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,\I'''<a<~ Wilier ba!ctl rea<lor .hi<lding '" beinll in • .,'ig>led Ror"5< on inili.1 lun ....... rfOCt I"'we< ')'>Iern •. ",,".ler 
"";,;~ "lOy 10,"<, 0 .... 11 <>lSI (,.. c~ '0 .... 'clopm' .. '" cw f", "'h<' mal"i.ls) aM .imt>lify np<n>l''',"' in 'he 
S<lup .. d " ... dUn," lll< 1he"",,1 " )<1 .... 1;,; r><>i"""",",,e or 'h< sh;'1<1 ;s of o;lIn ,(o""'" ;"'eres!. Th< "",eh ... ism tOr 
tr""'[ming hell! (hroosh "'" 5I!icld i; " otural <".,.«Iim. Not"",1 coovecl"" in. 100 kWl l"nor ,"rf.o< ,.",,;tor , hi<ld 
d.,ign i .... I."ed ,..i,h 2 kilo' I"',,<r inp.' lQ the,.._ in ,h. W ... r Shi<hl T<>tbcd (WS"I) .. "'" NAS'" M.rn.all 
S"""e 1'lI&1l1 Ctn .. ,. The "'1'<","<""1 oJ .... from Ill< WST is used ' 0 v. li""" • CFt) 1""""1. porro""."oe of 'h< "'aIt, 
"'i<:1<1 <>II ,h. lunar .urfoc. i' lhen prcdiclcd "i,h. CFD mOOd .n<horcd 1<> 1<>1 data. lit< .xp<nm<nl had. """ i,""m 
"'''or "mper" "'" or?'"'l.:. The eFt) mo.k l wi,h l16-g pn:d ic" • In"imum " .. , .. (Cm.,.,."'u," of 88 "C "'i'h 'he sam< 
""'" load aM .''''rnal bouod.oy o.,....il""", This d" r<T¢l'C< in ",,,,;,,,um I<mp<"""'< <Ioos not ""."Iy .!T«l ,Ii< 
'1r\""0,,1 de.ign of ,h. "'i<hl. l!Jld demon"",,, ,I", iI ""y "" I"",ibl. ,,, "'" wo,., for • lunor raotor "" eld. 

Kty" 'o,d,, 1""-"01\ R,octOf. S,,,,,,,u,"1. Shield. Mot.,i . .. 
P,ICS, 2S.4IQb. 2$,$00-"- 29,4(}- Vj . 

INTRODUCTION 

As ""n of the Vision for Spoce ExplOfllt ion. NASA pl"n' 10 re\um huma", TO tlte surface of the moon by tlte etld of 
the neU decade. A «ili<al i,.. ... for human Jll"sc n<e on Ihe mOOll i, the availability of «>mpll<' power "",,,,es 
(Angelo .nd Ruden. 1985). Huma" lu nar presence requir.s powe r >1 0 kWt. Nude.r reoctors or" well su ilcd 10 
m.el power gen .... lion needs on lhe lunar or M.nian surface. 

Shielding i$ a key «>mpononl of any . u,fate poweT ",aclor ')"$",m. Sewnl «,mp<:1ing «>ncCl>lS exist f", 
lighlweighl. safc, robust shielding . ystCmS $""h as wolor. 'ilh ium hydride (1.i H). and !:>oron ca,bi<le. W~lcr offCT$ 
pOIenlial advantages, including ",duced cost, ,."d",ed '«ohnical 'i~k. IlJ'Id rcduocd mass. Walor h;l!; nOI 'ypkally 
lteen considtred fo' 'pac< rea<lo' appJi<aliOTl$. Th is is due 10 lhe high lomperal"re r«luin:mcn" a.«)Ciatcd wilh 
Ih.rmoci«olri<: and ""'rminnie powe, convc"ion, and the noed (or gravily 10 reml)". lhe potenlial f'" radiation 
<!:ream ing patho, Expe'i m~nlal demonstral;on o( rhe .. concepts. op<<:i fically Largetcd on key l.chnkal ch"lle"g~$ or 
qu""lion •. io crilic~llo occurare evalu"ion of lheir relarive m .. its, LiH shield. can be cxptn,ive 10 fabricate. and 
tJeed 1<> prove adcqtJale radial ion IOleranco under """,n'ial operating condirions. Water . hield, n..,d 10 "" shnwn 10 
ha'e adequale "'I"ral conveclion 10 prevenl nucleation or unac<ep1ably higl,",cmperature regions whi'- operaling in 
oo"j tll1Ction with. high IcmperaTllrc reoctor coupled 10 ' modem (e,g. S'i"ing, Brayton. O!" organic Rankine) power 
«,"version wb>y>lcm. 1l>c walcr . hkld oonoOpt relic .. UI'l prediction' of ras~ivc o""ul'lion of 11>0 shield ",ater by 
rll"urol con v.,.;,i,," to adeqllAlcly coo l Ihc shield. Th<$C prediction~ I\«od e",,,rimental " ,aluation. e'pttially ji,..­
.hidds with comple~ g«>mmiC!J. NASA Ma ... """ S""". Flighl Centc.- (MSFC) hu developed ~ "'p<ri<noe and 
t""ililies nec<" .. y 10 do Ihi' evaluarion in the Early Flishl F;"ion - Test Facil ity (H"F-·fF). 

