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The B!1f<:ty pOLeIl.tLd of t;10 Modulo!" F:Lgl'.-Telllp0.rlitj!,:n~ Ga.s RBi'l-rtm: (MlYl'GR) 
"'Ja!.) cVf£;uated, f!JtB,'cJ:l. or, th", prelimil.la:ry Safety I,":for!l~B.li(H"! 1}.:iC:UffiE:::1t. C?Slu);. 38 
sub;:rd.tt<"d by the U.S, Dep.::tt:JT1t'Dt of ~i1(~l;:gf to tbi;: ;j.S. N~:;:>(',leal< Regu.latv1'Y COIiU""" 
nJ.88i.zm~ 

The yd,·svan1: ):,'::m:,t:or s>1f~ty cod(:!'; w(-re ,ext0n.C'2_d: inT this f-"'1.-u;-p0se Ji.j'~d 

d.ppliecl to t>Li> new reactor concept, 8Nv::-hing pd_marily fm' p{';~;e,ntial ,~u::L .. ~ 
deLl;. f]:(:.enarios ths.t might lea.,j to i'm,d, failu!:'0$ due to f-:~:eEbt>i.'1e (»:te t€I'Jl'e:;:'£I-' 

t~lf'C:S <:G;;Jio'f: to v",-s-sel dmil.<"g0." line tn· \:!.S:C~8Si.\Ie. veBs~l t?mj)0!'at'dt'\%l. 

Th,,~ de.:s:i;2;U. hrw1s 2cc:lderct ${'.i?lHri(J 1 ("adiug to the highe.st 'Jes~>cl ~,emf'm:J).­

tuxes is che dQpr.e.&saeiiOf,!d GD1Ce ht::atup i:H:€mal:'"io With:1Hlt dUy foe-=-l'.d eoul,1.ng: and 
~dth de<:3.j hc;;;t t'0j0!~ti(;TJ t;) tbe }VHkLi.ve Re;:;;',~tN:' Cavity Cooling; System 
(RGeS). fhi,. <!<(:.;;';ni.31·io was ~v-f,lu",~ed. including numenm.$ p3ramet!:1.!,,: va.~ciat.iomi' 
of input paraweteJ:"S, 111u: '1lst0ri.al pt,::,pe.r!.i~B cJtrd_ de,~;~y t,eAt~ It was f(H,!!lJ. 

that: Bign1.ficanr: fi'Jfcty h'12!rgills exist, but thllt hJ.gh conf:"d0Ec:g h~"e18 in t1.'e 
core ei'feetive the:onal condn~t:l"vity. thi~ [''C;",u:::tnr ve,;s01 .and Reef; ttle:cmal emi$­
:;iv_-;,tis8 <iDd o:h? de{~3Y he.at function E.re ri!:(!UiT8C to !Y4".intain th.io dl1fety may··· 
g1 i\" 

Sever~ d_cc1cel.1t extc,YHsiot18 (,f :t:h.i8 depre8GUriZed ::' .. OKB h2at~.,p $em1~r_{o in"~ 

clud0d the_ cacefi ,'jf coml'i<£:te ,¥-,:::CS failure, (;,$.1';(';8- of tAas$i,fe aLe: {ngr'2;R,$ ~ CQ;;'~ 

heatuf' -wf.thout scc.-rwn gnd 'C:B.se& of d;.:g;-ra2ed 'ReGS !_H::::rf(}:;:'Jr'.?_w:.e due to abs,:n:'M,:ag 
gsse.s in t'Jrf; -C"'_iJJ::tDt '_~.<iLv.Lty~ l.{KC2VC: for EO~3cram sc;:,nariDS m;:tenciif',g 1;£-:.yo"1..1 
laO hr, th,,~ f:.!el 112V(~r ;:-'",ao::l'ied ~hc H.mitlng temp€'r:-1l.l:_Uf>B of 160(J""C~ be_low wbidl 

m~fts1.i:f<l:ble f:no::l fal.lur€:,s <J'."e not sA'pectEd. In 6(lcm(2 of -CrNe scena:L'l_08 t .;!l(CeS­

SLojrC v>?-,::.sel ani! C(HI.Cre!:., tempers.tm:c.@ cr)ul& ),(c8d to irn;eBtit:0nt 10131:':$5 hut .;;\1'18 

not ez:pe:<t.t;!'.d to lead to arty sou-r-c:e teI".!' beyond t\v~t tr,'IT', th& cil:'<"YJ1'3l.tirlg f....,y' 

-vsntory. 





EXEC\TT rVE SUlc'IMlo-.JIY AND CONCLUS,H1N5 

Ie. ~:iU:p'Port ()f th2 safety evaluations of the MH'i'GR c.oncept by th0. NRC, 
;:.H~YfG"['mM](;{o !2valuflt1.ou8 of t118 cOTlceptto<'\] design. <ffCl"i8 pe1."'fOrme;1. fit: BNlp ',th~8$ 

0.ffort~ f/.'i,'J dQf:l.l7,.-0uce<1' hl this report~ 

'£11:1.,11 sm"";J"!.at''j 0c:ctioD follows the seq:oB,\Ce ;:;f ac:d,d'2nt:. SCC:\1ilr1J,;$ as 1)t'e-' 
H"'Hted iTl the bcd.y 11£ the !re~:H"H·t ~ beginn:f.ng Vit11 defn:e.s5UT."ized core heatep 
tJ".i";nslc·.,ts o which at.,., still c.onsidered to, be. deBign basi.s eventk~ 8.l1d c~!"lti1.l.\1-

i.flo';~ there;ifr.er~ with. rll'.)re severe "M.':cio.eJ;')t so?nao.·iog~ tr:lt;~_mately a sat:tmary of 
the sugg2.Bted fl,l.t.\5£1? WC1+ is given • 

. ~"~XQf_,'i. EV'"'~~~i!_1j on 0:Lthe ... m~TGL:Q!.~FJ ng p!;pre G$\~£i~ Co£~E.~,~t ~~:;:~~'s ie<:.E,': 
tJi;:::h F,m('.ti(r!1il1~ ReCS .-.. ~-~--.. ~ -.--~'-~'" 

The 6(~1~:"l!lrin~: cOU;;;icl.BJt8d i::J l;bf.~ secti.()n a8smll~~ tha.t $CiC2.m. aeprC8St.lr.i%a­
t.:~OT;~ and 1088 of a.l1 forced circ.ula.tion occur m: the negine.l'!g of the ,acc.i­
ri.2l"ltt wttit c(/ndt':ctlon (1"'& radistion hent tI'ansfet" fn)m the e01"e tn thf' P<'lS&:i'l8 

RCCS. w'~ich C{JI1.rirH.les to fu,nctiO!l rWF":J1i.al1y. Correep(mding events <'ire cO~Jsid­

er",j i" Ghar-t'2Y 15 Di tt18 P'E\} , BJ;'l2CifieaHy in UBE"'ll a.nrl SRi)G-6 ttJ 110 

fh.::r.ii-;.g cOYmal full p~wf:r op~ratiCl") the RCCS conti.llHut11.y :re.IlI:<)1J2& aJ::ou.t 0,,8 
M\1 h~om Lh'" 'tf:&C.tCH:" vessel ~ I:! the early ph.a.ses of the a,:;c.i~enl:: sc.ene.ric t1.10 

ee:eay heat ~xe",(~2g the n@at. re.mo\l~l by the ReCS. and the C)lC~,5g ~nergy i8 
st{)t'ea in t~,e CO:t8, re-i'>ulting in $: gradual t{):re ned-tup. Afret 6(} ,(,tt 70 hr the 
ReCS hea.,; removal exc~ed$ the deca.y heat, and the systt'::m begin,s t:::; ~ool ,jcwn. 
,Ltl. tb". best esti.:1!0.t<lf. ease. a :peak. fuel tel1,pel'a.tfire of R.botJt 1370"C 1:'1. :ceachec 
afte:.r,::'5 b: etnd a peak '1f;.Gsel t12m.peratu!:E of Hbout 425()C 8CC.U~S afte.::: 9l hr. 
'rhese 'best t8stim6te. te'tJperatu'e.s sre lower than thOlS-e ci.t.ed it'. t.he mClI·~ C0fl.-­
g€YV',;:t:!ve. PS,ID ev,,"hlatiort8~ Typlcal results ,of Xi'.Ector tewperlli,:"Urea a.nd h~B.t; 

fly,o)'s for ~Hild1 e tr-ansient IJ.ce shown. in 1tigures .3~1 a.1.""6(1. .3~2.. 

'J.'he m.a.jN: empl"tE<.Gis. of our a::lalysis was to i.ndBpewicntly V€;:'!i'y t';-.t:'. 'P5J:D 
cVElluati0D3 End to idznt.i.fy the IJSrame.ter:-s wh:1ch~ within. !..!:~elr uJlcerta.i!lty 
t:;.'-:H.l"(,ds 3 c.(H)lld have '" 8ignif:.Lc:ant fSafety &ffect or;. the accident 1::t'''EudeY,t. 

f'Ct;t":,,: fuel &ltd "1essel temperfttur.e.s: duriI'!.g the transient. we.re the output pat:a;'f~"" 
etel'S of primary <!{)nf'.p',n~ 

Exc~Bs.ive f~€1 tempera.tur-es can lead to ri'39ion ro:t(H.1UCt :release. C,.::r:renl;. 
TUE d2.ri'J. 5;.p,?€<'1X t.o indio-.p.r.e- that very few~ if tmy~ fuel f8ihtres are. lLke':y tc? 
t},:\:.ut in thi? 1600 to HjOO"C tempe-rf'ktu-re l:.':.a"ge~ t~e.veJ::':.heless~ a "\falu~ of 
16{)rj"'C has frequently been ci.ted as the thre:!lhold below wh:i'.ch ':.}lte :.5 assured 
of '(60 ad.;J1itional fnp.l failuree; a.nd h{1 figs ion ji"!:'oduct 'f""lea8~s beyond the 
ei£"~ulatiti.g I'l.nd {}lated out 1rtve!1tory. At t6mperahrres of Z2(;OOC and 8.b()ve~ 
nta.Dl$iv1]. fwd faihn:es ~ould be expected~ 

'if08se.l teaf'!!r&tures :in eXC:~Gs of the maxImum aJ.loW8.b::'e A..S""J;; co.J,,< yahles 
coui'::' prevent futnt";;: :reue8 of the pressure vessel. A maximum permissible tel:]--­
}Jsl."at~\.;::"0 of 480"( waR co.nGirie:!'ed dnring th:Ls §.It\l!d.y~ Sinee c.omplet:ioTl of this 
'WDl-J..:~ the 'ifN;dolt' has d~c!.ded to apply foy an ASM'".t<.: c::::·de ext.81nsion to 540"(: as 
;jj~l::df'nJ.il\ yernd.tted V'ess~l temperattn:e. 
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V<CX'P Ili.:d.2. Xiili.1Y at ti1e~.:;e \!arl<zxjotU1~ s'l,]ch ,&£ :Ln··cc:r'(, g:Z.i}~ be{:'II'('tCll £'.]0.1 e~J:'"' 

m~nt:s, ~tniti.aJ 1ft te h::n;J.3.&ti;}H 113;,;;:;ge. di:i.' inls:t C-e1ipf.'"re.t_u'ti! t,) L'>e ReGS,. 
as wen llC; t~1H'w.al erois~::tv~,t\N' of th<':'. :'"{':n~\:;,n' .;tna RCC;:; 1t.atE'ri.als ~,.a,cl nc 'll.,':<j():;:' 
impAct m,1 the peak £11>21. tcltl{l,,-'.ratu:re.s ~ 'I'Le v<?es~l tlud ReGS l:lHtr'fltil-l ewi.clsi1'i-­
tie.s i!i\~ have a D1.gn:f£it::tmt efEe.et 0" the vesB""l tA~1)ll)ef'attJ1;,-es \ indicating th,gt 
this p'iitTilliE't0Y si,nulcl 0(: cbl1tro.Lled .:1,cyl,',.6 :.,amrfactttTe f:nrt ('itJ2x-atim1, fr::'it\lar:l~ 

