.thc actual
.heet transport of the pipe could be determined usrng'the I
method discussed in chapter V. Wifh‘ﬂ stainless steel ecreen
as wick, and water as a worklng fluid, several tests were
conducted at different power xnputs with the plpe orlented
horxzontally (6 = 0°), and insulated. The measurcd,axxal-;
wall temporature dzstrlbutlons are presented in F1gure 6 4
as a function of power input. Thc power valucs in parenthe-'

ses indicate ‘the power actually t;ansferred by the hcat plpe

while the first value represents the power 1nput. Tempera-'

-

ture prof1lcs for the 1nsulated case were qulte 51m1lar cven-”

'though the losses from the surfaee of the pxpe were much
smallcr. The rather ahrupt temperature change at the LOﬂ'
denser entrance 1s probably duc to the presence of a ron-'

condensablc gas. Carnesale, et al [36] end Marto and

Mosteller {801 also obsched th1s behavzor 1n thelr 1ow
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lbs/m2 and closcly parallcled tho saturat1on curve"as

~ was not constaﬁt.. It is evident that the temperaturc in?;

zontal as small as 3 degrecs. when the angle was 1ncrcascd A

D e s rmmend dnn

'for a compl etcly dry pxoe, hcnce 1nd1cat1ng almost conpletei

;i R 192
températuré watef.heat.pipes.) As thh the other experxn?ntal
inﬁestigatio;s,‘fhe thermoqouples were not placed close
enough togother to vcrffy Lyman and Huang's £129] thcoryuf
which preditis large temperature gradients in the wick at

the junction butween the adiabatic section and the condenser

for wick matr1ccs of low thermal conductzvxty It'is'intey--

est1ng to note that tho wall temperature bchaves as expected

for a pxpe with a floating temperaturc source and a fixod

tcmpcratqte 'sink. . For the tests depicted in Fxgure 6;4'thc

absolute p*ﬂssure within the pipe varzcd from 11 to 28.5’

SR
AR S P B JS I

cxpected. The dlfforcntlal pressurcs 1nd1cated that tnc *;9
cvaporauor pressure was above the condense“ pref;ﬁrc but 311
values were very nearly zero ‘and no trend could be dotectcd.
In Figure 6.5 the effect of pipe orientation at a
constant power input is prcsented. The power actually trans-f
fcrre& as iudica;éa by the valuos in parenthoses. howevcr, if,;;jg-

the evaporator begins tou increase for angles from the hbri-:

[ Lot e

to 8 dcgrees (correspond1ng to approx1mately a 11 S cm

d1ffercnce in elevation bctwcen the evaporator aud condenser)

the evaporator temperature began to aoproach that obtalned

. -t s

#ick dryout. Th1s apparent dryout was caused by the 1nab111ty ;i}
of thc screen wzck to supply fiuid to the evaporator at a f"fiTLf'.

rate equol to that of the evaporatxon proc'ss. f}'-nfs :Fﬁkf’
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fhe-heat ﬁipe'wﬁs also opététed wifﬁ-a Refrééil ki#k.

Several tests were made and temperature profiles qualitative-

1y simiiar to'thosé.of Figure 6.4 were'obtaincd Continued

tcstxng, howevcr. 1nd1cated a significant decline in hcat
pxpe performnnco as evidenccd by the high tcmperatures
moasured in thc evaporator for even relatlvely low heat flux
tests. Subsequeut inspcction of the wxck indicated a hxgh
degree of dcterioratxon. The f1ber vas semx-dxssolved and
when squcezed produced a grxtty milky whxtc ‘flueid which |

seemed to contain ma ny"- t ae fzbcrs and pOWucr.' It was con-

cluded that Pefrasil cloth is nqgg a desiruable hgat pipe ﬁiék.v

Coplanar Heat Pipe

The experimental program utilizing the coplanar heat

pipc consisted of 67 tests. ELither pure water or pure
methanol or some mixture of water and methanol was used as

a working fluid in all tests. -This combinaticn of fluids‘

was chosen bccauso 1) thcy were casxly attaxnable. 2) thev

. are complctely mxscxble 3) their vapor pressure character--i~

istics are such that a 1a'ge temperature d‘ffe*erce could

'bc cxpected if the componcents completcly separated at cou-

.. stant pressure, and 4) their binary cquilibrium curves do

not exhibit an azeotropic point.'-Of the 67 tests,;axi but‘
6 utilized a relatively cool condenscr sink.temperaturc of

approximately 63°F. his rempcrature varxcd about 3 degrees

A

-in either dlrectlon depending on the ambient and tap water.{'

tempcratures. The remaxnxng 6 tests were conducted with ST

" ¢,
fabi y e b
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the steady state temperaturc profiic

PRSP

until vigorous boiling of the excess lxquxd took placc.-:

elevated'stnk teﬁperaturos (as hiéh as 145°F). For thé
tests with thcrﬁcool" sink temperatufc..45 were conducted
with "ﬁormal"‘hegt plpe orientations, i;e.. either horizon-
tal or with the evaporator above the condenser. Fivé differ-
ant mass frnétioﬁs of methnﬂol (0.0, 0;25 0.50, 0. 75, I.OO)
were employed at cach of three orientations. i o., hori'ontal

(3 = 0°), o0 = 4S°, and vcrtical (6 = 90°), for each of

.power xnputs to the cvaporator (50, 160, 250 watts). ALl

- of these cxpﬂrxments vere conductcd under stoady state T

operating condxtxons in the pxpe. In addition to these tests,
2 trials were conducted wlth the cvaporator below the con-
denser (1. e., as a refluox condenser), 10 trzals were per-
formed to dctermxne'the influence that stratlfxcation ha_ Qn
s, and 4 tests ‘rure con-
ducted to study tne transicnt behavior of the pipe affcr a
step change in powér input to the cvapofator. The effc;t of_

stratification and the procedures acdhered to for data reduc-

tion is discussed in Appendix A.

