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PERFORMANCE CORRELATIONS FOR wlGM TEMPERATURE POTASSIUM HEAT PIPES

Michael A, Merrigan, £ S. Kedgy and J T. Sema
Los Alagmos Natioma' Laboratory, Los Alamos, hew Mexico 87545

ABSTRACT

Potassi heat pipes designed for operation at
nominal tesperature of 775K hgve Deer developed
o” use in 3 neat pipe cooled reactor design Thne
eat pipes operate in a gravity assist mode with 3
2'myn reQ.ired power thraugnput of approximately
6 v pe~ heat pipe. Oased on a series of sub-scale
xperiments with 2 12 and 3.2 cm dianeter heat
ipes tre prototydic heat Dipe diameter was set at
7T cm w'th 3 simply krurled wd!l wick usteg in the
rte-ests of mecranical simplicity The performance
vve's required for this desigr had beer demor-
Btratad 1n prior work »'th gutter asiisted wicks and
@mD 2313 N the Dresert wo™k wds OGP the ATtainment
pf similar pp~formance with ¢ smpYified wicx Struc-
ture The wick Structe”e used in the experiment
orsisted of a patterr of knurlzg grooves ir the
nte~na” wall of the neat pipe The knurl depth
eQ.'rega for the Dlamned hept pipe performance wai
ater=ired by sca'ing of wick craracteristic data
rom the sub-trale tests Thete tests irgicated
nat the maxiaym performance 11mits of the test
eat pipes dia not follow norma' gntrainmgnt limit
red*ct ons for textured wall gra~ity assist ngat
ipes Test d11a was hereiore scaled to the proto-
ybe design basea on the pisumption tnat the per-
ormance was controlles Dy sn entrginmgrt parameter
ased on the 11guid flow depth in the grocve 3Struc~
ure Tnig correlatiyr Drovided & reasorable fit to
he sub-icale tost data and wa3 useo in scgle up of
he desigr from the B 0 cm< crost scction of the
argest tub-icale hept pipe to the %5 3 cad cross
ect'on pro\otypr Correlation of the mode!
redictions with test data from thy prototlype s
iscussed

EnCLATURE

Flow area

vapor space glameter

groove deptr

11qutd dept~ 1hr grogwe
erirainmgnt parameter
gravitatioral comgtant
1atsat neat of vaporizatien
number of g-ooves 1n heat pipe
circumigrence

dimensiionless haat flow
neat flow

deng ity

surface tertion

helix angle of grooves
dyramic vigcosity
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1NTRODUCT IO0m

Over the past several years a development
rogram has Deen conducted at LoS Algmos Mationa)
aboratory or a compact nuclear power source (CNPS)

intended for yse in remotle,. inaccessible 'ocazfons
eve fossile fuel subDlies are difficylt to obtain
ng mairtgngnce costs are high Ag a3 resylt of
hese requiremerts the CnPS syster gesign emprasizes
simplicity and passive operation The Dasic sysrem
kco~figuration. snhowr 1n Fig 1 incorporates a
graphite moderatea reactor coudled to an organic
Rarcing cycle conversion syiten throug™ the use of
heat pipes. Thg nhgat pipe co-pling provides a
passive mea~s of neat trarsfer from the reacto”
cors 10 the orgaric Banking poiler. MRouting of tne
prganic Ranxing loop directly through the reactor
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" temparature of the heat pipes i3 775 K.

this paper.

Iltliﬂdﬁ‘ ope~ation in remote locations tme reacto-

core 13 not possible because of raaiolytic decompo-
sitio~ problems with the toluene used as a working
flyid in tr¢c ORC. Tne toluere working fluig alse
determ'ngs the opersting tespersture of *he system
through the 1imits establ-shed Dy thermal decompo-
sition of the working fluid. The upDer temperature
1iait for long term operation of the toluens in tne
cycle is 845 K. with allowance for temerature
drops through the heat pipe condenser section and
toluene boiler walls, the corresponding operating

A lower
temperature would be creferable, however, concerns
for the power limits of tne potassium heat Dipes
preventied the use of a lower heat pipe operating
temperature In the final design a gas gap thermal
resistance was positionea Detweer the heat pipe con-
denser region and the toluenre boiler surface in
order to ensure the 130 K temperaturs difference
betweer the compongnts.