1;; by fil,voiJiilg aI:y PG1_:t.8 h:l.,l.if; ot reiuting 'Of th", steel 3urfB-c~$~ 

The [';wf.) pa.:aif,,::t~..rff havl.ng t;1e l1W$t olg;cll1.:H;;:,$.Gt L11.o.,-:;\:. on ta,>2- Tlfkl .and 
--Jessel temp-2r2tnn,s '&er8: '1:-1'i'" d£(:ay '!,l8.at 4'[1(1. the 0'dCectivt'- t.lu'xm.al coxtduc,ti''Jity 
of li;::.h(. Lh':ol ele'.J1::,v.tH tmd ~eL\.2c.toI~ blo-(:kt~ ~ :Far!).,n.~t:tic ev""l;lIH.lo)l1S ,Jej'\,~ pe':'.:"~ 

[outler! .if: order to est';lb1.L3h the efEecl.: of tbABe two p-t1:nlimet",X$ (';1:', p"iiak fuel 
ann 'Je5flel b:"Yiilperell..U.fI?,S" 

:"he r€.<Hl1tg 'Jf lig~H'e:J: j~lZ 8nd 3(1) s;how tha:~ a .sOX i.T;Ct\'~;lse 1\11 de:cay 
D2at 01: h. 17% J"2,d\H":tiQU ~~'I Ef.teetlve -ch0T:Ji.&1 c,yc.1nctlvity ,",{mId be l:€;tl'dI8ii 

beto'!::: peak £\'-8'.1 tf~mpeI'-iltm'e8 d loOO"';; wnld 'j)e reachC'.d~ 51gnt:f:t(,fl'-t'itly 
largel' l~l"-rgh1l'! f))tist h~?fuJ:"e 't:l€:: 2200°(; dl,regnold 'would be '[\"'BL'l1",d~ P, 21% :h.1.­
c:n;au~ in ,:1£ocay h~."d: was fot'.nd Uj ~BU£"o P2Etk \l2s3,:,1 t0Nperai'::nreg 0,£ 480"C, tll>e 
val'18 beyotd ~/hich the restart', ,:.,'lp:abiHty- d: the ve~Mf.:l f1L-tght be comp'c{J~ , 
m::3;r"d~~ "'\W)i1. d'Ji:'J'lg d'i;)'pre28uci~',>Ed con, heatl.~p sC<2n£.~iob with hm,cti,oniltg 
:I.r.CS, ,-",1.gniiic.;rd: f·cri:ormanc",- ~i8.l.'gin§ (!':d:o!f: befCd-e fuel falhlu:a and edditfrm.·­
al f.-tssd.oii."t j)ycdcct '<:'{;1:2-t18{" Hoa:',d be <i'}fp£t:t.e-d~ lk1>ii;,;,:ver~ tl:ve f~'\fa.luat:1..Jrt8 show 
l:.h;1t -& hJgh .-:Orr.i:,o.erH:e Lt: the decay heat fJ,H1:;:~t:L0l.1 a,He ~£fecti.ve c.t;n:--e the1.'m&l 
pnJopexti8$ La YEq1.dxk'.!ll to tmS1JL0 that: v8-8:801 tempe-r,'!t~r:eg do l:01)1ain witt'de 
safe bounds ~ 

',;'he. paBst.,.'2 }{CC;; ~;8(' 2'. "J2'Y'Y low -I-i'>_:!1n:;:--e ;,r(li:>,"1hiljty~ ~~~J e'101: it!. C£li"e ci 
c,sta3tro::.td"c fr:tl1trr'2.8 p ,~nly p~.rt$ .::£ the 8yStSll'l w:)uld be lik-t:'.ly H~ fs.il~ -re­
sulting in ~}-,,:tl'~ifll i:1m;' 'bl;:.ckageg f1"d!oJ.' ial logs of draft- "P&rnmetrie:. 
ey",h,:aL.t()n$ (r<f RCCS ;lef'f()':-,:k!lnce !-ttl.Ve U:-tOW~1 it to bl2 i:l1.g11ly "self-adjuei'::il1g" 
(large. ine:;~e>;iSi~8 in tlo,>r -r:esintaHce 1-28<1 t(, 90me :tlc-w reduction and higher $lr 
€:'1d t t~IKreI .. &ttii·es" #j '~_li. d l'elativ8 ty snaU 108$ lei total i2>10Tgy r'elffii)ved) ~ 
l'ik',l'€rthel('.~>§~ 8.S it lj,-miting c..a~e·t depr.essm:ized C01tE 'h0J1tnj:i "d.th.fJut f:.uy cocl~ 
:tug by the RCCS is 1::e:J.1.1g c.or:n:d.,l:::t'<2{!, In tb:l.~ section.. 

Ito cr-de!' tn f,l':t:Ct0Ct '.-J1.e 6Ut."rDl,lud1:ag c.onCf:~Uo:!. sIJ.Xfs.ceBl} the Recs &<8sign 
i.r};:1>Jde6 t.l.1fc';L~it.al i'fl.rmIation'J Ac.lirlnual 8M.,-~1.c.il1g ;"n.« rJ:le:rmal iLlsulalion are 
provj_ded bit th~: top and t'H~ [wU:D-m DX tne L'enctor caF:!.ty" 'ThIs tte:twal il'l"" 
Bulatio"[\ is the most 'if.igniU,u-".':lt hE-Ed::. tra:;:"l:,>::er ;barr:!',;;'r 1.,,- affl,!' he&tup $cetlB.r:LoE! 
wIthout fu-rlctto!1ing ReCS. Th~ . .f:a:U,11't:s a8$um~d here h a m;,;st 1J.l1lik~ljf ca::,€!~ 

til tl">~L it postulates a ~Jnrgt C3-fl0: ;~olTIt:dp,atiofi of: 

1 & Elimil!titii'~~ 611 2.J.:t -flQkl by blfH::kiIlg all flow put:;$ages o,.Jmp.l.et:ely ~ 
wh.::"_1.e 



{,:,y U\{'L~wl c.ond.,~'·f, 'iv-1 and 
;)2vf:,-,-",~1 pa\-iH~c;',T'i,c V$,ri2tinnr:; 

,1 voefly co.1d'H:t'I~T~~ ",u1..;_ «('1 c1)') 

]"'. cum::re'ce!so:1.1 lyroIH:,yti0s and 
-figtlTil1.L,!U; vu-c- ;~v~lu!:ic",(L A con:-':28p0l1di,TIg <:-8512 is considered in AplJeulix G. 

Seoc:: £<-'1'1 G,? e,f 1..1"(' l'K",," r€poi.'t~ for the NHTGR~ 

Onr ""',~,"':!_yt>0,': fc;nd -chc.t tj,c. peak. core temperetu'tes i:'xcer,ded th:)SfO f':H" Ule 
;;:;Ol::t'f;"fpundLo_>s ~'.;;S(~,~ ,.d_th 2(;(;2 by about JS~C only. and y(":~'e s-ssenr:1.3.:: i .y Lnde­
t--,,~thl€.nt ()-f' '::")ilCXi2le ans :s:;:n..l (C'JI'iJ{t.i:)\:&~ since these ;:;truct\.n:es we);',,': ,stiJcl 
n:elctd.v-c;!! ((gd_ a( 7e l~t,> v-th~n th,~ COl'€. te'llp,uatures peakecl. How'2:v,,"y. th2 
vesa,cJ- te-H'i_P,",,'L,';\'_:(it-2.G cV':):'!i:_n211y ~e3d~ed leve.ls r..etw(~0:n 700 and 800~'C, ~Y7;cBlly 

pe.cJd:'f, t,'z-':twFe1i 4()() /Hvl 1 ,;~:JO h,) i . .-.1;:. ~ w,eeks afte.r thi! rEl!-';et c-f the [I,cei' 
d~nt~ 2;:V,H'-2r C:{H';,'" '2.t0 and .'loiI CCHiditi<HW offectEd 'CrK! pe.ak 'n':HfH."J tempe:-it~ 

tu-res :;Ltvhlly~ ;"111: r,!'{'atly s~u'.1J{~{J C~)Wlt r:he ultimate c:noldoW'fl" B~\7'E:I'e.l re~ 

giGl.J.s of r:iv" '~':'0!;:_'Bl,-" ':i/;,'ils Df the n~8ctor silt< reao::he.d temperat:lre:; 3.8 rd_;;;h 
as 7011~-::::. ';>'1($. Ei: l'~iJ"t. Pd'tt::till failure of rlH;osc structun~f:l, weeks &ftBT the 
(HuC'ei: I)f tb~ 'J':<:.tdfO',nt. ii>, n,'Jt, ;J1::t;,cluded. 

par'lln;:-,tc:ic vd_tiati,<11& of decO-Y hee.t and COTe effeeciv'2 therm.;11 ~01ld',Jc:tl-·· 

vit~} ("',:.th f,j':'::S L-ii1ed) gi"ve oi'11:;- sligl:t1.y st7J.al12T Tll3.rgins thfl.D th0- COX-,;<::-­
sp'Jnd::'l'.s (''''0'--,;':5 ,,;-i,th F;CCS Hi; sttmm ,iT' Figure8 l~-li, snd 4~16~ .s 27:?: 2m,'['"'-222 .ill 
:lecay h(~i1;:- n:J J: )'1% n,,,~uct.ion of t:he co!"€: effective therni.11 C(!l1.:iut.t!vHy w'O're 
n'qni.Tf3G t o',1 n "'C'~l l);ea't;. 1\,,:::\ l8m~crB.LE<8S of 1600"C~ flo-weyer. Jii.1lc.ceptable 
V(:'s&t:.'l 2-lK~ '-:Oil;";-'{'ctE' r0E"Y~rat:~n°t'B 3t""f~ possibly n"acnelJo 11 40% inCl°',o,s:';e in dl"_­
C;3,J bu,-~ 1rin;;s. d,,'. p<~ak VS':0${!:\. temperature to lOOO"C (ho"reve:t~ ody aft£07 (. 

Wc'2~~G)c 14LLi_" t'lel'"1:o: ii-i TiC, specific vessel fHi1u.-re temperll.tu.re or frLl';r-c 
fliode:) "'t",d,,~'"\1,0,~L: 'wc1 .. th'nt scen,u:'J::)s eal1 he 2Ilviaione.cl here; during whicl:. somG 
fue.l fai.'in.J:.('.s {'.(> __ .~!" 8'(ound -100 h;:-~ and ilubs-eqtH::l1t vessel ftlilu-=es O(;ClJ-T ;"feet: 
aevEX'3.1 <;,f:e1---_~:, ",-t-"2H l".(!F! lA"mpl~O'l.tur€B have ~~lready re'!:v.T.ned tc __ ttle l2no te, 

1300~C r2t=-g'-',~ 

T::> Ec.>Cl)~L'3h ~ir-U~LhC:t: the n~iictD!: cavity could b~ diOHigned tG witb:;~gcl':l 

e'ven th~~;,c ;>n-e il.e~'i.t!Jp 3c(~ldeI1tG w"ithou<:: fl1Tlctioni-flg RGeS, 3,n evaluatlc:m ~~--a:; 

!~.0_d(,: /.:,,," .u ;::~-'l,}fO o[ b:;;.p,t e,~tl:i!a~€: T-ather than ;:;:ouser-vat-:"ve ~'JI1.::ret<:) ami. S1),i I 
prnpe,,~'>::ic:;s: <J,lle! ,,'iLfWl;t the Lhe":mRl instla:::ion Hit.hin the ReC'::; {this lu;wJ_iJ.-
fion i'~ rVit Teall"! in" th,~ RGCS tc f-unction pToperly '(1;;,d21:' :'::.01'm:11 ,;(' 
~K('.3"den;; {~'0ndj.t1_ons} > Tn t'~:d.B ;:1ise, the vesB-el tem.perature:8 }F~B.k't'oG abl"\'.J.t 
J CliY"C 1 ('t~0:1: thc~~~ in t}-"" pr0,_,,,'tH.o:r, (;f:ses ~ and the peak concreu·) t('1Hpe:cst;1.t06 at 

8~10 \i;3.1.:_ "lJtF2'_'-'-'2. i:'e(lc:';1i~ii :'}6(}eC~ Tl:ms
f 

a "h.8XJe.ll,gd" ~e3ct'.)·;::, Bilo de,,o,ig" vlth 
signifl,:m:<.Ty L,~,-,\0r '-/('0$8c'l ani: COHC1:ete ::e:mperattH:8s ;:n&.y be ;S.chicva,ble t.:ritl-. 
a.pPLo~'Jf';~l,x:::9- J<:-:?Lg'o lTc'ci_fit:ati(ng, i~e~~ elimination Dr Y'ed'Uc_tim, ]f~ insulCltilj¥1 
;,H1.r1 ;:0;:'''1: C1" c{:,n(''''."i:t''' ':Cl,0(:tioll. 