"For a series of constant compositxon ‘tests, the pipe LT e
was cna.ged in the ‘ollowzng manner. Fxrst it was evacuated
and then approximately 800 cm? of thc dcsirod mixturc were

pressure fed into the pipe. A vacuum was again app11ed

This assurPd thnt saturatlon condations uere prcsent 1n the'
pxpc. The pipe was then sualed and the " upper wick was
saturated as cxplalncd in chapter V. The amount of fluid

added al‘owcd for complet- saturation of both wicks as weil

R R S
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L' as some excess £1u1d which res1ded on the lower wxck Each

of the 45 "normal" tests were begun by settlng the power
input and pipe orientation to the desxred values. All .
thermocouple probes were p051t10ned so that the probe. t1ps
were 1 cm away from the Lvaporator end wall (x/L = 1/35)

Steady state conditions were con sidered presnnt when the

measured temperatures varied less than .léF per hour. The-:'

: acnxcvement of steady state usually took between S and 8

hours after the operatlng conditions were changed. For a
partxcular test, theitcmberaturc field within the pipe “55;
determined by weasurxng the output 51gnal of each of the &
pfobes in the vapbr.spate as well aS'of the 2 probes under
the wicks at 3 cmiintervalg»along the pipe axis. - In addi-.
tion, the rooﬁ, thcrmOStatic bath, and calorimgter inlet and
oﬁtlct tcmperatures were recorded for each a*ial positidn
ofithe probes. The témperatures we;e’made nondimensional

by subtracting ihe calorimeter inlé: temperature and divid-
ing by the differehce.bctweehvthe maximum temperature and«
the taloriheter inlet temperature. This proéedure was
performed tw1ce. once uslng the maximum temperature measured
in the vapor spacc only, and once 1nclud1ng the temperatures

under the wicks. The resul;ing dimensionless profxles viere

plotted by a Calcomp Plotter as a function of the dihensidan“

less axxal dxstancc, x/L

-Several. typlcal temporature proflles for e » O°- 8 =ZAS;'

- ~ -

and e = 90° are 111ustrated in k1gures 6.¢, 6. 7, 6 3 respec--”"“

tively.

Thesc curves have 1n comnon a methanol mass fractlon
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_of S0% and a power input to the evaporator cf 100 watts.

The prbfiies for the.horizontal4case (Figure 6.06) indicate
that the vapor temperature changed very little in-th: axial

direction. In fact for the centérline probe, with -le

Vexceytion of the extreme right hand point the temperature

range was between 82.6°F and 83.3°F. The temperature

: d1fference between. the top and bottom vapor probcs averages

approx1mate1y 7°F and is due to stratification. As expected,
the uick teuperatures ere higher in the evaporator and lower
in thercondenécr.' In addiiion,'thc top wick temuerature.iu
the evaporator is hotter than the lower wick temperature.
This is to be expected because any condensatlon on the end
walls or the windowsAis gravity fed to the lowcr wickvwhile
;he upper wick may not be totally saturated. In addition,
the upper wick is in contact with a hvgher temperature

vapor than the lower Hle. For the case where the angle of

1nc11natxon 8 = 45° (F1gure 6.7), the same trcnds are ev1dent

thh one exception; now the vapor temperaturcs exhxblt a
deflnztc variation along the pipe axis. This phenomenon is
agein caused to some extenf_by the occurrence of stratlfl-

cation.

tical orientation of the.heat pipe and aga1n d1splay some- g
degrec of strat1f1cat10n in the axzal dlrec ion. The vapor
temperatures at any partvcular Cross- sectlon are now nearly
constant with sl1ght deV1at1ons occurring 1n the evaporator
sectxon. The wick temperaturec follow the same trend as

observed for_the_other,pipe oriontations.

The curves illustrated in rlgure 6.8 are for a ver-.

The_highest curve‘:




bin the-enaooretor section indiontes.o:sem{:dn}out.condition ?
‘fo} one of the wicks. ‘This particular curve'was measured ”
under the wick whlch was desxgnated as the bcttom wxck in ’
Fxgures~6.6 and 6.7. This asymmetric oondltlon was . noted
',several txmos and means that one wxck operated more effec- 3.e”>'

el

txvely tnan the cther.'

TN
LR

al ~ The data obtaxned for other mass fractlons and power_‘:

anuts were qualxtatxvcly though not quantltatlvely 51mxlar.'

; S L

The phenomenon of wlck dryout was observed scveral txmes and

NS TR was especxally prevalent for high mcthanol content and high

. i’fh°at input tests. | _3 -
S An evaluatxon of the mcasured heat transfcr rates 1cad< )
-t
5f§ . to several concluslons. The average hcat transferrcd for -
i :

‘all tests was grestest for horizontal pipe orientations,-less :
S L
for 450 1nc]1nat10ns, and the smallest for vert1ca1 orienta- - - e

tlons. In addl.-on, the p1pe ef£1c1enc1cs (as determlned

it s

by the ratio of the energy transferred to the energy 1nput) 7['1',j
~exhibited the same trend as a functxon or orxentatxon.;__:'

These aVeragc cff1c1enc1es were 40%, 22%; and 15 3% for hof-

zzontal, 45°; and vertlcal orlcntatxons, respectxvoly..'For',ﬂ"'u

the horizontal case, no correlat1on appeared to cxlst

¢ -

 between thc pipe effxc:enc1es (averaged over the three power
inputs) and the mass fraction of methanol in the plpe. Por

" the 45° case, however,.the average effxcxcncxes werc greater

. Rt .y e

I for the pure component tests than for the two component W':f:ﬂ”

Ll e I . A

.tests with the m1n1mum eff1c1ency occurrlng at a methanol - -

.8

mass’ fraction of 0 5. The vert1ca1 test” indlcated the same ...




: behavxor as the 456:tests‘wi;h tﬂe.exeep}ien of tﬁe ﬁdyef
mcthanol experiments where dryout ‘often took place.‘
When the heat pipe was operated as a reflux condcnser;
S T e. , With the evaporator Jocated below the condcnser. no
signifxcant temperatu‘e ;ar1atxons wcre measured at dxffer-v
ent pos1t1ons in the vapor core. The tempcratures for a
1particular locatlon, however, fluctuated up to 1°E. These.
Afluctuat1ons were’ probably caused by theﬂpresence ef strong_
convectxon currents.“ The tcmperature profxlcs uﬁder the
-wicks were qualxtatxvel; szmxlar to those obtaxned for hor*;
hjzontal heat p1ye Operatlon. * '
The temperature profxles measured in the heat plpe uhen'
_ an elevated sink terperature was cmployed Wwere similar qualx~
rtatxvely to those obta1ned fo. 10her 51nk tenperatures, The
higher . temperatures, however, contrlbuted to wick dryout as
was-evidenced by the lower heat transfer rates whzch were
mehsere‘._ o |
The pressures for thc s1ng1e component tests were found ~
‘to be the saturatxon prcssures correspondxng to the w1ck
temperatures in the ad1abatxc sectxon., For a ma;orzty of
Jtcsts, moreOVer, the pressure was determxncd bv the wxck

tempe*ature at the locatxon where the temperdturc prof1le

in the vapor crosscd the temperature prof11e in the w1ck

i.e., where the vapor and wxck temperaeures were xdentleal.«; o

The. basxc questlon as to whether or not ‘the components, T

in a two component heat pxpe soparatc w111 now be consxdered.