Tne nominal design value of 775 K for tre
operating temperatuve of tne potaisium hgat pipes
wal based on tne expectation that tneir limiting
pe~formance in terms of axial powe~ dersity would
be estadlisned Dy entriirent of the working fluid
in the counter flowing vipo- [1]. Entrainment pre-
dictiors for the heat pipes werg based or corrgla-
tions developed at los Alamos for textumed wmall
heat pipes ope-ating in g-avity assist mode [2.3]
ir order to mininize the nyclear fuel load of tha
reactor the haat pipes were intended to operate ot
comparatively nign pcwer dersity. The primary haat
pipe desigr factor affecting the reactor fyuel lcad
wis the neutror absorption of the heat Dipe will
material. Original design studres for the syitem
we=e based on tre expected use of a ferrous alloy
for tha haat pipe envelope. [nitial tests were
congucted uiing 3 300 Se~ies stainless 3teel! Thnig
material, wrile Raving demonstrated compatibility
with tre potassium working fluid, Mas a compara-
tively nigh neutron abso-ption cross sectior
Trne=efors. 8 zirconiym-nigdiym alloy uted in
Caradra™ reactor designs was investigated as ar
altermative Compatip lity of these alloys with
botn trg poOtasy‘.m workirg fluid ang tre reactor
core graph'te was demonstrated in test These
teits inclurfed the oberation of 3 potasiium heat
P De &t 3 Dower throughput Of 2 kw in a heligm
almosprere with 4 griphite heater surround. Thig
test wis ope~ated for more than 12,000 hours with
no evidance of degradation of tng heat pipe perform-
ance Or materia'ls Tng heat pipe uled for trig
11fe test wit a sub-3cale design vecause g the
avatlavility of the envelope material The per-
formance cf this Peat pioe. desighated WiS-vl, 13
discussed ir the experimental program section of

A3 the design of the power syitem evolved the
therma] powe= lgvel of the reactor core nas estabd-
1i3hed at 123 kw for 2 29 kww electrica’ power
output of tre syitem Thne design employed 12 heat
pioes,. each congucting g nomirgl power of 10 4 ¥Ywt
to the ORC syste™ duming normal operation. QJecause
of concerns for tne 1afe operation of the gyitem in
a degradey mode 4nd °ne derigr reQuiremert for yn-

core was designed for operation with failed neat
pipes or failea toluene bDoiler 2lements that would
effectively eliminate orne or more :.sat pipes from
the heat transfer path.

Thermal modeling of the reacto™ core under
failed heat trarsfer olement conditions gav- values
for tne reauired heat trarsfer capapility of each
of the core heat pipes urder condgitions in which
one or more had failed. The wo-st-case operating
cordition for a single heat pipe was fourd to be
1.310 times the nomingl heat load with an incrgase
ir neat pipe operating temperatuyre of 65 K [4].
Thig pperating temperature incrgase was of intersst
because of the expected increase in power limit of
the heat pipe with tempera‘ure.

EXPERINENTAL PROGRAN

At the start of the swperimentsl portion of the
progra™ a noauer of sub-scale heat pipes were tested
17 establisr the expected performance of the knurled
wall, gravity assist, potassium heat pipes in tne
operating remperature rarje of 500 to 600 K. Tne
kn.~1 pattarny and depths as wel! as thne tube
d'amete~s used in some of tnese tests were astadb-
lisheg b, the availap'litv within tre laporatory of
kry=leg wall neat pips, uted in an garligr test
p ogra= Two of these existing heat pipes (WMWS-I
and NMwS-1v) were emptien. cleored. and refillgo
with potassiym Performance data taken witr these
heat pipes indicated that some phgnomera Otner than
tnat predicted by textured wall heat pipe entrain-
ment models was e3trdlishing their performance
Timits. Tests wers congucted with variation in the
f111 quantity of the heat pipe" as wel: a3 widh
screen and aire inserts intended to delay the onset
of entra‘nmgnt. A these heat pipes had beer oper-
ated in a prior test program with organic working
f1lyids,. th2 possipility of syrface contamiratior
Teading to cnanges in the wetting characteristics
of the material was -ongidered [5] owever. g%
the test program continued 1t Decame apparent that
the lim'tirg axigl throughput of the test heat pipes
was too coriistent to be explaired by changes in
su=face wetting characteristics Ar gltermative
MyLotngsdis considered was that the penavior ~f tng
hedt DIDEY was dedendent on the liguid ratumm flow
pressure gradients as previously discusied [8.7]