The EFF· TF was cSlab",hcd 10 provide a eapab, lily .1 MSfC for perfurm ing hardware dire<le<i "",i,irie. rele' O"I IO 
mulriple ""dcar pow~r "'oc'<>< «>llCOplS ""ing non-n","' .. Ie .. methodology. Eff·TF capabjlily indudes 
I.brie.linn and lo,jing. PI both lIle moou leiCOmp<>nenl '."<1, and nCOr prolotypio hardw.re "nnfigu"lions allowing 



fOf 'c. li"", Ihe,mal h)"drauUc eval""lio", of 'yslems_ ro dalc 'he lin_ 1'1' 1Ia, oxam"",d hea, pijlt "''''''Of _,),>'cm, 
(BmU-$ill(HI, 2(05); gas cool"" "''''''Of oyslom. (GOOfroy '" al .. 20(4). and liquid nidal "''''''''' "l'l"cm" 

The oojcclive of Ihi' paper 15 10 de.cribe rul ex""rime"",) a'Id analyllcal o.:mo"'lr.moo of Ih. tlk:rmai "",fonnatlco 
of. pr<>lol)'PJC w"l~r slu.1d f'" a lunar , u,face ",.<l0f The e'periment ,,"'as pc,f""""d moW !:"lvily With full­
sca'" pr<>lO!}'pi<; geo",e"y and he", load. and. e Ft) lfiOOcI W"" ""d1<>",<1 '0 Ih is e'l",ri"",uml d.,a, l1>e CHI ,""""1 
'h"" pred;L1cd >hidd ,henna1r<noml"0c< io Iuo..- g'"v ;,y 

EXI'EfUMENT OESCR,rTION 

Thi' c.'pcrime"' ... os pcrFonncd in Ihe W,iCr Shield Tes,bed (WST) al ,toe NASA Marsha ll Sjl3Ce Flighl Cemce 
TIle &,.'om .. ,)" "nd powe, I'l'qu.rements for Ihe WST ""or" ba;cd 0" a 100 kWI SNAP ", .. ivOIive ",X"" d",ign from 
Los Alam", NJI ;ollal Labor.:I<><y (Oi""" 01 al .. 2006). ' :;!>n,e I shows a c()IIccpluall1youl oflhi. "",el(>< ')"'"n, 

1'1>< WSl coo,i". of an (11.11<' lOok 10 .ilnul,,,, ,he slndd', ""'<r ... "",,1. and a COre linl"lalOr ,hal !imulal~S ,h~ 
r.w;a,i(Kl shield i""", w .... 1 arId c"c,ylhing in,ide il (c",~. reHcelor. c",.!ml drums and coolam ma",Fold'j_ 1'1", 
"ulcr 1l",k is In""" irom ,rainless "",I. appro.imal.ly <JO cnl diamel~' and I .S m tall. 'f he core si","I .. ", i, made 
irom OJ"! cm 'hick atumin, .. " wlih a 61 em diaOlclcl and 76 enl heighl. wilh a 7,S em diameler piP<' repRsenling 
vert,,:al ~"'-1rn!ioos oflhc shield . 
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I>rlow tht lOp of tht I>;un,I !oCCtioo o( tht rott .... mlalor ("'" h&~ 2). A likl)- c,~i<>n 

("m,;.""" and s.boddint ,,( ~ """,no! ,be- """,~ion finm tht barnol h' """'" ~_ . 