'A conclusxve \erlfxcatxon of separ1t10n (or the lack of 1t)

fo

i
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was attempted usxng a Mach 7chnder 1nterferometer. “The con-

bxnatxon of *he measured index of refrattxon changes and the

‘temperaturc fxeld would then have 1nd1cated concentration

changcs. This technique, however, was not successful due to
the 1nhomogcnc1ty of the vapor condensation on the opt1cal
windows in all tests which made the attainment of rcasonable
interfcrence'batterns impossible. A referral uo thc'huiti-i
cOmponcnt multiphase litcraturc, e.x. Bosnjakbvic and
Blackshecar [1:5] nevertheless 1nd1catcs that due to the
isobaric nature of the vapor core, any scparat;on must mani-
fest itseclf 1n tcmpcrature changes. Vorcovcr. thcse tempcr-
aturec changcs should be dcpcndent pr1m4r1y on thc dxffcrcncc'
in componcnt concentrations between locatlons and should‘
not be evident for hcat‘pipcs'émploying'only single c&mponcnt
working fluids. The behaviot of two component heat pipes

can thus be asccrtaxned qualxtatlvcly by comparxng thelr

CthdCtCTlSthS with thosc obtaxned for pure componcnt hcat

pipes. _

As evident from thc Taw. data, the tcmpcraturcs thhzn
the vapor SPGLC for both 51ng1e and two componcnt flu1ds
were dcpcndcnt to a largc degree on the \crtxcal dxrcctlon. S
This bchav1ur is e\plaxncd by the fact that-the vapor |
veloc1t1cs (on thc ordcr of 2 cm/sec) were 1rsu£f1cxent to
completely overcome buovancy effc;ts whxch tended to form a

stablc strat1f1cd vapo Thc rcsultlng tempcraturc dlStrl‘-:*‘

o e

butlons klthln the vapor arc thus a rcsult of both thc h $~A‘”_'i*iﬂ

stratxflcatlon cffect and tho opcratxondl charautcrzstxcs EEE
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-ty

" of ‘the hééf.pipe.

rhc stratxfxcatxon effect is csscnt1ally

!

:the tcchniqu§ déscribcd in Appcndix A.

a pure'conduction proccss and may bc accounted for using .

The dimensionless
temperature profiles illustrated in’Figurc 6.9 were obtaihcd

bv subtractxng the stratification pro:x]es from thc dimen-

"sxonlcss-gcnpcraturc distributions khzch werc measurcd whcn

'the hcat plpc cmployed purc watcr as a workxng fluxd The

enccd for purc stratxfxcatlon.

" cernible frem the figurc.

'resultlng curves 1nd1cate the behavzor of thc temperaturc

fzcxd thhxn thc vapor as comparcd to the behavzor cxperx-itr'

o

chcral trcnds are dxs-

The correctcd profxles for the -
purc water tests are consxstcntly ncgat1vc in the evaporator

and posxtxvc in the condcnscr. This mc“ns that the cente

" line tcmpcr¢tu‘ca 1n an operating single componcnt heat pipe

_ heat pipe.

‘attributed tv

as clearly pronounced

arc cooler in thc cvaporator and warner 1n the condcqccr
than thc tcnpcraturcs whxgh would be obscrvcd 1f only pure ;5
stratx‘x»atlon accounted for the entxre tcrpCfnturc fleld
Such a bLehavior indicates that the axial tcmpcraturc distri--.
bution within thc“vapor spécé.ié tendihg :okard.a;.isothér-_;

mal condition as is to be cxpected for a sxnglc component~

ARV

Thc hlghcr Lcnpuraturcs in thc condensc1 may bc,:.
the forccd flow of the hot vaor from thc;

ecvaporator which Lcndcd to hcat the . .apor in the. condcnser:“
A sxnxlgr,~rend was ooscrvcd for thc pure mcthanol tcsts for

thc orxcntatxon hhere 8 = 4S°, althoug& thc bchavxor as not

For the vert1nal tcst; thc tendency

touard 1sothernalxzat10n for metnanol wa: vcry slxght." ffVi
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each partxcular test situation.
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cspecxally in the cvaporator whcrc dr)out often occurrcd‘
Howchr, the bchnv:or in ‘the uondcnscr qunlztatxvcly matched
that obtaxned for purc wnter. Thc behavior of the corrccted
profiles for ;he probes necarer to the wick exhibited the samnc
behavior as the ccaterline proncs for'botﬁ pure water and

pure methanol. .- L

The conduct of thc two componcnt tests may now bc'éoh-"
pared to that obtalned for pure watér. To account for thc
pressure diffcrcn ces bctLCCﬂ various tcsts, the tempcrntures

arc made nondzmchazonal by subtra;txng the saturation tem-l‘

perature of mcthanol and dividing by the diffcrcncc’in thc

saturation- tcmpcraturcs of watcr and methanol. Thc satura-

tion temperatures are cvaluatcd at the medsurcd prgssure for
Thc dimensionless tcmperaturc'pro{ilﬂs'for the two com-

ponent tests are plotted in Fxgures 6.10 through 6.13. Thc

curves in oagh figure are tor a common power input and pxpc

-orxcntatxon. .In,addxtlon, the profilcs are normalx:cd thh

respect to the corruspondzng profxlc whxuh w“s obta;ncd for

purc water. This mcans that the tempcrature dxstrxbutxon

for purc Natcr is reprcsonted in thcsc {xgares bv a hor1~

zontal straxght llne ‘where the ordlnatc has a valuc of one.

.