In g1, four sud-scale haat pines with gimply
knyrled wt =3 were tested prior tc fabrication ang
test of 2 prototype heat pipe. In adait‘on to tne
heat pi1pes taks-- from the Drior. organic heat pipe
investigatiors. a smallgr neat pipe (MWS v) pre-
wiously onerated with §0d1u» was cleanea, refilles
Bnd teits0. 4nd & new heat pipe of tirconiym nip-
biva allpy was fap-ticated. primyrily for materia’
Compatibi11ty tests. Dut al.o tyr performance veri-
ficatior Pryiical parameters for trese four haat
pipes ave Suvmmarigzed in fabie 1.

Test resulty for these heat pipes 4”0 Qiveh 'n
Figys. 2 thrcugr & Prggs2iany for gn*rainmgnt
1imited perfo==arce Mated 0 10:°vrel wall heat
pipe correlatiors [3)] are a'ge chowr on the Figures.
It 43 apparert thati the textured will entrainmgrt
prediction 13y not app'icable st Rigner temperaturey

)
Knurl Nelix ([vaporator Agipbatic Congenser humber

TAR: 1
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v 212 002 a3 h [}

vl 32 oW 30 [ [

Lengtr Length of
1(4.)] (L. ) T

33 o0 £} ]

1] 60 134

17 20 105

[ 1] 30 3]



Vi TE wtr PENCIL

— CORRELATION DF SuB-SCALE TEST DATA

,As the radia) Reynold s numbers for the test limit

‘velocity profiles were

In the initiz) attempyrs to detcrmine the
phenomena 1imiting the heat pipe performance.
numgrical valyes for liguid and vapor pressue
gradients witnin the heat pipes were calculated.

corditions were on the order of 100 the axial
calculated using Busse's
numerical corrections 20 Pot_euille flow [8]). The
viscous pressure l10ss for flow of l1guid in the
grooves was based on relations for tne axial
pressure gradiert in grooves in terms of the
hyaraclic diameter of an ingiviagal groove defines
in terms of cross cectional ares and wetted perim-
wter {9]. Irerfacial shear was estimated based on
m fourtn yrder polynomingl approximation for the
mvaporator axial velocity profile. Tnese numerical

eva'uations indicated tnat the pressure dDalance in
the heat pipe was dominated by trne gravitatiomal
terms.

Eavating the pressure gradient for flow in tne
groc+es to the gradient of tne Pydrostatic head
gave the following relatiorsnip for the deptn of
"14q.1d flow in an individual groove.

i ® TESTDATA
2 3 L] Bl"‘GN.C
o § B
700 800 900 1000
TEMP (K)

Fig 2 Performance gata and textured wa'l entrain-
| mnt pred ctions for sud-scale haat pipe 1

® ENTCALC

A A

0
700 8ov 800
TEMP (K)

Hg 3 Performacce data and textured wall entrpin-
Rent predictiory for gub-scale heat D'pe lv

o () s

where the interface radius of curvature is assumed
infinite.

’ bumerical values for the groove flow deptns at
tre test 1imits based on measured parameters for
the wick structures are summgvized in Table 2, for
a cormor tamperature OF 1718 . Tng wvalues show
thatl the groove structure Of the NMWS-v heat pipe is
overfillead at the mass flow rates equivalent tc tne
demongtrated iest limits. Tnis may explatn wny tnisg
heat pipe most clotely followed the textured wall
entrainment 1imit predictior model.

In order to co-relate the data for thnese heat
Dipes use was made of the dimensiponless heat flow
and entrainme™t expressions used in prior gravity
assisted heat pipe carrelptions [2]. In this app-
licatio= the eatrainmert pargmeter was mogified to
use & characteristic lengtr Daseqg on the calculated
dept™ of flow in the grooves under operating condi-
tio~s and tre liquid density useg in the gimension-
less mneat flow expression, giving:

A e, -

%00 200 900 1000
TEMP (K)

1100

Fig 4 Parformance data and textured wall entrain.
me~t predictions for gub-scale heat pipe v

I ® TEGTDATA
2 * ENTCAC

0
700 800 900
TEMP (K)