• 

, .. -" - -----~.~. -~ --.. ----.' ~-.-~~=.-.,-j 
" • " • • • • • 

A NALYSIS 

(.·u'"p~laliu!.d n~id dynamic (C~[) anal)","" W('" ~rf»rm..-.l ,,( tht "'"'ct shield ,",I "". ",,_ 11>( 1<>0'8-'"'" 
, "'j~cli'e i. f"," cru 10 ,\ocililalt l!>c ok.";j\lI ,,(waitt ,h;"ld, ()II II\<, lu"or mrf"u ",h.", i"'>I<)I)~ 't'l,in8 ~"""'$ 
impr;o.·"cal dO<" I" the rcd...:. d gravit:ltNl<\a1 ~"vironmenL In ,he n",l'O near tern,. the ,urrtnt llI>aly"" tcprt:$< nt tho 
n"" "cl'S ,.:>wa"t ",Inevins O,is long-tern, ,.". .. 

C"rnrlUl"l i l.lll~1 Fluid I)yn alll i~s Code 

"',fI ... a(~ dcv~I"pcd in""nally a, Mar,hall St'''''' F(,j:ltl Cen",' (S""'Orl. 200 l) "'a, ",od '0 pcrfOfl" pre·I',oce'''"g 
;.r,d CI n "n a t IP ''''''paq nc40 10 I.~"op. recplDl rr""plot. t 9'19) pwviJ,-d I'O" ·pt"".,,'ns. Th~ 1>", ... ,,,i"l> 
equat".)" •. I" axi ,) """"inC ",,,,-d ,m.n, i,,nal r<>lm are 

".; u; ~ , 
,-:-' • + ~- . -<' , if. 

iJw· .m. . . Dt<. il,' .[ " ( . ;)~. , iI~· l . 
=-. ~ .:.L+ w =-" __ · ,· -- ' -'J'------'- _TCi, ;". '<'0-' • iJ:. /l:. , <;,- ~'r' "", . J 

~.,.. • ,iT' • {fl" 
.... '7"' '', ,_ . • ~';"~ 
( , ~r '. ' [ " (""~J"'~' (L . ..... • ;"0,). , ,r i'r '_0 

", 
(2) 

'" 



, , , .,ru , • ru ,,' I'M ' , ' -, , , ., ", -~. • 
P~f"',,' . ru ill ru M 

") 
T' . J,:J'!!!.... , ("H. )'" . (a .. a,)~ Co /k\l' (T l') , " ' --,--

,r _ _ __ - _ g. 

T - T ' ru ' ill' ,e - -
f'h", !lald,,"n·!.""' ..... !urb"I~""" modd (Uald",in anJ t "'''II!<, 1\178) de •• "",,,,-,, 0. _1>(1 a,. /I" "'rlici\ finile 
diffo,.",,, nume,i<al method npproxinl:lws l~ govcn,ing equali"", along wilh p",ttdo c"mp"'~'ibihly 'n cur"",,, 
incom"",,,;bil:ty. Figure 6 illustrates the compulaliooal g<:<>meuy and II", ""uooa')' condilion. 81 ~ach bou<\<L.l}_ 
The <ornpu!.ltomi genm"!ry appears sIIad<.'<I bill " <>etuJlly a pklute of lh. ,o",p~lalior,"1 gt>d ""d i, irKii<a,i." o( 
the dcns. g.rid 'Pacinll. The grid camaio' 23J68 poims. I'or oo.Hldu" .. 2 "nd 5 the s}'ml>ol " IS used for the 
diMaJ"'" nQfT)1allO the ... rrace rhe other ,,,,(!ICe'< 1"'!K1 <"",,,m r or z lone, and rfle "I>Proproo\C r or, derivati,'os 
are u",d ,here. 