This ncrm1lzzat10n technxque is used so that thc bchav;or o

of the two componcnt tempcraturc proflles thh rﬂspcvt to

‘those for purc water are more vxvidlv'111ustra;cd It is

not mcant to 1np1y that the pure water hcat pxac opurated in:

a completely isothecrmal -manaer. .
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In rcgards to F1gures 6 10 through 6 13 scéeral obser-
- " vations may be madc. In all cases the’ tﬁmperature profxles
21 S indicate a cons1stunt behavxor. That 1s, the tempcratures

are always hxgher in the evaporator and lowcr ‘in the condcn-
- : ser. Moreover, W1th the exceptxon of F1gure 6.11 where the

-

hlgher watcr content worklng fluxds exhibit hxgher tempera4

',# i turcs. . : ' ST ’ . .4; f";“

P

The data (not shown) for a poner input of ’SO watts

shoued somewhat ' the samc trcnds., Howcver, the occurrence of
ﬂdrvout in the cvaporator wick produced some dcvzatzons from
o thc above pruflle shapes.' Thls, of course, as due to the

. fact that thcre was no hcat pxpc ac;lon occu**xng 1n the

dried out cxaporator. -

The cffect of cross atlal tcmperature varxatlons for

‘g = 90° and 6 = 4S° ‘are 1llustrated in F1gures 6.14 and 6. 15"

Each {1"urc prescnts thrcc scts of curves correspond1ng to '

. A o

cach of the two component mxxtures. The two prof1lcs 1n

‘cach set-comparc the correctcd tempera.ure profllc ncar the

from the fxgurcs that thc Lentcr11ne tcmpcratur"s are h1ghcr

approached. - . :: ) - ;L. ,gw_if jf'Q'{

AdReaeng ot

3»;4%1' g i

¥

' ' proflles are vcry close and cven ov*rlap, the tests w1th the

2 . men oyt
R

4 rcs‘ectxvclv.- These curves are plotted w1th respect tc the ;f

stratlflcatlon proflle as, measured for each partlcular probe.; 

wick with that obtained at the pipc centerline.' It is clearﬁf“

than the near wick tempe.wturos in the evaporator and the Jf;ﬁ{" :

difference becomcs_much smaller as the condenser sectxon is -

RN
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CHAPTER VII: CONCLUSIONS AND RECOMMENDATIONS

A comprchcnclvc lltcrnturc collcctxon conno<cd of
puhlxcatlons, 01pcrs presented at meetings and reports of ;
varv1n¢ thurc, whxch apncarcd during the pcrxod from 1964
through mxdvcar 1970 on heat pipe tcchnology and on rclated
Althou"h it is to be

topics was clnss;fxcd and vv11ua;cd

’ e\pcctcd that Russxan hcat pxpc puhlxcatxonﬁ may wcll exist,

none were found in ;hc common ‘)tcraturc 1ndc&1nq >yftcm<

An cxparxmcntal nrO"rln was LOﬂdUCf d uhxch cons::tcd

of thrcc parts.

Tnc f;rxt pdrt 1nvolvcd the dcs

&n,

con-

struction,

and opecration of a devxac to mecasure trtnsxcnt

'wicking-hcights
sisted of the dééign and opcration ofia conven
vdricdl heat pipe
involved ﬁhe dcs

a two component

T

in porou5'sumplcs. The

wvhile thc fludl phase ol
ign, construction,

coplanar heat pipc.

Conclusions

thc

sccond nart con-

tional cyliﬁ-

ancstiuation*

and C\pcrxmcntatmon hlth

A Lrltxcal cvnluatxon of thc lltﬂraturc lcads to SOV~ -

eral conc1u>1ons regarding thc state of- tk- art of hcat pipe

.

tcchno]og) An abundance of data on hcat pxpc materxals

n ludlng uorklng fluxd propertxc>,'u1ck fluxd 1nteractlows,

and naterlal conpat h11xtv was gcneratcd in the cour:c of - a

ol v g bl A et




zcablc numbcr of rc;cargh progr1m>. but lltth cffort was

\rhnt on a <v~tcmat1c clascxflcatlon and cvaluatxon of natc-'

rials in VlCh of their potcntlnl for heat pxpe annlncafxont

hcncrallv the six tcrdecndent procc<sc hhth are -’

’J<>umcd to cffcct the functxonlng of the hcag pxpc in the

.50~ cnllcd hcat nipce rchme arc in a&reomcnt Nlth mo~t qnalx-'

tative oh<crv4txons. SR cvcr, thc cvaﬁoratxon m~ghanx>m,

in partxgular, hhxch is comnonlv rcgardcd to takc llacc at

fthc 11qu1d wxck v nor 1ntcrface is the subject of‘somc_conf‘

, SR e
troversy. o ST . ,,WL

.

Lon<1dcrah1c cffort h1< hccn <pcnt on thc nrcdxctzon of

the capnllary lxm:t; but onlv a arqxnal cffort on the ﬂowxc

- and hoiling llm-t% Thc cntr1xnncn1 lxmnt requires even

more. Jttcnt»nn hccau>c vnrtuallv no dttcmnt has bccu m1dc to

formulate an-unnlyticul model. ™ ol ’oe

Discrcpnncioé between theorctic;l prcdictinns and cxpcriﬁ

-mental Oh\CTVJKIOWQ of thc four oporatxwg limits wcfc round

1hc deviation was notahlv ~C\crc for thc casc of thc boxllng

limit. \1tbough the hLdt pxnc pronxqc: potcntzal solut1on<

to problcm> of tcmpcraturc control, pas>1vc ncat tr nbfcr

2

hecat flux conversion and vaxxnblu thermal conductancc, some

of the heat pipe delJCJthﬂS apLde to thC been qu& estcd

in view of cvontua] Loxcrnmcnt fnndlng of cxtﬂnsxvc Tcsearch

.

programs. 3 S :;;:gges~

The tcchntquc> u<cd and thc dafa obtalned dur:nn the’ 'jfa"'"

- course of this LnVCstxgatxon lcau to thc follnuxnz conglu ions.

.
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Conetruct on dcta 1s are g1vcn for a lov cost apparatus

D

“for thc nracurcmcnt of wxckxng propcrtxcs.q lt pern1t< an

ek Bt TR TR TR el T T T e e e B

ﬁ advangxng liquid front nxthln a porous samwlc.