Performance data and texty=ed wall entrain-

Fig §
ment predictions for jub-icele heat pipe Vvl
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whe-e dp is as defined in eauation (1)

| Data from the sub-scale heat pipe tests were

plotted in terms of Qg ver<.s E, as irdicated

a/A )
QE - n 1.5 (2)
oPcg
Ex = (3)
*9 "rg%

in Fig. €. A numgrical fi1t to the data yave tre
relationship:
I
Qp = 6.02 x 107 g 0-B (0
L |
TABLE 2
DEPTm OF LIQUID FLOW In GROOVES AT 778 K
Neat
da. (cm) d./a
Pipe £ £
. | 04814 S
| 1v 0 03000 108
v 0 0256C 1.200
vl 0 03490 0.680
' s 'oi
[ §E ‘
L
E ik
COARE.ATION OF DATA PROM
SuB-5Cal AEAT BE)
100 y—
|°".o° 10-3000 10'2i'°
| ENTRAINMENT PARAMETER- ET

Fig 6 Dimersionlgss power versul entrainmgnt
| paramgter for sub-scile Mheat pipet

The form of the resultling relatiorship 13
gimila~ to tnat ysed for cor=elation of entraiment
data for 3mootr wa'l heat pipes atthough g'fferent
in gxponent and in tre Dasis for the characteriatic
d'meriigr ySeC 'n trg entra'nment parameler Jyusti-
fication for using tniy fgrm which 13 normally
exDlained on tne Dasii of gomination of the heat
pibe behavior by vapor nertip corgiderations [10).
n the present case where, O the Das'y oOf the cal-
culated pressure gradierts. trat does ot apbear co
‘De true, 13 basad or rongiderption of the effect of
surface curvgty~e on the flow resista~ce for tre
|11Quid in the groovel As the pressure gradient
.for the Viguld 13 strong'y gepende~t on the flow
Cro3s section any local prastuve d1' femgnce bDetweer
‘tre 11gu'd and vapo” will lead to rap'd increase 1n
-tae qradient and presumadly to flow interrgption

inglliﬁf$£ilE*;r£2*%t o:ig*%i 'o.nlopou from the

sub-icale tests the prolotype heat pipe dimensiong
ware eStadlighed at 6 13 c» outiide drameter ang
$ 1) tnyige glameter Enurl gepin was 30t at

0.089 cm -vith a %0° inclydea angle knurl having a
nelix angle of 30° Tnis knyrl depth was con-
servative in the sense trat the predected depth of
flow 1n the kr,rls gnder desigr cond'tions was
apprcximarely half of the krurl deptr Botn this
dgesigr marg-n and that of tre heat pipe arameter
were incorporatea beca.se of the range of extrapola-
tior of tre data from 3 vapor space area of approxi-
mately 8.0 c» to more than 25.0 ¢

DESCRIPTION OF THE PROTOTYFE TEST mARDwARE

A 3 meter Yong heat pipe was fanricated from
6 35 c» oulside diameter cold “rawr (-1018 steel
tub'ng having a wall trickness of 3.14 am  Eng
clos.=es were mactined from stock of the sgme
material. Tne interior surfaces of the steel tube
were knyrled t0 provide a networx for yrifgrm
ai1stripution of tne potassium cordensate. The
x~.rling process produced pyramidal struCtures
spost 0.89 mpm nign in a trigagylar array. Indi-
vidual grooves in the patte-n followed a Nelix itk
a lead angle of 30 degrees After knurling the
pattern irto the tude tre peaks of the pyramigs
we™¢ Cutl DACk Dy a hon'ng process to el mingte
poss'ble contamingtion from trapping of tne lubri-
cants used in the “o~ing process Agd-tional
clean'ng processes for tne tube incl.,ded a sulpnuric
acid batn and water wasn, followed by ar alcoro!
ringg The knurled tude wds then vacuum fired at
1090 kK for 100 mou~s to remove a1l wplatile contami-
ngi-ts. The gnd caps ang f1'1 tude were welded to
the knyrleg tybe and the fingl assemtly Yeax checkea
with 3 10-10 gemscmi/sec. leak detecror

A potassium charge of 457 ¢ wal vacuyJsm 14s-
tilled into the Meat pipe assembly. Thig amount
wa$ basted on the calculated worxing inve~tory at
tempe-ature Dlus & “urp'us of gprroximately 100X
Tne f<1le0 heat pipe wis wet-in for 72 hours at
875 k in 3 horizontal position. To e~sure that all
of the knhurlea surface rece‘ved complete wetting
the heat pipe was rotated 60 degrees per nour
thrgugh the final 8 hours 0of the wet-in-period
T!!l :.t—l'h 4ang h!"l]‘!"