IlOUMIIIY I 

• lJI." 1Jl~ lJP" 
" , = 0, iii = (" ~ C -1Jr--:" C 0, 

Houndory 1 

Bouodary 1 

Boundory 4 

""' --., .i ' 

c t'1) Model Anchored to H: Test [h l:1 

rh~ npenme,,"" dma used '" anchor Ih~ CFO ,""""" (1.0., delermine }~n-.nd T .. ,) are f",m Ihe ._,pt,;"",", in Fig"'" 
~ "''"''''' Ii," ''''81 heal inpll! .... ' 2000 W ""ro" ,h. r.""IO, ,i","'"o. '"'face (boundary 2) and Ihe bollO'" or,he 
",:",0' simu'alor I'a, 15 em fmln I"" bottom or 'he OIlier Link. Two "eps we,e laken 10 anchor Ih" model 10 lhe 10" 
<Ia1a. I' i" •. Ihe model wa, run .. i,h I"" lempenll""'" al TC 1-9."" TC 19--24 r.wd 10 lhe Ic." data . .,.., .. eady-"ale 
'~""I< we,"" "scd 10 cakula",,, k><al }~~ for """h point on I:J<lII"d.1fY 2 (n"'~ '''''I ,hi, i. 001 'he boo""a'l condil;'," 
,pttifi<d 10' Um,nd."lfY 2 in Hgure 6). "«ond.lhe n,odd , ..... n,n ",ing" fi .. eJ hea' !lux II" iloundary 2. "ilh lbe 
he., lran,rer """Hid""" de"',mined in I"" .. .-.1 "'P. and ,,-illl li,ed Wmr<'''''u,", only Oil Il"u",,:uy ~ _ A, apected. 
,he ,.,,,,,. dos<ly m",'hed the ._'ptrinIC"ta' d"",_ Fig",~ 7 ill .. ""u,,, ,he ,entpe,al"'" an" ,-el""ny m'gnilu,k 
"",""ll"" for the l-.g ca.., ."d.ored to los1 d.,ta. From Ihe "",, .. ,ical pe""peChVO. con,'erg."'" 10 a ,!Cady "al~ "'as 
dimeuil tOr 'hose ca"ol, "onS. Ibc mo'" ""c~mtc solul;". ""'Y b<: one of un.>!C.dy o;<;i)lal;" . ... "-, indica1.d rrnm 



!he .,perimeo!al •• ide,,,,. lOr vone' formatIOn aDd ,lic<.Id'ns ,n f 'IIY,e 5. I hi. I"'"ibany. alOng ",,10 .... h.r 
"~,,,. rical 'I"''''ioo •. t1a, IlOI be." ,idly add.~sscd. WId i. bo)·""d ,"" §cop" oflhi, work. 

H GIIKt: 1. COOIW,", for A.xi.S,mJoct.ic CFIl Moo:I of W,tc, Shield ro' I.g co. ... I,\"el>o<"<d ,,, 'b ... ) 

r ... ., ",o(lir.;"i"", "en: made~' 'he eFI) mo'kl ,,, " ... "lie' ,10,: behavior in '"nar gravity. The fi ,.." ",he "",."'"' 
",dlk:,iou of Ihe "'" ,'a,,,,,,,,1 .cedcra,ion. The s..""or-.! i, 10 ,",ak ,he he.1 'm",b c....,fiie,"",_ Ih31 wert "alcul'led 
10 anchor .he nlood. Aydin ar-.! C"",,,,,,, (200111""" . ide i".igbl inlo ,he scaling of Il>rse codlk,enB. and su!:!>c"${ 
",. Iing loy grO>'ily 10 Inc 115"' PO""'.,_ All 011"" asp«'" of d,e 1/6-g ,,3« (c_g.. boundary <o,,,l il'o"'. ,ime ",ep. grid 
spacing. Cle.) n", identical 10 ,"" l .g ca,e. Vigure 8 iII""tnle< lhe IC"'petal"'" and "cloci,y maglti,udc <On'""" 1(,,­

lhe 1I6.g ca",_ N<>le Ihal lhe ",alc, in I' is'''''' 7 alld 8 arc iden,;<.' (10 aid ;n <ompat;,,,n) a,oJ ,ha' ,hi, cau,",' 'Ir< 
h;ghe, knl[><mtunol in Ihe 116·, and higher w l,,,,i,;'" in ,he ' .g ease ,,, be • .. "unlted· on . ha' "'alc. 