'accurntc and cont:nuou< 1nd1catxon of thc posxtxon of thc

For the c"ILnnrxLal hcat pxpc thc atlal tgnpcrnturc

1prof110> as a. funutxon of nower in t bchnvc as cxpcctcd for

a ‘heat pxpe cwnlovxng a fxxcd tc werathrc sink and a float-

ng tcmpcraturc sourc;._ Thc ldrgc tcmpcraturc dror mcasurcd

"at thc condonscr cnd of thc ﬁxpc is largelv unaccountcd for.

.Gxncc the samc hchJV1or was ou>crvcd Ly othcr 1nvrsti3ators

-

who used a fixed trmncruturo sink it appears thnt this.phc-

tion and not to4tnc cn:mon!) JLLCpt"d presence 0( a >tdnant

luvcr of nuncondon\dblc AuS, Thc Pcrtormﬁncc of the cxlxn-

drical heuat pxﬁc was significantly rcdugcd (cvzdcn;cd by thc

.

~ nomenon may be attrlhutxhlc te this partxculdr node of opcra-

incrcase xn L dporntor hall tCNpCTdtUTO) dS the inclination

from horizontal was xncrcuscd. The data showed that the

maximun hxc}xng hc:ghu for the stainless steel screen, as it

‘was installed in the p1pc, was in thc ncx&hborhood of 12 cm.

“The number of screen lavers usced and.thc fjrmness with whlch

they arce pressed against. the containér wall certainly influ- . .~

cences the wicking characteristics of the wick.

The d1t& obt dlhcd ulth the Lopldnar heat plpc overatcd

‘at a fixed <1nk tcnpcr ature and with oatxng :ource tempcrn-

i

Arurcs 1cad to tho. fol]ohxng conuluaxons.: The tcmpcratures

along the wick qxsylay cons i d rable variation from the

]
.
.




cvaporator to thc‘condcx<cr. fhls hcat plpc workcd norc',i

- effxcxentl) and transportcd more cncrpv whcn oncratcd ina

'horxzontal p051t10q as conparcd to a situntxon wnth the

cvaporator abovc thc condcnscr. In addltxon, the low vapor

vcloc:t1c< ncrnxttcd <trat1fxcatxon to con51dcrah1) xnflu-

',cncc thc tcnncraturc dxxtrlbutxon hlthjn thc nxpc (\anor

_chanhcr) R v :

«.'

In rcgard< fo thc hchavnor of two Lorponcnt hcar pxpc
thc dwta 1ndxuatcd that undcr no Londxt:ons dxd complctc
scwaratlon of thc component< tnlc placc as. dcduccd from a

one dxmcnsxonul urguncn;. Thc two component heat pxpc'

rcveialed the same tcnnc raturc Lharﬂctcr1<txc< as a <1ng1c'

component heat pisc when in a norlzontﬂl oricntation.

behavior may he due to some mixing which took place in thc,

liquid accumulatéd on the surfoce of the lower wick., Thus

the cntirc vapor snacc}Ain'offcct, was in equilibrium with

n LODbtﬂnt con)o<xtlon fluid.”
For the tcsts whcrc tHc cvaporntor waq locatcd qbov

tnc condcaacr, Howcvcr, thc excess . lxquxd rc~1dcd onlv at

the condcnscr cnd of thc nxnc.f

temperature diﬁtributions‘thained»with a two connoncnt

working fluid differed, to sonc cxtent, f:om those obtnancd
cwith a singlc comndﬁcnt working fluid.

cates. tnat a partxal scparatlon of the

zhc cr{cct hbxch andcusatxon on thc hzndowJ had on th*

tendency toward component scparntlon'i< unknown;

AR

Thxs~.

lor thcsc cases, thc ax1al

Smh bch..n ior \nd‘-‘,‘

comnonenrs dxd occur.j"

honc\cr o
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it can be afgued that this éffeét was ‘small fdr‘iksl}caéqssgfq
:FirSt, once fﬁc éondensatioﬁ forﬁcd on.ihc windows it . k

appeared to rcmaih relatively stabic Sovghaf'tho'édndohscrhfff_,'. S 3
wick bccdme.thé location of préfcrréd céndcﬁsétion qﬁd thus = R S
playcd u'dominant role in'cstab}ishing'Fﬁc'dﬁcfét{ng:éhsréc:
e teristics of the pxpe.. Second, the icmpcrétufc“distribbiion f:.' Vt_ﬁ
within the vapor corc showed no changC5 in the Lross axxal f h ’. »‘é5
direction (normal to the windows) while chanch'wqrcgcv1—3if |

- . . - A TN Loyt

dent normal to the wicks.

1hc merits of the tht pipe have becn somckhat exag-

gerated. This is espccxally true for low tcmpcrature applij_*u

cations in 3 gravity f1cld uthe the sele ctxon of the wick
is of primary importancc. M05t of the wicks used arc incom-
pletely described in the literature. Ofter no cleaning

procedurc is reported even though this is as important as.

cm——

the wick selectinnp itself The uqc of the bcttcr "grooved"”

s | wicks requires spercial marhxn1ng techn' ques whlch are not

rcadilv available to all xnxcstloators. _ ;i o -:- ';-}w
, LT T

i

The isothermal. nature of heat p1nc> nthh 15 so h1gh1y;

toutco-ln the llteraturc does not always occur. 1n fact,

P

for fixed tcnpcrature condens;rs, it appears to bc ;hc

exception rather than the rule. ‘ T _'4' *54 ;

While tHc heat 1pe may bc uscfu* for hlgh tcnpcr1turc-‘"

B A

and space aoplxcatxons, it shguld not be. rgga*dcd as tbe
ultimate solution to m:ny orcxnary heat transfc ‘prob]em:.'- S :
where greater cconony, performahce;_and rﬂliability‘afé.'

possible with more conventional hcut transfer devices.