:0 B,lmma",}'l i:he dec::.] he:1c g;xl ther:r;al c.-O'!,ldllCtivity ilis.rgiIHJ fOT fuel 
£ailuc c-e .. H0 'J':_:<c'1 ,\~lcs0 to the ,,:D::::-rc:sponding C3.ses wid, ReeS fun<:tif--'r:d.n;'4' 
I{owevt;Y" i'igllf'!:' b::~at le-..relp. can si,gnificA,1!£:1.y impact on th>2. ~'2nk vesoel 
;?!ld '~0f"CNYt0 tC~;'_"-"0t'j"0B, <"lTli! some str,!;;'tut"al £aih .. re!8 of th0fi0 c0mpUr;eGts Et 

ve:t:y 1::;:1g t-[m(,,,; iUO"" I»f.$'n;;ls. 

F;'j-r tdZnl;:-,\_c-P<t;'£: W"I)Wits (,f f,L~~t' to enter the. core la.r~';2 failure.s of '(112: 
prLi\\.a::y l'J:0i~ P":'dVjU,:8 -~·-2.s.gf>l sYGtc.tJ. lliUI!.t be f'cst:ula.teci~ ~hc;"<,- coul1 t)t,,- 2::'[1',(,.," 

--vi,}> 



in the f')tlI, of m'~lt.iple rea.,etoY '1026",1 fa.iIut"'Sr or in tho fO'i:rr. of a eross 
dnct. dou(}1..",'·"gtd1.10Lic,e brE-ak~ TilE; latter- 'waf'! ;,wsulI1ea n\'He. 

:!: eith'2T CfI_Re, the tc-tRl gas £101>; thYOl~gh the co:,:"e 6fte:!: sach s break 
was Emmd ~'G be iiHl.ited by the :friction pressure drop through the 16 mm die1i:r:.~ 

ce.1-" ,'.!~td apPTcf,,:i;!Intely 12 III long (:{)olaut holes In the core. 

!\J;sumtng al1 J.:'.tllimit¥!-d Bllpply of pu'Y.'<':~ ,'lit' ~nd EO t1.!.c1rct11atioD. b,"rW'~en the 
:;:,'!i3Se::? <~:.-'~lcing end Nltering t1_1S vessel at the brea,"'. tLe COYe in.1.<::t. flow rang-
8& t'rom an initial va1_m, of 700 kg/hi to about 260 kg/hr for -:nCRt 01' the 10 
dEq c:rnasi'2'Jlt, <'2.vtd_!'.H!.ted (for 50 '.I'nl.ume % mi.xturcs of t:k~liulil ;:l,nd air the f10 .... r 
l'dtf.'o:':; '''".:r8 about one third c:[ t.he. a!:H:n-'e Vah.1eE) ~ Varying thE che.mlc.a~_ t'&ac­

:.::i.nn ratCE', ;:md the gaB spccie.s diffusi.on cOi!fflci8.nts by SE:Y0:tdl ,Ynle'l:S i)t 

lJldg'1itudc," it was found thaL iJ~ Vl_lCl:Ua.'l!y all conditio!ls &11 the air ent-Bring 
1,J}.11, oxLdLZ8, c'K2.ting almost ~xch18ively as r:aR:'bon monoxide, and "my UUc0Y-­
tairol:y 111 r<'Jtctton <t;ltes 0:::' difful'l101::' coe.ffic:l.ents Inll only effect tbe lcc-ngt1t 
,,-t thE: £f;dct:1.Qn zone" The con.:egpoudlng g'!aphite oxidation rate waB about 60 
kg/t1r for: most of th'2: tr;;w,sient. The theTmal contrihution ft.-mil this e:&:ot;I,er= 
TIl£il gra:r:1:f.tc-.air rel).ctio:c to the to:nz beatup 'NEW small~ aDQuDlting to only 
fCY:;.Jmt W/~ ~f the;. nuclear dQc:;ay h0.at. 

As th2 g-;,X voll.l;i~e in th8 "rR:'-9.ctOl" and Gleam generator c.avit1es J:'> gGaecal-
1y U",lled, gj.gnificant 8i~ infI''', (olild last hut a few houts, "ith tic< Inflow 
b-c'illg c:::Lg·j "a "11y E. hBli(lill air mixtt!re. gr ail:uaUy 'being r{;pl 11(:ed ~y 8. He/ CO/N Z 
2itmGSrhETe~ 'EaTly dUTircg suer. a sce'lario, local 't"-~nliYlg of the exiU.n.e: CO in 
the :t'f::<t,:to,~ Co.vtty is not i'll1}o""s1.ble" arid 'this could pos~:L~;ly e,mtinu£! for a 
fe',,:, ;-1'.nX:3o rOT ths grt.phlt.€ mdc8.1.::i.Qu to proc<J:ed to the point tha.t gtruQ[:ur<ll 
da.Y1::3:£>" inside the core WOll1d become pcs8ible.~ an u111imite.d, air "m}~ply' would 
1nvi~ t(, rK" dvailabi~, for many daY$~ It should be ::,-oted t.hat th~ .'lit: flew into 
the. COTe ,cud the corTe:spondiug a.lH()l'rYlt of graphite reacted. as give.n here~ are 
lacg"'J:' t~lpr'. tho:;;2 reportE'd hy the DOE te8.I1[" This is apparently dtle to om:: sse 
of a finer noUal:i.zation in ths computation of tbe downw&x-d fl(lwiK:g g.s.8- telJl­
)C:!'Ht1~n::s llt n,e core. ba.rrel. While OUT cmu::lusicm.s are relatively :11.,,,£»81-
t_tve to !;:J--U;',Y2 dif£E:l:'-t:11ce8 tn a.ir flow rat1?B} it: appears that ottr results vro21d 
be ~be mGrc aCi(;tlcate O;;(~$, 

C\Jt:.g.idexj;~g th", moaer,:lt" stes.!o1 ge.ueL's_t,)r break of SRDC~t (single. otf''"set 
tnh0 ruptm:-2) the, long t~T.m c.ot:!seqlltences of g-rsphite f)]d.,o.;J,tio,'\ dur:ing the sutr-· 
iiiC>queat dC'.-E.'coi'Q1.lrizeQ c-o,~e he.atup t::::ans.1.ertt wer"", eV81uated. 

$UDB<":(luen.<:. to thi.' r;hutdown of fiTS and/or SCS. their respec::ti'fe £1m1 
v.,,;1vcs dTE iJ; d cl(h'?ed posit:i.mh If they were herli1f:ltlc;!d:::,y (:1050d~ <:ml:r .in­
terned. ';_(\-"c,ore Ye.C"i.tc.ulation. 0.'[ the He!il 2,J mi:xt_UTe of 8bout 18 'Volum<": h H;,p 
w(mLt he, pOGsl_ble$ resulting in very smAll in--c.o-re flow rates ;)'f uhont O~5 

kg/hI". A~, bt)!:'h valvE'S ?re desig .... e.d to pei:t:l:Lt 80mB bypass fJ.Q'(?.l" in the-i.t" closed 
pO$~.ti',;:;,) irdti.al eHtili.atee indicntE 8 r!el circ!lation between 8tcafu gen0r~tGJr 
;,,;0 c:o]:e ;,-:,0 a.hrYUt '1 kg/'L,,- j t,lhiC':ll is veT':! mimn:'~ HK}(ore-'.f>:':L J art8T th.,> firs.t !;!;w 
h(n.i.',-:'~~ the core t<::'tJ,perIJtures E.1Ce sufficiently high th-e.t 811 H20 entering the 
en:,;,> wUI r~o8.('>t (ewkt-be:',·':J.:ix), oxidizing <1ho'Jt 1 kg/ilr of g:taphite~ 

11-;('; gas .zxi ti.ng the core would ~w.ve 8; 30 vohmH;< % cOlllcentrf1tion ot water 
gas «Xi + i12) ~ E(),.;evtf-L'.:it could leeve the ~r-imat:;t IOfJp l.:uly aft(,-c pe<}uing 



t:Trough the, Bt(>.~J.m g(".!,}f::t::At"y anD ::'.'!l I",f tJ",lve train .. ih",re it would b: BI: y 
jiltlteJ.~ T'hererol;."(>.* it is v8ty unlikely that any comb',Js":it.le. !;;"i:cture ,~nnI(r 

~nt<d' :.:.he ten.CC_('i: bun ding. 

Thus,! T)O f3f~r.ioi.l,8 sa::Bty cmlsequ.-eHC(:;B- fr')ID, this accident. sC2,!,arL-, h8V-i': 
been identifJed" F,xten:don 01' t.his -iofnrk tc; inc-luoe IfH"gE 'J&ce,' _-:n~!,~~8-s TEres 
1 s pl.:uTiled" 

The r:a.to:e of a de:preRSlJri)",atim; aC;C~_df':11t W.1 th0Ut 8i.~:c<,m Hnrl "rl tbout rmy 
fore.ed cool. tl1g, but wi th ftmct 1.')111. ng RCeS was irrv0s :1g;& ted, ut!::..:r.g th'J r'e~J(:ti·· 

vity fecdt-a,c:'< coefLtcients [:rom the P:':Hl) fC}:t' 211 ROC Clhydit:Lc)l) and j,eGt, eOiti-·­
m,~tte '--~rvBtt: section datH snpp1.i.ed hy GA. A e.i1JJiJ.Er case is fn·e8,t~itted in: 8",,,,,-­
!:icn G~l. 0f V"liJ.di€ 2 of the PRA n';poxt for the MHTGR. 

The reactor was [(mIld to shut dOfJffi 'tvithin. ;ibDut t'q(l ",_1.nut",s ~ (he t.o d' .. t' 
ne.gat:lve: DoPTile::· :teedb",ck c.oeffic:tent3~ ThE; f'DwBr g0r1er8t2tl d'LJdilg t:his ~rd~ 

t:i-al j)8riod ,3.lTIOH!1t8d to a~(mt 40 f~dl po~-!~r 8E':conde,. ::C:1:lU:,tb"lg -J.f\ &m 1.'l',r,;]'>:9,:2 

acti\i";;, (:"Te tempe,,a,b.u:e Lt~e Df abo;]t 100<>C~ 

Re('xttJ.c~d.:tt), (llW to Xenon ,:h'<:':-u-y was OD",e'tvea crt a'nut 50 t}r 1 Fit!, F(;weY 
8?ik~s o;:~1jr-rir.g about one ?0r li.uur~ with an initi.'?l [",«,'k of H MW. decl1ytni{ 
to a £lnal. st~'fld) level of 3bout 1~2 l>:rw. 