Tng potassiu™ heal DYi® was Set-uD for test in
a vertizal orientation wite ar indyctisar co1l 113 cm
long placed 13 cm from tng lower end 33 indicgted
in Fig 7. A wa"-r cooled calorimgter, 61 ca in
Tengtn, was posit:oned at the top of the neat ripe
with a space of 5 ¢cm Detsee™ the eng of tre
calorimeier and the heat pine co~denser end. The
adiabatic region of the heat pipe. approvimptely
113 ¢= Yong was ingulateg to min~172s heat less
Cobper-constant thermocounles were placed along tne
lgngtn of the assemd'y by weldirg to tre surface of
the Reatl Dipe Medl was iIntroduCed P10 the evaDoO-
rator :eQio.- of the pipe by an irguctior coil using
an ope~ating frequency of approximgte’, 300 xn2
Tre temperature of tne meat pipe was cort-olled
witr 3 gas f117ed gap bDetween the calorimeter and
the heat p'De corderser region A cortrolled
migtyre Of heliym and argor gas wd3 uled t0 vaTy
the Qap corductance The power thro.ghput of tne
heat Dip® was deterwmingg from the flow rate and
tempeTature rise 10 the water 4in the calorimeter

Sgrfgrmgnca 1imity of tre test “gat pipe wev:
obta‘ned Dy increasing tne heat ‘7put Dowe= ir ymy')
incremgnty and jim'tareout’y adjusting thne Qast mix-
ture 10 MAINLA'F a ¢cNElant oDeral'ng temperature
Powe”™ was incragseg 1n tris fashtan y=til g hot
1pOt appeared 1n tne evaporator reQior of tne heat
p'De ind'cating a perfo-mance 11miy Recovery of
the heat D'De wil accomplighed Dy reg.tirg the
input Jower level wne™ the DOwe” wal TregucCed tne
not 1DO1S were OD3e~ved 10 TeducCe in tepmpergture in
a manner congistert with reflpoding w'th ligu'd
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Fig. 7 Experimental set-yp for test of
prototype for heat pipe

from anove Tng giperimertal performance 1imits
iestablisned for *he ngat pipe as & function of
tempe~ature are SFow™ 1r Fig 8. togetner witk the
v ed*c*eg limits from tre Sut-scale g-ooved su face
ertratl.mgrt extrapolation The terpe-ature uSed
for corrglation of tne gata s tre evaporator exit
tewpe-ature

n
M Cx.D 0.0 O GROOVE DEFTH
PO”ANSrAl wORa O

Fig 8 Comparisor of sub-scale prediction
aa prototype heat D'pe test data

1SCUSSIGN OF TEST RESULTS

Ay witn the sub-tcale heat pipes, the textyren
w1l entrainment pregictisr y3ing the texture deptr
Df the kru=ls a1 the gcritica’ gimensions! parimeter
does not ag-ee with the test dats at higher tamper-
At."e$ Tng gntrainment rorrelatior developed from
Rne sub-scale hedt pire tests provides a8 reaschrable
Fit to the PiC er tempe™ptu™e test data In retrp-
Bpect 1t appears poisib'e tG rea.ce DOTR the knyrl
derth and vapor 3pace diamgter 0Ff the production
*at pipes a3 tre design margin of the present ge-
1gr. configuration 13 approximately 25% at 778 k.

It 43 also aprarert from the test data that
the textu~ed will entrainment correlatior applies
to tne present situation in a range of operating
condition at lower temperatures between the sonic

1imit and the groove depth limit.

Conclusigns

Test data from a total of five heat pipes
nperating verticslly in g-avity assist mode have
been correlatec with a relationsnip dased on an
entrainment parameter craracterized by thne
ope-ating geptr of 1iavid in the graove structure.
Tne final expression fyr the correlation, incorpo-
Tating the data from tne prototype heat pipe, is

(5)

o = 6 59 x 107 ¢ 02
T

wherg the defiritign of the terms i3 as before

Tris correlation defings an pperatirg range 1~
sxistence at operating conditions above the range
of tre prior textured wall reat D*De correlatiors
Tne point of transstior Detween the limits needs
furtner investigation.
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