4 AT




B ' ‘ Rccommendat1ons fﬂb L ) -
3 The etu&y of the hcat pipc lxterature leads to scvera! i ;. Co "?7
rccommcndatzons.' A goordxnatcd m.terxals rcsearch program ;' ' 3{;?

is cssential. In addxtxon to asscs;xng the dcsxrab111ty of

potentxal w:ckxng waterxals, thxs program should also pr@w

vxdc for thc 1nvcst1gatxon of thc effcct hh1ch varxous'

: ._"“»’..J

clcanxng proccdures and trcatment technxques havc on thu"Lleff e

. wzckzng charactcrxstxcs of potentxal heat pxpe wxéi._n

PR T

-

Thc 1nf‘ucncc whx;h thc cxt;rnai boundary condxtxons
' i

e . i

-1 - (i.e., clthcr fltcd or*floatxng tcmpcraturc) have on the

opcratzonal characterxstxcs of hcat pxpcs 15 uuclcar., AR

- cxperxmcntal szudy in- whxch a ngcn hcat pxpe could sequcn—:t -J‘ _'-;f
:ﬂ;‘ ".t1311v be Sub)"utcd to the various t)pcs 0’ boundary condl-'
tions would be uscful. '

b Additional work is»néedcd on the theoretical predic-

§ tions of the opcrating limits of hecat pipes. Iﬁ partlculur,
g the boxllng and entrainment l mx;s need nore hork

chcra; rccomncndatxon> are in order rggard;ng an ex-, -]

IS

perimental extensiorn of the work rcported in ‘this stuay,l'Tha B

« : ;

behavior of the two cowponent horkzng fluxd could Le more

. PR
e vesenind Avpan A e S
L3
e
9

casllv dctcgtud by cnploy:ng a heat pipe whose guomctry »%7\3" ) ?'f

: ' d1 tated hlghcr vapor vc;ocxtxcs." If suuﬁ a bco“-try was

; . used, the conscquengc of stra»zxxrdtxon ou the rcsultxng ;, ;

A i :
v tenpcra;urc profxlcs could be neglccted ﬁv,.“i o Ha
~ The use of the xntcrtczometer to‘méasure ;hc LonLcnfra-i '.T,.‘:f ;iz.

tion. 1s*r1but10n within 'hn vapor spacc st111 appcara i*a»x - . -ft%

‘ . & RN

ble. llowever, nu)or dcsx&n channg xn the tesf scctxon are : * 1£§'
. . . hatl e
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"~1nccé§sary in ordcr to avoxd the condcnsatxon of the vapor on
'thc znsxdc of .he windows. A dcszgn 1n whxch thc windows

aro thcrmnlly nnsulated (rom both the ?mbzcnt cnvironncnt
and the walls of the pipe should solve the condcnsatxon
'fpfoblem. Thcrmal insulatxon from the nmbicnt conditions‘
may be posszblc by usxng composxtc wxndows conslstxng of

two pxeccs of glacs with an cvacuated space betwccn thcn.‘

- Isolation of the wxndous frcm the Lcst scctxon walls, hoxcve%;F

appcars to be vcry 1nvolved.

The uhemxcal anal)sxs af the vapor thh a gns chromato- 8
graph is desxrxblc to ascertain the cventual scparatzon snto

'_two componcnts. Such a rcchnlq"e howcver, would vxrtually

necessitate a direct connection of the ch'onatogranh to the
test section to insurc that the vapor sample is not contami-~ -
n#tcd.. An investigation of two COHpOﬂ“Ht mxtturcs whose
equzlxh*xum curvcs exhibit an a: eotropxc p01nr \ruld be
undcrtak In dddltxon, the cffcct of thﬂ arlous t)pes of
boundary Londltxon« on the charnctcrlstlcs of a two Lomponcnt

heat pipe should be 1nvest1gatel

Sl
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APPENDIX A: STRAT!F!CAT!ON

. Stratificntion had a significant influcncc on the
steady s state tcmpcrqturc ficld within the v1por space. It

was cschLnlly im rtant fox the coplanﬁr hcat nxpc because

e st .

of the !ow vapor velocities vwhich were prevalent in the &

vapor core. oL - 1'” T
ancc the cvavorator was locat;d above thc condenser. - - e

for 0 = 45° and 0 = 99°, stable opcrating ;ondxtxons cxnstcd. T ‘ et

That is, the loucr dCﬂSlty, higher temperature vapor tended o L

to sccumulate at the top of the vapor space in the eviperator -

while the higher density, lower tcmpcraruré vapor resided in

3

3
the condenser. Because heat addition took placc at the top . § ' S
of the vaper space, no major convection currents occurred %

and the nrxnlrv mode of energy transpor' (for puve stratifi- ’ ' IR

cation) was. cffcctcd h) LOHdUCthﬂ thrnngh thc vapor spagc.~

Lonscqucnt‘v for a 1tuat10n thlC no ncat plpc action ..

P

cxxﬂtq thc tcmucrqturc dxstrxhu ion thh:n the vapor Lo*c

nust satisfy Laplace's C%Ud»lon under: thc assumptlon of -
consvant thermal COnductxvxty of the,vapcr. vIn rcallty;
hOWCVVr;_it may vary with temperature up to approximately:

K

15% {ronm c Wl to end. o 5-F

The t mpc*aturc dxbtrxbutlon thﬁln .hc v1unr <p*cc was

determined b) utxlxz;ng the anaxogv bothcnn thcrmal and




S g e e

, : S S . :
of Telcdeltos paper. It was .assumed that the vapor aifthé 
wick suff&cé in‘thc condenser was 5t'some’icmucraturc T
and that the vapor at the wick surfacc in thc cvaporator was
at another tcmpcrnturc,»T”.' In the clcctrxcal analog, thx
xmpllcs that thcac surfac 5 crc maxntaxncd at a constant
voltagc. All othcr boundar1c> of thc anor space were con?
sxdcred to bc adxabatxc ana thus wcrc opcn c'r”uxts in the
clcctricul analog model. rhc rcsultxng llncs o( constant .