Eevo(td abo\f.t 12.C' hr an equilibrium .;,:.ond:LtlOI\ was oh0<'Tved, tofhel-e ':iH:' 
positive re2.ctivity due to low Xenon concetlt.tati.t~n jU8,t hidanecc: j1ee;;.~t.-LvF· 

iCe;-let.ivity <ilk' to e_;.8.y~t0d fuel temperatureth 

T~e peaK, (:Oi"e t(!1l11K'Cretures: fen:' thts ':ilO'st Br;tillleie e\'8lIJdt":lQu I"2H.cheJ 
1600"C ,"t i1hDut 60 :-11"" and peaked at _1760"C at 8ol1>:))J.t 12G lH-:-',1 pr'-"V.:"lU:iIlg ,it tbls 
le.ve.:' for hn"df'€~d8 of hOUI"§ t:'stbeK" than d~(:llying r~.(irl(;ri1l-t2~_Y f<1st. dS L',- d,s 
coz:t:(~spcndj "'41 accident -.-rith 8 c-::' a.m 0 rhus some fuel thlJllag-:? i'.-nd (iE,~-d,o,; jJrn'->.nc!. 
re1.c8!1{c gfter 6D hr illUtlt 'be expected~ V~33el tempc-rs,··,ln,,, (',f 2bGn~ 5"'iGoC 
uould pred ade 1:'"\O'_u:11 izatton of the vesseL 

F\jrth~~r L,vegt:!.gatious -'f:lLl cnnBider: tl:e U1.se witb.out f!Hl(_t:l.oD~ng R,C)Sl_ 
a"d the spaf'it:i.vitj tJf t.he re-,tmlts to variations in the CO"t0 .and reflet'(ol: 
t~mp8'otuY'e c{)8fH.clents 8,nct the cross Beetio,!!. data, in p£trt:i. Cl;'} <",1- s::i ll(:e :'1 
t~tegQ ili.:c .. ich:mt s;:,',,,-ne.d.o8 the peak <";:J,,:re tem,y-et:at.S.1I:"!, i" @tT-{mgly dey,,~n_d,,~n( GTl 
the Doppler feedbac!( coefficientg" 

Ht'<tel:' vapor, c.~ t-bon rl ioxide and, to -:3 les.ser. ,;zxte.n.t, ',:l'l.rbnn fl(:1!Ox:;,;,le um 
reduce the heat tnw6f~r via :raJietio:t from tte re':::.ctm· V,~g,,<:,d :::, tbi2 :~CtS 

Pfl.fli." 1.1';'" 

W;~t¥-,' qapol' >co'.;},] rel:!ch the I',",Hctnr cavity In ll.cc.lcl.en~: s(:r;f~<"-1:1.os :J.!1'l/·::dv'-" 
i-.:l.g mai;;:tivS!. f,d.lun~s of th", secondary loop, sueh as fI. main ate3-I" ;_ice \_~-r","<'1~~ 1.n 
the Rt~.c,tn ge.:cler..ator cavity" 9ignific.ant '1{',cumul·'1t~ong of CO:;: ,,)Ou.1cl r:,;,qwin~ 
f_'rioK ula£sive ingTeB~1 BCl8.naL'ioli> 8m1 ehetl1':'cc.l -reactions i.rl the ~'t'jllEU"Y l~".)r. 

and theTefoTi?- is of much lOwer probability" 



A P"[";o,;, i n-· 1-1;)),"-y }tn<; radial inn heat U':-an::Jle::- If£H\el .,;as uS'f_d t:J f;S t J "'<it ,; th, 
t",ffeC'-t;:;. -I}t ;c:ur:h CO;;: 8t\d H20 ac(;urnulations 1:1 tn",_ 'reactor ",EW1ty. 'I.'}lc~ ~t{-,.sllJts 

dhm;, th,1.t ".iLl" m,s:tJ.IDlum possible wa~e(' Yare!">:' C"on.C,-::U.t.rilU~'!-o" 1[~ Uv, n~8.,:,~',{l>: 

uw'1 ty t"v: lh~:£t: tramcfer in ehE:' cavity cottle l)(~ ':2(h.1'-:f.~(i bv (i;: \:(. =<l% ror -'3 

p::iVCH o,eL (;t <rE:SSf,l and Recs tempeL"-tl~r.-£'.S" re"'l1].t ';"'1;1 C:iTKliW-1:,<1.t' Vl-~;,iff":'_ 

:-_,,-m'pC,t';itUr-E {-iB2 of 8boet 40"'C -for n~)ill1_jid] cpe,at':Lnv omdit2-,Hli" rmd ,Fl ]L­

crE'3G-f; in peak v{osH.<El t€.IDyet:3.t-:1:tes of 8bcut SCi"C; du:rin,;; '" {;<2prf-R'-1cr,-; ;:;.-:<1 C01:,,! 

he') :':u~, i1'~ C i0.2!1<:', ~'o1(;en"Oj;'7 i Cb ~ 

SllbSf,:quent 

lrd_t :-'11 c:~t_lw.ate.s of th& Gffe.ct of cd eclL~p€l2. ,/:' tl)f}. C-(,<'ic, ,,,,,P;l-,),-t '.:tp,c­

t1..\re en t~H:' f;'U3SH')tt0.nt core hBat.t'p Bccnari08 t':oai;d..-:]erc4 1l?:~!:'-'xl.&';;l:i0 rto,L,,:.[{ fOT 
R t: fuel 21€o-:1lE'!.1td r~dt:hing the vm;se.l SUX-f8-2,ee fwd 0-V'",; t:--,e ~"JH'h:!>;'>:::. tt 
'<fi;1$ p<'-~ntE,d ,Hit ::bat .. meh iH~2rulr1.Cn~ are extrelIl(~l:{ 1Jnll:(2iy, B:i.nc~_ aJJ, f' .. h-d_ 
CJ.SilH:?t,S ex;;; S~ln~()"i;'Hj('.d 'by ;';H:veral laye::-s of :r.~flecc}1' el€'11i€r:t-e;. 

C0n:,,~ider_'-ng ''In.ri(iUS geoffi0tl'i-c 3.nd t:18.7"'I-fL: 1'2,S1',;t,,an(',t' <'J:,wfjf~1t'U\tS_0n", if' 
-;m~~ J:ouac. th;"t the pe.ak, fW2,,1 tCillp;C'Yi'1.tures .)f su(:h S.Cc,iJ.,::t:!.r,!{ '''<1ot'{2 ;; In',,",;:;: 
th&,l thuse, 1n BX, Lntac:t CoOTe w-rich ~et:.-;d.n:"' a higtlcr; 9c,-"er density 2_nd the 

in!?; (}D '!':.1.1':, VC.SSC;, ~;n:r-fa.(:<~ ~:an (:3u:'le hot spots (,\1 1:11;:0 V8f3GP). wttl"! 0tll'f"cs tcSlil~' 

[k',t,<tt;"r;~;,: i,1 Lhe. l:ao.ge frDm 060 tr; ':f5()"C, Bt <Rh:i-.ch 1s'-"'_1.. ft;ttih"l' :\\~(:B'I: V8.0,S'::'~ 

Fed, Jy"~-",S cO'cl'i,(1 :10\: b{·~ r-llJ cd out. 

TiV~ ft,:;,.;ltti c,"p<.!rtee hEre reprE'.sent the ;~urn;'l1t st8te of OUT ·':~(>-)ni,; -"n-
'::'("P~~'il(leEl: n:lalYBes. S0V<2TMI furthe't €:xte,,';;lonl' of r:l;:~r-\ ,"-0-:-;10: ";,1:('0 Hi'''' 

r; ~"i\'C:,8 "l.r~y D'E added 8:8 aid! tional it.ems of r;OI.H:::t-r1~ Dr.;', .f.d~.'"tJ. ,; _; cd '_ 

1>\ p,,1r::i_C;,ul.1r, f~s<;ion product tr,,_Hsp.t;ct rh.lr1.ng: D_!.r",!{j!WT,) .2.8 w:oll ;Z3 cwr·­
:illfo{ J{ng L",,£'m tt:0.rtsi.el1ts, should be modelled. ".I'M", ~E'10z.ses 0(:'~\1\·"I.,-,,_t~ dv'!""-1.f!H 
hl"'oi"(l-;:,'J:; ',,-:;J_lt [''''' e~'-B:h;ated based on l'lc.wdown tt3i181.S"t c~lcu't2ttl)nn U"iH~ [:!:l8 
RI'i.TSAn ;:.",cH12, -Fen: tnG long term U----q1')t;l1'-"!T'lg thE A'I"I"iGS e)(t£' bh'~ 0"!<en ·'c,,".ed t" 
e-valutte the gi1$ ('xcbang-e be.tw:;e.n the vat'ious 
cGr"'r",;,qn'1,~ 1.1:,,1, £Llsion prodw::t J.:.tansport It.ode12 
",va.! ~~,'t->-{': fJ·'f' rwtent: al f1 ss::Lon product rele!188 

t'€'a:c~ tQ~: 

sho-,] id. :~'E' 

from ttl'" 

Tee e':;].:1_:_,&[i:'- pBTtial rest0rs.tiofl of 
L n ell?? ~iRC 30m:;; ir-~g E\Qe,11t $egw2_nce 3 

RCCS c?Joliu,e; gJ:tef. 36 h,', D,H ;"Di,,?,er,~{"'-: 

(I1ES-·3) i ()or THATCH (",_-"C:,Ltar d:' :::.'!,is 
!.JC2H~-1;:,'t(, s:'i0\Jld tS' '-"_xL:end<ed tc incluik th~ eff(o.ct 
RGef) 'J_n::: t':, ;',iOutup (>~ the (jeHIC_flow .-:hsunel ;;L,e 

(1f 
the 

bl.v>;;-"H;t:y In tb:' 

IT!;~ "Ut __ ir,g£css 0.val~,~t.i"ns ITtoUJ.~l he extended t(, C·f~~~_:;l.;l":;r tft~ s:EL:.:ctB sf 
h:ig:tj~'Y ':_-!i."'''li~:,a':, nn.ct-tvitf of the St;i.1~kpc'-;'J" 2020 t'2 J:h -C;-,'2- J.Ot.}'s'-' plso,!'c:} 
and DO':t.Ofl) T€fl"c.t,or t"<-~g:Lon8~ These \l~g:l()nR arr: Ht lO'0"s!:" L2ill;Xet'.'ittCi::0S At),! 

~V1V',~ L:~ss ",:xpos,s,d graphite surface. Row"'''i2,:::, ::n:8:tel:crcLCa1 C>T'_d"i:'10:l lu~n", _;~' 
it ',,'(,i __ lC to he G;:::Jerved~ could result over a long lime i,fl. -',4<'i",->~~f(ing (J); 1;'1", ,~{>;:r, 

{lU'C BS'c1ltwt.i<.;r1s of >;;.8.tex' ingY'ess eCE";tf1.ri:.os ~-;i-,:}'11j 1"", t:~"t,",:;<1ed t,-, l'lCH"i". 

m;',"di"v,~ 1.lIj!J0,I<'i sC':':T'-E1-Y'io;;;. 1i.l::e the O~2'" q1' B-F·S~A" 

-x-



tt:{" ",!'f!<,t :':'.(' u:n('f~t'~,,,intl(''3 in 1::1'1-8 'C22Cti·,,·~::y ,ll'iii t;1'"';,;S ~"",;::j'I.)n data CHJ:-I.':2'_\.Y 

ilt,q)"plieJ. DOE 2Dd t" c:,;",gld0lC the en!;.;;: yirh,,-n: RnC~; cl);;1-Ln~-t. 