(0' IV.,,,, Temper",",< (K) 

o. 
0."" 
o GIO 
00" 
0 .... 
0 ••• 

G .• " 
G 011 
00" 
0.11 
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In both cases. tlte out", boundary condition is a fi,cd k", perat~'" distribution , Thi, is usefu l tn compariooo of mo 
df~ts of gravity on me flow, ""I ob>-iou'ly provld~s no insig/l\ inlo Ihe interaction of lhc ".....ler shield wilh the re.' 
boundary c<mdition (mo'l! likely radiali"" to lhe lun'" environment. eilher dlre<:1ly or throug/l a nodiOior system). 

0><",11. >elocities ore lower and temperature. hig/lcr in the lunar case, as expected. lJooyancy forces in It.. I"nar 
case ore Slill Slr<>ng cnoug/lro drj>e a significant cireu"'ti<m oflhe waler, ar.d pr'wi~ he.t transfer Iltroug/l the water 
shield. ikeause Ih~ bou ndary condilion on lhe core is a fixed heal nux. the ",'TIC amount of heat is mowd th.-oug/l 
me &h .. 1d in botIt c ...... For thi' heat load , Ihe re<lLICcd flow and co",ceti.- htall"'n$f~r dri>t lIle coro . imulalor 
lempcralO"" up to 16 "c higt..r in lite lunar CIISC. Spedfic lcmp<1"3.turc~ atille lhermocouple localiml$ On Ihe core 
. imnl.tor for bolll ca .. , ore tabuloted in Table I. While lIl i' increase in lempe"''''''' i, , ignificant. il tIoeo nol 
greatly antetlt.. design oft"" .hirld a< a pIn'llJre ves",l. 

T " 141,F. I. CfD f'h:~i"ed Ttm""cature. (...- l og (And'or.d) ond 116· 
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This lU'I>Ily<i, provide. a guod firSt InQk .t a rorrtlation Mt,...,n ground lesting ( in a I_g en~iTonnlCn[) and 
pred"tion of natu",1 con>c'Ction in 1I6-g. Severnl >!eps can be taken to inc .... ase It.. fidelity of tho cOITelat;on with 
the numerical pr<diclions. A fluid tcmpe..rurc rake could be added 10 help anchor thennal condi tion, throughout 
tt.. waler. ralher Ihan just .1 the ""undaries. flow visualizalion could al>o be u.sed 10 determine flow pallerns Ihat 
may help to refine the CFO 1lIOde1. and 10 bette, underStand un'teady flow conditions wch as Ihose ,lIustrated in 
Figure 5. 

SUM MAI{ Y 

Adeqoale $hielding i. critic.1 to any "'rface power ",acto. 'y'tem, To date. water has not typically been considered 
for tho shielding of ' pacc reactor 'Y'tem, beca" .. of tempe"'I"", requirement< associaled with Ihermotlcctric .nd 
thennioni. power co." .... ion, Watt. based shield, become very attraclive ., lIle lower tempe"''''''''' now being 
contemplated for lunar """I<a. PO'"'' systcms, Wale. "'ields o(fer polcnti.l oo""rnagcs. including .edllCed co>!. 
rcdllCcd I.clinical 'isk. and redllCCd mass, 'illis wor' shows an early .. pe.intental dernonstr'lllion of thoe water , h",1d 
concepl. specifically targeted to answer key monTIal managemenl q ... "'ions. 1l>c • • ""riment was cor.d""lc-d.1 J.g 
with full· sc.1e prOlOlypic geometry and heat load, Water kmperawre, in Ihis experiment ",ached a ,na,irnum of 7$ 
0c. This .. porirncntal data Wa!; uwd 10 anchor a CFO model ofille WST. The C~D model wa!; thon used to predict 
Ihe It..rmal perfonnan<:< in lunar gravity. Predicli"", showed that tt.. nal"",1 ron"""t;"". while re<lured. w"' still 
sufflCirnl to keep waler lempem,"." 10 • maximom of BS"C. This difT=nce bel"""n I_g and 1 16~ performance 
"'ould 001 gn:ady affi;cl th. ",i. ld de.ign. and '"ppo'" tt.. """fulne., and valid ity of U';IIS a I ~ Ie>! bed to evaluale 
designs [0 be ",cd in • lunar environment. 
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