VOitdgc “(and hcugc the analogous t<ctherm<) were uctcrmzrcd

using a DC \ull Dctcctor and arc 111ustratcd in l:cure Al

oAy »

The dxmcn:lonle>s axial tcmpcraturc strxbut10n< Lorre-“"

5pond;ng to cach of thcAprohc locatxons arcrﬂre< ntcd 1n'
Figure A.2. . Thesc distrihutiodg:arc; of ‘course, highly’

idealistic resulting frohvthe éssuméd'boﬁndarv conditious;
In actuality, the ycnpcrdturc> at thg hxgk %uriagc zh hoth

the gVupordtor and condenser were not constant - Also-thc.

end walls undoubtedly were not ﬂdldhdt]L.. ”'3% ! “;gjffu:

To vorxry hhcthcr conductxon was ndccd the dominantf’

factor in Cbtdbllshan thc Qtratxixcd tcmwcrnturc dxstrlbu-

tion, ten tcsts wcrc conductcd.- Each’ to;t cnploscd a w1ck

-in only thc vanorator cnd ef- thc hcat Dxpc. A sufflcxent

amount of fluid was ntrodnccd into thc Cowlanar uxpe <o.7”4

that somc excess lxquxa alwavs rcmaxﬁed in the condcnscr-u-

section. The pxpc aaa cvacuatcd unt11 the 11qu1d pool e

boiled, thus ass zrlng that saturatton Londxtxon& “crc""”"

fclcéffical systems. The vapor space was modeled on a sheet -~
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initially preseat. “The hcatcrs were then encryi..d and the

.t .

'»ruaultan stcadv state temperature distributions in the

vapor spacc were: mcaxurcd gincc the absence of a wick ip
the condcnscr section prevented liquid {rom rcachxng thc
cvaporator, thc wicks rawxdlv dried out and - the rc>ult1nq
tcmpcrnturc dxstrlhutxou was dctcrmxncd solcly‘by the
occurrence of xtratxfxcntnon. AS cxﬂcctcd the dimension-

!

!c»s tcm)crnturo dxstrxbutaon< were c<<cnt1nllv 1ndencnd“nt
I

of composntlon, prcssurc and temperature.  Two such.dxstrx-

hutions'wrc-ﬁrcscntcd in Figures A.S nnd'A.dtfof the ccntof—
line probe and (or orientations of 8 = 96° and 0'¥ 45°.
Similar d1<tr|hut ons were measur ed for the éthér brohcs.
The similurity between the mcasﬁrcd distributébns and
those ohtained with tﬁc clectrical anulog suggests that con-
duction doca indeed establish the tcmpcraturc ficld. ~The
different ‘values near thc cnd> of the plnc are Prohahlv
ﬁ1u<cd bv the 1dcall~cd boundar) condttzon< which hCTO
cmpIO\cd in thc clcc 1;41 analog 1uparatux.< x
The capcrxmcntall) dutermxncd ;tr4t1f1cnt1on rrolee"

for cuch probc WeTre usced for sub cqucnt-data-compar;sons

with the stratificntion profilc.
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B: * PROBL CONDUCTION

" APPENDIX

Thc tcmncraturc ncasurcmcnt with a rglatxvcl) high

thleJl conductivity prohc in a medium of vcrv low con-

ductivity naturally lcads to somc crrors. To assess the -

influence that the roon'tcmpcruturc T imposcs on the

o'

measurement of the vanor tCherdturc, Tc’ the follomunk
o

tcchnigue was used. Thc tonpcxxturc 1ctuallv mcasuxcd at

the probe tip, T, was rclated to To and T usxugffkc

standard cexpression {or the temperature distribution along

1 finite rod which protrudes from a heat source with heat

losses to a constant temperaturc vapor cnvironment as given

by Jacob [138]. This cxpression is given as.
8 _ (1 +Pe -ml, -
.00 ' o

1+ pelfT

»
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In thc cxprc><10n< L is the lcngth of thc probc from the“'

[T ¥

'.outbxdc of the pxpe, C is the probe c1rcumforcncc \ is thc_

Cross scct1onnl arca, h is the convcctlvc heat traanc SRR S

€57 A aiaaabe 2

coéf{icicnf, and K is the cffective thcrmul conductivity of S Rt

«

R

tlc probc. The dincniionlcss tcmpcraturcs calculated with S L
the above cxprc~~:ons are shown in Fxgure R. I asa function

of bo;h the prohe length and the convective heat tranefcr

.

cocffxcxcnt lt x; rcadﬁly anparcnt thnt 1la rgc corors are

encountcrcd “hcn h is s all

A Loncchdtxvc estimate of h was arrnvcd at by nﬁs_ning

that the prohcs were oracntated horx-ontally thh frcc con-

vcctxon as the only modc of heat transfcr to thc surroundxng

vapor. .\

U1

ing a tcnncraturc dlffcrcncc of S‘F'in ‘the

Grashef nunmber and using an ncccptcd corrélatien for the

rclationship of the Nucqclt’undAGrashdf numbers for free |
convccté@n from a hoxl.ontdl LVIxndcr as glvcn hv Holman o 7_ - .{:,{fﬁ
(1391, the convecti ve hcat traﬂﬁfcr coef:1c1cnt was fouud TL

to‘bc apnroximntely';.s Btu/Hr ft2°” 7 th valuc of h was  2.A‘;'t‘tIy

ust to calcu]atc the actua] vnpor tcmncxdtu"cs for all

prohc positions and all sts which hCTG com pdrcd WIth tHe:‘
tempcraturcs moa\urcd at thc prohc tip. It was found that
the prohc t1p tcmpcrttuxe was 1n accurntc 1nd1cat10w of thcr

“vapor tcmpcraturc with the chcptxon of thc mcasurcmcnts,f;'

“taken at thc last position in thc condcnscr. With thci'"f

cxception of thxs laxt poxnt thc rcadxngs were 1n gcncxal

accuratce to wzthxn'] F. The me :eurcncnts,taken at thc
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cxtreme prebe positicn were often in error by as much as

10°F. However, this occurred only for the high heat flux
tests where the prcﬁéncc of forced convection certainly

recsulted in an incrcasced valuzc of h and thus smaller errors

i

than arc indicated by this approa&h. . | . A £
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APPEXDIX C: ~ RECENT LITERATURE

- [4
R ~
.

“The articles. discussed in this appendix were presented
at-the -Spacc Technology and leat Transfer Conference, Los '

Angeles, Califofnih' June 21-24, 1970. .Thcy arc prcscnted

as a supnlcmcnt to the nrevxouslw discu scd lxterdtvrc $0
x R
that thc prcxent report 1s as up to date as po blc.

: Dcvcrak::{lJU) has found that the construction of mer-
cﬁrQ heat plpe’ for high heat tr#nsfcr ratcs is fecasible.
for opcratxcn bcthccn 200 and aﬁOéC. Prcvfous]v cncbuntcréd

ttxng difficulties wish mercury were virtually v]xnxnatcd
by th; addxtxon\ of mugngsium and tL anium.