The ,lLYn" d('ta:l.-!,i'd fw:;cl£d_ uf hinJ,h<1 :;;&3 y_:trJl'lti,:-,-rj L~ (:t,:- be oided 
;.tpp11?,-o-G. \>:) 0',',t,ni''', a. f~_~'li'.e"t' aSS2Bsm!'~Tlt of thr.;- 'tHcg"(!;iVe. eff2cU; [,f i~ {lw1 

:mJ 
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1. mTIW.D!JCTiON 

The 02once,rtua1 deHign ,)f the: H,.xGulaT fi"i.gll l'e.l;]?erE~UY2 Gas-Cooled R,?&cto' 
(MHTGR). c:ur.r8n.tIy heing tl0velt;perl $,de!' DOF: Rpo~lIwr-sh'l!y has c.eGtl. suhmitted to 
the NRC in a Prelimilla.ry Safety Information Doccmeac (?SID). :tC- support of 
tt;;; Safe:::y 2vFi1.uation Repo~t to be fssu€:Q by the GYRe, Inlt.inl sah'f.ty ev<,,'.iua­
U:,Q11S of this concept W21:e conducted at. Bm~, tn ~}Cl.t to valL:la.tc t~e v~ndors 

perf'lyrmanc.e ::::1.;;;i1ll5, i~nd in othc-r: cases extendtng the r-li.na;ysu:: to GlQre :-emote 
and Thor!!' severe (H;(~id<~r.t 8ci:nar-Log$ 

The st3rti"g point f01: our effcn:ts .. ~ere. the CO,:i~;3 nev01ope.ct and usee: in 
the Source Term St,"d y for the 224D MW HT~R (Rei 11 y cot 0.1., 1984). III several 
.:lrE-'!WS: signific~mt (:ode GKtenr;iono. w~,,:rc r:eq'-'-i:::'::,~d~ 'fncludLng mone2.s for the pa8~ 
-"live: air (':ooleo Reac.::'or Cavity Coolin.g System (ReeS), adding 11 p0int kinetics 
modEl, .1.i1d including init.ial modeIs for gr2.f'hit~e oxidation chu:ing water· aru:l 
air ingn:gfl scc,ndrioG ~ 

A l:H:ief desigr:. descript~cn and an ov<:'rviev of the (:0.:1 .. 8 used i:n the 
analynis ii; given fa SCCt-J.J)T1 2~ The initial 8j]alyses. for tt~,e COllC81)tual de-
3igr:; ,/11:.$ pr.€:8ci1te,d in Section:} to Sy while Seed.on 10 outlines the require.d 
:.:'.od('! e.xtel1sio(l.G for future ""valuntiGtls as the. design progresses to ~h€'. ?rc~ 

l1.mtnary and final design stages. 





2~ DESIGN DESGRlPTi'Qr<] AND OU-TUNE UF REASTOR SAFETY c:orms 

111e H':<tctOl" veg~el and the. Elteam generlJltm: are locateo ill tW(~ adjacent 
.::.a.vities of ;).0 tmdergrou:nd silo as Ghown in Fig<:l.re 2-1. A .s,:,b~l"l.<'ltic: of the 
retlL:tar wi.th st:Cfl.ffi genexatoc is shown in Figure 2-2. Furtber details of the 
d~,${gl1 of the HHTGR .are given~ for: inBttHl.Ce~ in a c.oncept Geseription report 
[:3echt:el NaUonal. 191%] ~ Power is gene'r'at~d in a. ceT.a.mic. graphite moderzted 
core using inert helium as the primary c.oolant. for energy transfer to the 
steam gel]eJ':'ittor~ The active core fuel elements are a.rrauged In aE nnJ:\liilar 
;:,yli.nder, sur-rounded in t.he <.':tmter ami on all sides by gr",phite reilr:ctm: 
ele!l:lents~ H-£'lil:ot1l flo!", is normally provided by the main ci'l';'culatcr. In Cf!3e 

the main c.iro.llat.ot- or any other steam generatoX' c.ompocent is not a.vailable 
Eoi::' se:rvlce~ the reactor would be scrammed. and a shurd.)'QTl. cooling syst2m, 
loeated at the hottom of' the I'eaetor vessel would generally be used fOl: dec.ay 
heat ramova.1., 

A third 1-H':at remoV'{J.l 8:y3tem~ which com?rises on.e Q£ tbe inherent 58.£ec1 
features of the MHTGR ig Ii pa.,;;sive: air c1)oi:ing sygtem~ the Reactm: Cavity 
Cooling SY:':>t:e.m CReeS)" It is shown schem;!t:'~cally :Ln f:tgU:Cf~ 2·~J. In caG~ 

neither of the above. forced fluw cooling systems is av,,,dlable. the rel:H:tor 
will be $era1'TImed and heat rejection is then pre::iomil1.&ntly by conduction and 
radIation fr:om t.he active core via the side refl.2ctors a.nd the reactor vessel, 
across the r8act01' cavity to the. Rees cooling pa.n~1g. Inside the. c()oling 
panel an tlirf.lo'W is. ere<l.t:ed by natural circulation assisted by the outlet 
gt8.(Ck~ 

The t"eacto"t vessel is not thermally insula.ted and during nOY.'mAl powet' 
opera.b.iQll a parasitic heat loss to the RGGS of about 0.9 MW (0,,25% of 350 
M"~jth design j!owez) i" aI1owl2d.~ Thtl.S~ the RGCS is 11 completely pa3sive 
system. without valves. daroper or other acti-,ye components. It is always- in 
ope.ratlon~ s~tf activated, whenever there is a nes,t flow from the reactor 
vt::s8el. 

The analysis of the basic. aeF'ressl..'ll:-ized core 1:leatup trans1.ani:B was per··· 
formed with the THATCH c.ode, analyzin.g transient conduction and radiation in 
the reac.tor veg8el~ coupled with the PASCO!' code~ which a.nalyze.s quas1.~8tetic 

RGCS flow and heat transfer conditionS$ 

TI)~ THATCH code is a general purpose reactor code~ which waG a~plied here 
to the :MHTGR reactor ves:3f~l geometry_ It selves the conduction equation for 
aB majf:lY 801id c.8pacitallces~ as nocalized by the user~ applyiD_g an Alte~cnat­
ing Direction Implicit nrnne:rieal method. using presct'ibed temperat,:u:'e depen­
dent prope.rty {unctions fer all reactor components~ 

Hea.t tr2.(t$fe:r across intern_al gaps can be modelled as COJ.1Guctin::1 p comr8C'­
tiGn~ and one-dimensior.sl ·.radiati.(ln~ or any c:ombil.l&tio-n of these, as specified 
by the user" For 1ar-ger internal volumes, l"t.ulti-&iruensional radiation model­
ling; will provide better results ana can be employed as a code option.~ It is 
\lsed here in the upper and lower plena~ Duri-ng norm-1il reactor operat.ion, th., 
thermal (:O'1rltlCttvUy of all the core graphite and 80m!! of the reflec.toy 
g!:aphite decTe.ases due to irradiation damage. Durin.g th~ re.l&tively slow core 



Figure 2·,1 HF1TGR in 'Onderg1:oud Site {Bechtel. 1986) SC::'lematic of METGR Prhilary Loop 
(Bec.ht21,. 1986) 



!fI!NMEIO:HMJ~ 
l§ffiI£C1Il11i[ 

Passive 'Oe<:.::1'Y Heat Relli0~1:8.1 System 
(Becht:.':!l) 1986) 



heu L up ;,~cJ',ld2nt SLena.t ie g, 8,'l1esd i r,g wi n oc.cur. ..,i t h the. OTl gi nal, Hr'.'] amaf';(",-j 
th"rmB.l u.'Jlic\:Jc:tivi.ty ileing ceGt(i:tet~" The mat(;rial then :remains c.nnc<'118Q ,Jur­
l.'g tort; :,whs0quel1t eooldo14i1. Snch 3. :!':Orf', then,l:;l pT:)perty model, n:;qai1'1ng 
the b1<~nMl (;O[tdtlctivity to he 8Pe(~1£iecl at e.c1ch locntioo as function of tQT7l~ 

per-at-tIro" and tem1)e.l>J.tnre hL'.;t;::>ry iE! alsc ltd:1 Ulled l.n the code. 

At th-$ p.rwll.!.iling t€'mpe'.tature levels ana dimensions" hc:at 1:.'1":8.,,£;1::e, Erol'1 
the :teact:)!:' vesse~ 3.cro"" thee r0~1ctor c;.;yity It:! the ReCS paneis iB rn:p:Jomi-· 
nantly by rad-jFl.tlon~ ,nth turbulen.t natura1. COtlV"0cU.on c.ont·.ti.bl1ting ahout 'i to 
10% of tbe t.ot!'!.) heat tron.sfer, Heat t:::-arwfer withi.n t1;€o Reef> i.lp~fl01p chanuc.i 
is by conduct·] on g-Jld rn<liatioll to its interfln1 flt:.s .3.nd the. back paE",l, nne by 
COl1vec.t:lo:L from 8.':'1 IEer:&.l 3~}xfac<;-s tc ::.he upf.~.cwtf1g ai!:', Tn8 PAS(:OL coj,·~ 

mode 1,3, at E'-aC:l elBvat inTI, 0.1 ther ;;:nis CGmb:LJ1iCd condul:tioni CO'l.vecti:)~! !:"8.d.i. ~;:.­
tion h~3.L tr",nsf€r~ o1' US2S ct p:tAs(;clbed f-I.J1 cfflf~(:tlvenegs coe.ffi('.if'~nt in: (';)TI1-' 
pur:ing local ht;BX trsn;:;f0.t from t1,,,,- ?,ar;ei,s to the coolant;- ""i.ng 1.oc8.1 panel 
temper-at1Jre-s. S.cmlp-'.e e"'no:iuntions hav<? shown that detailed loc'"'-l ii" COr:dil~~' 
ti.on D.;;d 'ufdiatio" s:;lutJ0T18 <,:Y'f: o::;t warriE1t::ed, gi."!ce: fl'w A given di2gig\~ the 
fin eff'?ct1,v'i;·CI,(;2S '_1(,~~ not 'lfH:Y s!.gw:l.f1.canLly in space or dtrA~ dt!ritg; ~l tt"an'~ 

,:>dent. COHstant 1J8ET 81J."ppli~!d h .. u e.tfectiv~Qess data~ developed in a SepElnlte 
f'0rametr:U: studYt where t·hen·:f"t·~ g<&ne.rc;lly appli.~d herE? Cc:upled with the 
a.xially nodaH zed heat ~l"*n8fel: analysis ~ the PASCDL COQ€ a.lso selves n (m;:=~ 

di~emdou8.1 'lUsB:i.~~tefi&Y wt;m"'11t'..EU er:uation f,n:' the ReCS air n.m,l, i.nc1udio.g 
ducting .1oS88tO' and Gt<>ck effec.::'. 

l'1i~::he,' detaj]_s H'.!g,u'nil1f, tf\e TIlodell-lng, !ll8.tex'i$.1 pr0perties and design 
dilt2 are giv<:!" :!.n ApDendices A ::md B. Both c.odeg have been veriH£:d €.xtr0!l-· 
sively by c.omp;;n:·i,wn to available transient data and. hy applicat:Lon "'lith sil\l~ 

plified geometr:1.If',s E,n<! 1hliterial prope.-rU.e~ to ca8e:s where e.xac:: solutions an::: 
available.~ 
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J. F',\RAJ-V,EIRIC, EVALUATi'ON CF flEPRESSfHUZEO CPRE HEAD!? SCENARIOS 
WITH 17D"IC~TONING Reef; 

Ctf' th~-o dC',idents scenarios covered tn Ch;;p[·.E'r- 15 t,f tt..., MH7GR PST)), th.e 
(hpr~tHj'.ll.'ized CDT" QP,;.,tup luuwiC:':nts l:-.<it.hotl,t forced £";.ow cDo1ing by- either the 
HTS or the SCf" ·te::a:lt t,j the htghQst core and vessel. t.emp",nitlj:t0.B~ Under 
tb2S'J c.::ond.1.tioD.'5 d.;"~:.a.y h"ll.t :n2mo'lal is predominantly by '"·(H~d'.lctt!)n ,'Hl,0 raili.u'­
tion. fYom the c()r~:. to tile jHl.ssi'Jf'. ReCS, and Vn)1rt the,,,' l,y i;cnvection to the 
~n\r:'ci:0nme11t. The ReGS Ctlll.stit·cJ.tes the only s.afety~p,:tfl<k tiec:AY hea.t removal 
systsm. 