Scxhart' [141] tested an amnonxq- 11n1 css <fccl héat
pibc. Thc Opcratxng charactcr1~txcs wcrc comnarcd to thc
.Phnractcrx\tvcs oht xn;d thh a geonctrxcall) denglcal hcﬁi

p1pe empIO)xng uatcr as a’ horkxng fluxd [Sb] I* uag iound

that thc ammontia plpn was nore cfflcxcnt in trdn<wort1np ST

Y

-tncrnnl loads than thc watcr,pipc up to an opcratxng tcmpcra-'

‘turc of appr0\1mafelv 90 F Above'this tcﬁpcrathrc‘thc-a"

ammenia pxpcs rylatlvc ad\antagc declxncd 14p1d’) unt11 dry-r

out, at wiich point txc watcr plpc was able to trnnsport iﬁif?“;;

30 pcrccnt more cncrqy .4,;’»”"

‘ln"a SJNLIJT study Waters and K1nc [142] tested thc-'_

ability'of an amnonxa Hcat pznc to- Opera e for extcndcd o -
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NPT TR
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)
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perxods wxlhout faxlurc h) fluxd loss or hv chrnla;xon of

‘ l . .
the energy transpﬁrt mechanisms. . The heat pipc used had an ) T
aluminum contalncr and a stainless steel screen wicking

structure. . Accelerated tinc testing for both continuous 4 R I

hcat pipe opcrntlon, and h)th ltcrnatlng frcc‘c~~haw gvclce

lndlCJth no. dc$radatxon in thcrnal pcrfornancc. Sunscqucnt

netallurgngal cxanxnatxon of thc 1pc rcvcalcd ltttlc mate- - . TR

rial corros:op. The nuthors concluded thnt <uch a hcat plpc T

sheuld have a uscful operntxng life in cxccss'of 20 years
i . o T T - : g T,
wvhen operated at about 80°F. - : IR ’ ‘

v , L ) . : A
Heat pines in thc.cryogcnic‘tcmpcratuxc range have been ‘
< thecoretically considcrcd by Jovy {143). ELquations for tﬁo_ :
optimum porc siz¢, optimum wick thickness rgnxo,'nnd makimum
heat transport were derived. The effcct of gravity was found » o
to play‘n mijor role and must be taken into consideration in

"ogcnic hcat'pi c d esi gn. Thc cnuatlons rccult xn thc

VRN ey

genic heat pipe dc~1;n in thc tcmpcrﬁturc ra ngc fron 7 to . . -

“0°K. . _ o Lo ,'-_ R VL S

Chi and Cvgnarewicz {144} also prcschtcd,a,thcérqﬁiéal L RS

rs :

analysis of'cryogcnic‘hcat pjpes. The in }ucncc.of liquid

property variations was found to bc 1nn1f1cant., The thedry S

) comparcd favorabl) hlth the cxp“)1mcntdl rosults of Haskln
(25). o SR ;i:-‘:;f;
Ferrell and Johnson,[lJS] obtained cxpcf&mcntal results?ﬂ

. . = . .
1. - N N . . . . - . A .

for both the heat transfer coefficient and the'critical heat

VRN



flui through satdratéd béds‘of monel and gfaés beads., Thé
'iiqhid in ;hc~ncighborhodd of the heater was Supplicd 6ﬂlyi

by capillary action. Various wick inclinations were cemployed

in the tests. The conduction mcchanism through a thin

liquid-becad layer in contact with the weating surface as SN

proposcd by Ecrréil and Alléavitch {41] wasifound to be - - .~;f?fi ;‘+
substantially corrcct.-: : S  . o ": - L | '?ﬁ~ |
‘Soliman, ci,hi. {lJGl‘ncasufcd'thc cffccii?c thermal |
conﬂuctivity of bothAdri nnd wdtcr-saturntcd sintered fiber

metal wicks. Corrclatiéné we}e found for the cffcétive |
thcfmil éoﬁductivity in terms of tHctfhcrmul cbnduétiviiics ..
of the Solid andlliquid ph&scs and the wick porosity.,’qu- ' -
stantial diffcfcuces in the c¢ffective coﬁductivity were. . ' .
found when measured éithcr along or across the fibers and i- L‘“
thisqus attributed to the importance of the contuct rosi:r{ . .
ance between fibers., 7 o R .
| The effect of the working fluid, in cither the liquid

"or vapor phasec, within the rescrvoir of hot reservoir gas-

controlled heat pipes <as investigated by Marcus and

‘Fleischman {147]. It was found that thc_prcsenéc of iiquid‘

in-the reservoir at startup results in temporary pressures
and temperatures in excess of design conditioas. ~ A perfor-

atced non-wetting plug:ut the reservoir cntrance was found -~

to climinate this problem. _'-“3{“‘.: "'uV'~f‘: f{;
~Bliss, ct[a}{;[148]ltcstcd a flckiblé<hcnifpip9 subf¢cf;'ff

to varying degreces of bend and various transverse and




netic ficlds

. The equations nccessary

longitudinal vibrations while in an unbent mode. It was

discovercd that flexible heat pipes are fcasible and that

the Jdegree of bcud had little effect on operation. The

vibrational environment, in general, tended to increasce the

heat transfer capacity; however, critical longitudinal

vibrational frcqucncics-wcrc found which causcd cessation
of heat pipe oucrntlon.

Rilenas and Narwell [119] describe the JC\cln“mcnt nnd

censtruction of 'a sct of heat pipes designed to minimize

structural temperature gradicnts for the Number 3 0AO Space-

&

craft to be launched in 1970.

Carlson and Hoffman 150} studicd the intluence of mag -

on hcat pipes.  Such coffccts vere found to he

inpertant when electrically conductiag werking fluids (sucﬁ
as IiQUid metals) arc uscd and the pipe axis is not ajigned
with the mngnctic ficld. Fof such casces, the presence of
magnctlc ficld always reduces thc hcat flux Ldeh)lltV of
the heat plpc. be reduced bv

Howcvcr, th;s outcome may

desioning the pipe with a.compound-wick structurc with a

'largcr llquxd (IOh ﬁaqsagc dnd a proportiona ately smullér

vapor flow passage than for the no—mngnctxc fxcld dcsxgn.

for such a design arc prescatod.'
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