,:,., 8t>tablJsh C0n£idence 1.n t.he capab:U :tty of the MflTGE to !±d1i.ev:e reac­
tor c<){)lcio\m 'II.'. th(~ lL'l.3f'live RCCS" such tn111~dent~ ,::1.1'."2 -eva'lctHted in this g@c.­

tioLt. n.e fi:rSL evaluation con.stitutes .a. b&B~ CdS0, usin.g pr0.G.onr!.na:Gtly best 
f.mtim7~te a!J.ta, NUmercms parametri.c varl3.ti0n0' iI'. d.eJ.ig", ,:ma Ope.l::'e.ting data 
were 11pp liec the.t"eaft" r. 1.:0 er;tgb;.if<h til.., ~Nai I able G3fety m&-rg:J:ns, 2nd to 
joe.ntLEy pPf.sib1e ~E.n8itl'1i.ties to amcertainr.ies in input data an.d lI'..odelling 
assurnptioTIe., 'l.C'(",:Sf": r<:.:ollll ts are presf<uted. in this sectl.l)n, 

rhoS r.e.act"r, i::rantilents \<!(;OY'e modelled. USl.og tIle', TEAreR oldc, which com­
putes the tE'W?E":J:<1I.t:l1t"<" fiel.d 10 the r-e<1ctDl' ~ internall)' cOttp] ed '0'ith the :?ASCOL 
cod~?; "0'hlch "v;lJuat':,s the 'P3ssi.ve air cooling 'GlOdt:lc, i~('~", zht.; Rees.e 

Th~ t"02Ct1)l"' dnQ RecS ~npat rl.'lta ace baBed on the: PSID G€Bcri.ptions a.nd 
rhe. ~::):re 'IHtteria.l properties and ether d(~~ign dllte P'r(Y< .. riJ.c.d by DDE [GA. 
~9g7-01J ~ '.floe rJ.f)mirral ciecay [wat used fo!' most evaluati.ons) i.s alHO based on 
DOE submittdls [GA~ 1986-01]. The 1I10Gt impOytuT!t mcdE',l dRta and material 
prDPertf.<::s ~;;,c Si.JilIl:ilflrized in Appendix A~ 

P2yg,,'1<:'tric 2v211uat.i0Ds of ReGS performanc.e and ita se.nsitivity to various 
desig'n and opet:8ting p.'E·anletefs are st\mmad.ze,~ .1.n . .A.?p~~ndb;: JL As iEdicllted 
(h~:re, tne RCCS was found to be exU:emely fault toleri01nt" Th.Jt is, an in­
cr:CL'st: for instat'.<,e in the duc.ting flow r0:S1sta"cc 'w(mld result in a slight 
flo,,) reciHCUGll. b.1L slig:lt.ly higher air exit tempern.tHres, witi:'. 8s6'entially 
unchanged t:()t&l energy rBmovdlo This establishes the ReCS i'1E a passive 8yS~ 

LeIDy that is relatively insensitive to many variations in design. sel-ec.tiol.ls 
Hnd DpeYHtlng: '("".;)T!ditions. 

3.1 BSB t ~stimate C2,Qe ,~r.8t,lsuti~d COTe RE~t';1p _Jl':a{I.~~"!l1t wit}, 
~,:::tbnl~'..~~~1?CS 

A h~:'1;: 2:'tt2.lJw .. te "Base Case" of .a depressurized core heatllp t:tRD8ientwil1 
be pr88ented h'2.'fe, 'co be compared bf':lc"W w':'th several psu~fli1tf'td.(: 'lflriat.f.cTIs~ to 
i.de~~::i. fy r.he I"')fJst l~portarrt ~JB.r:iable8 that earl e.ff2Ct the crt t.ical parameters 
doring 8:uc'h 20re heatu? tC3.nsients. The mai.n l.i""ltere.st ~R in the pe;."k fuel and 
v·"'<;sel tem;::'i2Y3u,:res, Excessive 'fuel temperatures 1e",(\ t.o fuel fa.:Uu.:te SLnd 
fisBJ.<:H1 pTodm::.f: re'tedAe, Bxcessivevessel temperature.s co,!.ld cOWprQi};iBe sr:ruc­
sural integ-tity of the vessel J e?l.§ "1,*",11 as {~dhe.renc(' tD A..;;}',E code limits for 
l:CUSilh1H .. ty c,f the vessel subsequent (:,0 any such accidc:"t Hcel:':.nrio, 

Trw .Base~Cate used the "nominal" dec:&y heat d.ata Bub::nitted by DOE [GA, 
1996 ,·OlJ ~ The. radinl £l.nd axial tLt.s;:r.i.1::;utioH ()f ai"-::er heat was ,w$'!1med to 
foHow dlr; fvn power profiles, as given in the PSID" 
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in-,clue 'S',-tyc> be!;t>ie<..,j; ,JJ;jilcent fusl 81eJ!r;:ou';s wen" !.\l,")0clJiC:(j as ',};,-
~ride i:l f.\orit;o;\':>1.1 dir0ct:L~'n~ ':L-<C/! U.S rrM 1"; (lX'i'_il] dil'e,':t:::'orL 

All iJl.i.::'.tive ("ore gr2phitF·\ W:Zf; ;',&-"'_im,::rt to he feLly irrad:L9tl"d~ Pt)l" th::: I7C·· 
flect.(lr b'l(Jck" adJa,::ent tD th,,~ (:01";-': il r""ldti'l}ely COl1.se.rvat.tVE~ part:La.L i,;:n:JdL'l-· 
tiQ" waG .8l35:c,m,eo ;es :~mi'ff\hl."iZed ill Table :.l' -1, Oi.:(:1':) ~ig th(o Lr£H0ie)lt ~ 

gri'lPhlt8 2'V10a'Ul'is hi aHst:lti~d teJ occu,: between 1000 and 1300°(;, ~ri,th t')-,," 

i:n1n,~fi1r-,(i !1,aterial -.:-e';,;dn:t'01~ ~t<; r?{covPEed ,?ro?@rt',!~8 iTl i'lny oWDS2tl'_U,mt c{)o1_~ 

dG~-jfl , 

Tb,,'; 'R,Ce, ~<L1 <12-5\5,l<:'d to ,.;,;n"'i:~t':,,_ .~;t 2-O"'C ai;~ inlet tl2lll:per:,atm-f'" wIth Lht:' 
1'8act'Ji' VIC"S,:l ·"),nd th€ RGef; pRnels h!n>ir,g H :nc'mlnal theraal eru~,A.si.vlty of (J.8. 

TY1-li(,;H1. l.>:::i:iUIL" for: thi.::; i,;;>;$\.~ ?lr.~ shGwn :Ln }/igu:r<;'$ 3-1 throngh J<·o. 
Following 10:)$$ ,;f rnfl,.:,d ':Jj{)i:(;:,g f1:'o:u fv.I I. }('1#2_r: OP2t:H,tJ.0l1, with scram ",Nj 

loeB of p].'i:n;:n~y Joop 1):tf":1;:;';.:rs, Uw COTe: h[~g11''?' to hi".i.tt HF- I,,"l.tj.all.y, t;-,(", de'~ 
,~ay h0_.:'l,t: C}f('Y.i':GS the h2a'~ tran,sfc~:: out: o{ Lh~ c<.n:e i t'e5ult:1.nj4 In t~mpol'ary 

0ill0t<gy etcH'Ago:". in the cors. Con~ tempeJ:"?tH.':cS per;J.l:~ at )_120";": at 3.bct'.t 60 tn.' 
i !Ito til", transient.. At about th-e lHl.Tt~ '.:ime I, 11",aL trblflster ,:,ut ef t:he &c;t.ive 
core lwg-tOS u, {,-xco,<"1 tk: <J.8cay 'hEfi': .• thl'B 1"':.suLl:ing in a ,'let coc::"down for t}RG 
!1\;ti'.fe con". nt!2. l"E',actor v>2.E!-:01 tenpct't:ttt.;res peak at 89 in: ,~t /1-25"'C~ Beyond 
73 h,t dlJ~ (,et heat transfer to t1::0 ReGS ,,:::rC00ds the d€.cay heat n~$uJ"r:lllg: in. 6 
net COOhl.OWll. \',i: Ute :re.acto-r~ The 'Rees ah: flo", pea}:,H I:iL 12.,B 'kg/s, "nii Uh', 

ai:;: 0utlet templ'::tant-re at 123"C~ both _B-r',I'llhl 9(; hrJ w:U::h 8: h""at C·;8.mo"nd ,~llV'" 
of i.,~-r·l M(<i, Ot ~h,DlJ':,.:i ix, not,.,d that. th.s- 3::,D\!C t.empe:!:_?,tnn:.s a:re sign':'fltoantiy 
1 ul",!f'. t" th;::H1 r(,'suiLs pr2v,iouslY r(>p0)"t~2d rind -:';.1::;'-.1 Io"rer t:l:a:n t!-I(; PSID dB.Le:~ 

This is malr<.}y dn!:" 1.:G ~:he '-if.>'" of a0mif!0.-~ decay h0':8t. dBtfi t "Jhile pr8v:i..ouB i:r:­
ve8t:!g:<it:l.~)n:g us"d t1:n~ "lore f,;Of!S61:VdtiVB PSID ;:h,·~:I'J. or: ::,T'&',{.. data [S\~nd. 
1973]). IrkpiE:wo:.ntet.ir';l 8>f "" full anrH,aU_l1g :If.odel (Mee Af'Y""Htl:i.x A); wlLLdl. 
p":eGen.t~ the $ctu;11 phyti,iQs~ pro::::ess£s mot'::> e()l'r~<:t1y than 2 simple t121~perll··· 

tur-e \l2pend6n.ce ';'± i,;,(H:e Ptf>pt~.-n:ie'~. <.11~"j eml:trl1wt<2.Q to this effect)" 

The, p.lots of giJ8 l.1iVc.:lt,,;ry :in ti'!B rS~I.:_t0\' v88ee_l and i." tl-1(": re;K:to-r Cd'll"" 

t] ind:i.c;]t", thdr. (H,Jy ve~~y 6-r'!8!J. fre:ctloll.s of the ,:esi,ective 6'<:'9 invel1::ories 
art~ 0)qJt:Lte.ci tn h8 e.X;;:\)dr:,g<2r£ \"rLth gar; iD eo;mec,tpd '-:h\)5ti.0~;'~ 

To iA(~vtlfy any pl},:entid: se!li~·d_d.videB of tne ,"hin on::pnt para!lH2.t.en:; of 
OOJ!-r <lIL!l.ly.s.;":R _. peak fuel a.c~d vessel teGP0:nlt~!Yf:g _. to ;r&:riarions "-11 trqml 
p?ira:mELetfi. o:c fwdellil1g aS3uffiPdo;lG 11 l.argl2 '(~l1mber o( J.eaig)l smd Gpe-rating 
parameters ([/l21'e vsr18:1 ppn-allle.tt'1.c./J.l !.y. The VariOHg eases arf~ c-cmpm:ed. ~gaiflgt 

the :Base Case in T;li.hle 3-2. 

The_ 3&80. Gage used :ar,) :'"8.dial decay heat:. cii.stribn"::ior. the c.orr-~5PGndi.q; 

p{)w~r,' r.n:ofiJ,e giVHl iJ,1 l'SID for n01:'tlW' u;::eri1tlton. Tn. eontr",;st~ A 1,miiorm 
radial pDF.::!!' i.l~ '!ora;.) applied in Case:":'.. T:l.i2'. Tr,;,mlt was about; .50"(; higher 
peak fuel tempr,:-n>"t.u.'te" 8-'00. virj~Hal1y <10 ch,<lnge it! vessel t<i:Hp2ratuL'f!, As a 
r,'i0_1a11y ~li1ifQt:m G0(;SY heat distd.b;ltirn); :3 not: :>!'ily ITore CO;;UH2l7V-B'.tivQ but 
also an-pa.!'ent; y '.:los('e 1'_0 fictnril CfJf.J:£ tl.(.lL8 ~ 0"2- might consider C:Hlof'3 2 2. meTe 



T~ble 3-1 Ai-;Humed B<i'i.e Ca8E Reflector Irradiation 

Centra! Reflector: 

Lefl,(-;,('t:or fOie,nent row 3.djacent to (:or'e 
Next. t'2fleetor element row 

Replau?able Side Reflector's:: 

2/3 of reflector C'_lement row :1.djacent to core 
Remaiadcr (i.e-, , 1 II3 rows) 

Top Reflect.or: 

1/2 of reflector element height 

1/'2 of refie'.:tor element height 
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.j(}p:rop'i,~rJ; hest E'stim3te trallRi(Cl1t Uwn th" Base Cas,~.Z 
(;,.",~im"it':; d~ tid!'l ttrr:", i(ldic:HQ-S p(':ak fuel lemf>era1"tlr03 of 
')5 hr, 8n0 ;;(~ak ves5el tEllloeratores o[ about 42':l"C at 90 hr. 
sults for this ('.ase are given in "F1gnrE'S J-} t.hrol'!;h ]-to. 

'rhuS) our best 
;1hnut 1 ~170~C itt 

Sorr:e of the l'i::'-

1131:': of the ax", fl1 
j)()"R'''':- p1",.lf:Lte of the PSID Dli::'l.nf, a decay 1,0(11. tr!lnsient is C0l1SGTVll.tiv0; as it 
c.t<2atr':s t,lgher local pe.3\{ powel- ch::nH:'ties 8w3 fuel ;:emperature.s then WGtJ.1.d ac"· 
'!:tn"lly be- c:xpecterl ll-r)d(~L decay n£3t c.ondLt.i(}l\s. Therefo!e, the axial dfler 

h~,_,t ,~i5tt"ihl.itiol1 w::<1> 11¢t". 1I'''l,t.,d herc~ 

In G3 se 3, the r,'1'R:-4 decay heat f line t ion [Sund > 1973] Wi·)5( used 0 This re­
",nIts ';,11 't[)011t ~IS% more energy be.ing g2(u,,:rat(~d .in th.c core JDdne the fin;t 
180 hl'< jl...s a'1t-l.c1p_"-ted j the peak ftit,!. tcmpera.l~lres :Lncn~.iwed sigDifieEfltly. 
by 202 c·C, and the peak ves$01 temp~ratu::i' iI1,-::r2As",d hy 6i\"C. 

Tl'i0 In-c'~r-e g;!ps: bet\>]of,£<n adjacent fuel c.lenK'"'lts pre!->ellt. ii heat transfe, 
:ceS]stR"C;:, whir::h. d€~eadi.ng on gap size anJ graphite u~m-peratTJres. carl. be 
j,,)nlin2tr:d hy ra.d:L;ltiOtl or condu('.i.io:L The Base C3S8 ift8';'.(l h0.5t es':imatC'. v<'!lu{"s 
of 1 m:ll gaps in radia1. direction 2nd O~5 mm 1ft axial di:rectl<)n. Th8 effect of 
-z-.ht'osc. gam, on fuel and V€s.se1. temp~t:atures is shm.-rn by arbitrariLy eli.mirlB.tJ.Dg 
thEm.. As the In-c(}:te heat traosfe.:>:" impnwes ,dthcut gUpf;. P<-<A.K fllel temp0Ta­
tvn!s decre.ase by 48"C and the peak vessel temperature 11~~re3GeS by g"C. 
¥Inil", this case without gaps is (lot j)r.acti.('.ally pC[HL:'ble~ it shuws the Qverall 
effect of the tn"-col':''='' g~'PG~ ,Hid alGo tnrli('.2'~~R tlM.t a tempora.-::-), D-'fJ.d/or l()(:aLly 
Impr0ved thermal C{)Tl.tac.t hetw~en blocks CS'll"l.ot cause 3Cj s.ir,ni fi.cant hot spots 
(:;'1 thf" v"!f';sel~ Wider gaps wilL not p::::oJ.'J.ee signif;.cant}_y hif,h,~r- fuel tempera~ 
tures as ro:d1 ~tioY1. ;lcrt:>S:il ::he gaps genet'81.1y d.omir"lc}tc5 in the hottest :'eglc-l1s 
of the CJre. Another run wi.th radial and E_xial f,oP si.zcs of tHice the Base 
Case g'"9 dimem:iOl1S Jerllonstl'i1I.tif:d "[his~ resulting in a p~,ak fw.~l temperature of 
I:;,3"9¢C} Leo, only 20"C higher than for the j~as.e CBB"'-. ThuG) thE' results 2H' 

W:CTf': ge'1HitivE" to the phy,'lical presen.ce of the:se. gaps, than to their actual 
t.Tld:n. 

With i:n:adlatiotl do-mag;;:'. the therm.al conductivity of corlO graphite is 
signi. fie-an.ti)' l:'educsa (see Appendlx A) ~ While the 2.CtiVlo core wi 11 ~ in 
gen~~r!ll~ he iYradiated to (jaturatior:~ culy a n~lati.lle1.y 5})1;11.', 12.yer of t112 re~ 

t.leet~H·B !ldjace;nt to the &ctivt;: core will have incurred 3. sufficient fast 
fln,,~nC0 to show significant irradLs.tion udtr'af,€. For the Rasi~ Cnse a rela~ive­
ly high. -Lrradintioa UalRdge in the reflec).:m.- 1Jla$ assumed, as. :Jhmm above. 

Lesser iYTao1atlon ds.mage 'i>1'ould gCTI2.T.'<'l.11y tend t() :r~dllce fuel tempera­
tures and i[tcr0a~e vessel temperatures. As sl;own in Table 3-2. for the :2:85;:'· 

of ;:-.ompletely unirradiated refJecto:!::'s) Case Sa, fuel temperatures. dropped. by 
59<3C~ However-~ unexpectedly, the peak vessel temperature also dropped slight~ 
iy~ Looitl'.g at the details of the tra.nsien"Ls one £.f.nds that anmi]d "30 t" 60 
h r: when the cC)re t6lliperaturl$s peaked, the vessel was indce.d ahout 5"'G hotter 
tha::1 in the Basfe' C8se~ Rut wtth mare heat transferred ear~L:ler to the RCCS. 
the ,i!~-ss~l tempe __ rata1re pe.aked slightly par-lier", and at i~"C below the 33se Case. 
value. 

Thus, the me.ln ef.fect of reflector irracli,;!t1on damage is an increase l.n 
~----~--. 

2'For thi3 Y"caSOl1" unifoTTIl radial after heat ~Ja3 11sed 88 B.8.&0. Case ~_n late,r 
8VB!.-satiou3, 3.8 gh~ll be noted; but most -Df th~ work of this r.ecti:m Vises in 
.1 ts Base C1'l88 the PSID radial power p:rofi.le~ 
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consi.dered 
pl aceabl,,, 

to he f~,)fL"(:'TVoH"s, !li~ntht:,:-r r:w"\ was mi$1e il.>l Case 'lb, ..,dth 811 -x:e-­
side: reflE,ct0rs itt th"" ",eLi'!"" (':()r,-~ 12~rel~ and one \cpPii'T and i(hil"';,~ 

'!:'eflectnT c!.cmc,.,t row fully ir,a(H,,,,ted ;:c LiatU"'8-tion. 'J:he pp;;,k j:,lel t21Ilp",r({"' 

tur2 fDt: t\1,is ',:Ull '>?!}il j''If,.'·G, 1.,,;" 34"(: hig,her that' for the Ea~;e C,-lse. 'Ct1.l8_, 
e'len w:lth thi:,; l'lclZ1mUm rheoret:ic"l :LK"n"diati()ll darM!g\~. fuel tempe,atu'nc_s did 
not inCred$'S urdfEat.lC'li ~y. 

tn 
vraricr'l. 
csther 

USldg 

t1mn !;,lu'-
&t c:onSc.:"f,,,tJ.'JE: 
bsst efH-i!118,te 

the. T<CCS 
ReGS air 

valv2 of 

OP2l'dtiflg lind d,~$-Lgn, p~c':-jJfttE'.te;~;:; '0'(:'(0 

1-nlet t!2mp'''.Ht\:UY('-, (If 43"'C (llD"?) 
ZCt"C U,~.l"F) 1 peak core te'ilitp,," ,,:-"!! tun':[l 

rose i):}, -only ) ,> C. ·'lG ir .. c;.1 g'li ficaat amO(~D_t ~ How€ver'. tr.c v(;:'_5c.;>.1 t2m.i,,~rw::n~e 

",Jas -afieCl<f.-d., d '-' i ng 'by- 11" c~ Ar:b';,trat:iLy n~dud.ng '::hE, 'Jf:ssf:'"l $,C'c,j, RU:S P,}rl,":_l 
thfd_iI'_'l1 ,'-"m~g:=;L'ity fri)n1 ;1 hAI-V~ VJ.lm" of O~8 to (!.6. again t~'le ef:E-ec.t on t:.0J;<: 

thE': effect 0" r:ill, """.$8el '<135 '-Iuitc ~{~nifi(~8.i·"L. '-:f.th a rise ii, tempe::-atut"c 
(,f 49~·C. A.s SL'='.2~ g'll.~f;;;:e el1d_sBh"Lti.€'.8 can. vary wiciely, "based OT'. burE .. u:2 

(j'lD.l tty all1 am0U_"'it \)f oxidation. the ves.sel and RCCS pe.nel E_missivities $h{)H~,d 

1,,," C:Ot;:':'rn]1ed (h{ri,-j~:;: [;Ei(lUra:".cul:'";T,g ClS wt:L as in of-p.xl;I.tiGn, !llDSi:: pra;~t".\;-,,<tl, 

vin: a techfiical ;,;~wcif-l ('Rr1ono 

sit1g 
this 

Finally, to il'.b@;'r,"i!.t;>; th,c~ f'ffer:t: of Nn'-2-.s1ing~ 

its (-,ff0C-::-' ~" 1::10 :'~(',rc a1J~ in t:,e reflectors< 
being 

It gh.:lE I d 
f1,zde SIl);iJ::(;;':::;­

be not "ri ::h,lt 
the ~l'fcc:: of 

a""rt'2"d.l;'g rtu,inr; a '~,H::'f' ti'~·\.t·'1Q tI:1nB::"Yi,',:" ;::n t~,i,; G-:'t.ifi¢.fll cG.G€~ thi::: \->..1.'';''L 
temlH;.t.'lt'.lres rosE' l:y 8S"C" wuile the VC:Si'le2. tempet'-Ctt".1.re$ :~'erEo hardty impacted. 

In ii fCy,'I'lCX rl_Vt :':(-;,v,.C:~Dl of tilt" above ¥3riatiol1s, whie.'1 tend to ud.~~{~ 

.:or~ t\!'W'~'2r.;1,t(~Te)3 pe';:,; _~;:',}O"K<1 s-Lmultane'H.lsIy. n.£\l1tooly~ u 1) c\'%\s-2::t'-fm::i"",: 
aftBr~h0iE~ fl 2) tlni-rcrm :::;;n1a-,' ,qftC-;,:, .. 'j--,0d[ l-:i"td_butiol1. and a j) c(F,,ser-.;£;;:i·,12 
Rces n:l r h;_let i',,"'T'jH"(a.{:)jr'~'. This ;,-,-Tl" d,zsig'1ated C-".8€' 9, r·hou l.;i bc c~,nsid<S;:'2d 

ns a congeI:v~J.Lfv1; ;'Pflf:-.T :tLnit on pf'\Jlk :Fuel tempel:iltunSi3. 'flee cfFFhfncd co,ns,,':£""' 
-vatis:mg t'(,,.\\'';_\ui ~.(I [,: 'P",."!_k core heat ;:<~m'P<?xat0::0 sf 157ge(~. :L",o,. 260"{~ .8-bOV"" 
l:be Base Case. 

It Is i'rteresring tel (l-:Jt2 that tile ~um of the temp(;t"at1.1n~ iJ,c:;:rezsEH io:c 
using --;,TR ,,h:OC;'I') !.;f.;8( (+::/j?"'r:) 0 ",_,l'l_i{01:Ul xadial aft.er heat (+4,6"8) ",-,:-;<1 :L1.('.',",,:,,.J;'i;'.\ 

RC;CS ait: -Inlet (0mper-8Lun', (--l'l{}~~ u; only 2A9"C, whEreas ir~jJ08~qg tb:1 ttl:t"0e 

2.Efi"~cts tOg0t:i;),2T ,-,;snlreJ. in 2 ]J2ak COTe tem3"E:.t\ltl!,e :ri.se ,yf 2.59"C} :i., e., JI!1J!CG 

than t'he atid_H i :)(j of the iH(i~,vi,j-1I(1.1 ~~f2",tG~ /l.o; t'1e effect ,,£ iHc;:-edse;J RCC:;~ 

",if' :i..u'"d- "::f;\mp'?r8.t\:t·~o w,l}\ T?Tc·Y IEillvt, t:'i_S' indicate", that ilt hight>: (:0':';:, tel'll'" 
p~t'fltU;:CB the eU.e'_:t ';f' ij .-,n~tfD-r~l r;11:1:11. decay heat IH'(pfile 'i.s more pi.'n,"o~me(;d 

th-'itl at eb", hl::;C Casif', te-Illp:t"(l'.:,urc 1ev(:13. 

111 
Case 
gri'lf'hi te; 

hrent, fR') in~core 

te%l:v:r3ture af 

,~ run WdS wz..-i'c., d""_sigr;,,,o.:i'.<i 
uniIT(J,dLH::ed '\,,"efle,cLo:c 

13E'l t..eYip<er&t11H' ,;;-:;,s 'ii!:Z°G~ i.e" ;stOL't, Sf)";::; B"bove ':::te Bal-,e Cas(~~ This 1.'dlu.-O'-
EfC.8W~;:\ t.b0 "m~,,-i¥,'mr. I'SID v<'1LJe ,;,[ /,Bl,~C. A -,r~s5e::' tC!tjH'!O,l\H'-kO of (; ,jlj]::ing 
2 depresstirluy; c<;:',," hecttu-p tnn,si::nt might be. of (?onc.ern. in :;";.<~:rti.clil&.l' \.}ith 
I'eBpect to r(';.,~t6rt. (~,qpnbU ity after- ;"lCh tEl B.Lcid~nt:. HO'rJev'2-r, chis C\,))i :l,s 
also very '~'\('G"'t·'.ro"'d:iV-2) p;H::;-:h'Hl.axly J:E-ga2:"di(J-I:; nsc of the :;,8% hif;hf'.f" LT~::'-/f de-



As an additional p.fI.:ramer:er j the effN:tiv2 thermal eru:"ssivity inside the 
re<-ld:cl:" vesEd .. and t1:ie COt"2 barrel waa veriedo Since these r~ns inadvertel1cly 
used H unifc.rm radial 'Power profile and 8.1, air inlet temperature of 43<>C, they 
CdT!not Ge (~i}mpar-2d dil-ectly to the runs in Table 3~2. As the effe~t was found 
to be minor, -rerunning of the.se ca::;es~ a.ad inclu>::ion in the abcwe table was 
not Wc'H"r<1nt~n at t.his ti'lle~ The results were 88 follo"m~ 

Iete:r-nal Re8.{:tDX" V~fisel 

2nd Core .B3rrel 
_~ __ ,_~issivJty ___ ~ 

0.5 

1.0 

Peak Core 
Tempera~tn::e 

," 
" 

1367 

Peak Ves.sel 
Temperature 

'c 

427 

433 

As the gap therm.al. resi::H:ence r.leaeases with increasing em::tssiv:tty~ the 
peaK fuel te.mpeIl1turee de-crease aXl.d the vessel tentp;eretu:.re8 inct:ease. How­
ever, the Y'<::ng(, 0£ tcmperaL1.n:'e changes fa o1'i.ly about lO"'C sincE'! the. core ba'l:'­
I\~.l gap:> are nat the coacrolll."h heat t['anS'fe~ r.eslstMlces. 

1<'urtne:r vartations of the rea,,-tor vessel and ReCS thermal em1.s$l vi. tie5 
were illE<Ge, .ai~«-tn using a constant radial decay heat prcfile~ the (~missivities 
MeTe varie.d bet.ween 0.5 and 1 oO~ As mentioned above, the effect em fue.l tem­
l!(~1tatu::e ,,>,ere very minor. but the eff,ect Or! the peak vessel tempe:ratu!'c vas 
signif.ic:.ant. It is shown in Figure 3-11. ag<lin indicating that the vessel and 
panel 0mlss1vities ':mght to be cont:tolled. 

The:';, in S1.Hfi:ItBt'Yi with operatin.g ReGS it appears to be almost i.mpcss:Lhle 
1:0 :'€.ach fe.~.'.l temperatures ::;£ 1600"C, above wh:l.ch some fuel fa.:Uu1"e and fls~ 
si<.:J(J pn)Guc.t releases can oc:c:ur ~ even with 'li'c'ty conservative assumptions. 

'Jnder not"real tr~1l8i€llt conditictJ.s. the peak vesi'lel temperatures 1!:r111 re~ 

mala iJelov-Y 450°C. Howev~r. under very con>3erv.atJvc assumptions (in particular­
'~l 1: 1 28% rail'le in. decay he0.t or gr'eater red:H::ea vegse:! and ) vessel tempe.'ra­
tar",s of 50(}"C can h8. rel1c.hed. and cOltld be re.ason for (;onCBrll. 

'j'h~ 'results of Section 3,1 iildicB!.ted that core dc£'.ay heat removal via 
RCCS ~2n be ac'h:feve,J, "tiltnoDt approEl,ching fuel failures or excessive \fess~l 

ter4pe~·6.tKt'28 • 
p8X",'im€t~TcH did 
W'BTe based on 

In Section 3.2 it was shown that reasonable varia.tions in most 
{\Gt rais~ slgnlflc:unt safety concet't'I$, HO'WE'V2l"r these r0.8ults 

DOE supplied decay heat data and core graphite properties ~ In 

:1:r.t .:o-'hou16 be noteoi that our peak vessel temperatures are t.hose of the 
hottest i1wide nooe of two :::'adial v.?;<:sfl£1 nodes. Th(l8~ d the PSID are. an 
average vaJ.1.le ;±t the hottest ...:r:-oS's £ectiofl~ ~elit.h <it t8mp . .,!'ature gradient of 
a:bout 25"C a.;:::i"G~8 the vessel tH.!r values are about 6"C high2l:' t:nH theBe of the. 
?SID just 1tK ~o tnf', differellS definition of peale vessel tempel'aturb 
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thL; 8e~_:["LcH an evaluation :is JltRJe en estabJ..-tsh ~ha~- ;)!,?gJ-,:itHd,~ (d' change i.n 
clef;;}] 1'\",,1.1": ;;l.nd ,~QT~ graphite prOp0Tti0s can tHo- t0lcTEl.t,2d l~{'t~)?:(, fuel failr..n'cs 
".n,1 ,~)J:1C::;,2ive \1888e1 :,0m~~eratlJ.res J).,,:st be eXjJeets'u" 

it) I n~(tS ire thi6 s'2eti;-:m usc a '~ad~.ally lIni-to,:,} decoy rk:,~F' ,n'G,"ih,:. 'rhe 
T0.SU}t:I< ,,,Xi-' ,,;umm,.t'i:zcn in TabL,:, 3-} and hi FigllP~8- :),-J::. 31id J 1, 

whicn ,nit' the '[<=-net-iee in. pr(';'V~,Ou.B B::'cl<i'l..e8 83 we!.l, fh 

02 <l.t;,Y dBta tor- :,ighe:r temper$(;Jn-~i:!. While ,sc'-C;--' 
rU)$i)E.H::'i;,:'; u!:-, to peak core teT!lp'~!.·;ltjJ.rf;s or ~ 7!,}()«-:, 
r".flW'!YW t>;10n t(. q1.l"~6tt']"e 

t~H',l"'", ,10 ''1.0:-" n.pp'i?!'l.:r' to 

("xt?,"apolat'i,ot'i> m!iy bo::: 
~ __ ~,elr c;,se -~8y:).1li that 

TIl eiihln,bl, i~he <;:;):t2 de{;3Y be'"~~ b2yond 
1936-·011 th2 tot-E1.l ..lEocay t;",at curve "'.Hl 
0/00 • figu't'l? J--2 shows ::hat ,'. pea], f1.,(sl 

the best 85t:hJl,5.U: 'Hlu;:;s 
J:A'Ls0;d by ~:hR. :(q,J ~cbxed 

of 
factol 

:qide:c,,·,<C1 it;~ 1~h[; point ",herr:: scnlf; £iSBi.on prDduct t·'":.t'12~Je mel,] 1X:('.'Yll0. W)tj.c:cable, 
i", T0.3(:\:',e.0. :f t~'"l'}. actual d<:',C2Y 'h0.8t '';WTt,'''. 30% ftc,ec·/P th:·\ h~\f1i'. (~sr'i,l'"at(,; ';H~l,les" 

16 J::2d::h £uEl t(';ll'peEatt~res of ?i.00"C, "'Jhet'~2 \n;ls~;i'}~ f>21 Ej.Ll'jO::~""$ 8:t€ ex'-
1-H~'~te;{j {'·ow w(;u7,rt bJV(, to l}Llpuli1r~8 s:'. Itl"~J::eas",; i;~ decay 'bS2c. of lin!';. Tte 
/2:<h'2, temp12:.:'atm:."€3 also incl."eas.e" wid, deLay h"'Bt. ~_2v21B" and 8,n inct'2'a82 of 
277., 'Ii(n.::.ld be requir'cd to rea(:h 3. pe8.k 0(>ss,el te-:nj>2't.-e.tur., or: of ~H:1()C'G~ 

Tn V2;:r 

'ts (1e,8<-:1<;.2 

k/k.", 

ng t rF~' core th'-'~1~TIi,1"!_ 

r-0tl2i:U,:,:,' blocks of 
1'2 1-\1 siu'.>'s that t.b2 

conGl;ct"vitjl'.,'.' tIH': ",'f,,'l,.' 'tCf· __ ~v':', CJ)Tt'!: 8nd all 
H4.st \qere varJAd by the llldf.C0[~d factor. 
core th€'J:mal c·.onduc:l,-d ty :iiO(~,ld h:jYe- to be 

S:!k. ,~,F .i.~. best €;;t::Lm.ate. 'l~91u€8 D0for€. 8. p<ea'z fue-l t!~mp£r8ttl~~2 0.;: i 6r)O'-C 'twt:ld 
'be cbsE'cved. At ;;l'~ly 30(~ ::;,f its be:st €stima.1':e ';a1:).(', L:,!O:)"(; 'oJvtll.d l~'" 'U::'d(:,hed, 
\.:j-h~ L:ve1 "~ mas~;i.ve fuel failut"<:s, il!; the lTl-cO.n: ':;.'-::1'1'1-',(,-,';\1·u,['; l4Hld:Lcnts ':.n­
CJ9,l;)9 with r-c,.h,'c0.(1 ttel:'L:JsI ,con;-:l\.,c:tivitiZB, ;:1:.8 p2ak 'fiCssel temj)e<tat~H.'eg dE~ 

(,')".':"':\8 sjig~,t1'f Ii;,!' jOkeY the:ni;;,·'I. condu:.t-:i,\d.ti.ss. 

·r.:<:;,].e :1·"3 .in~hfdcs on;::: (:.'1s('; of {nC!·i'dc.~eJ C")'(," ~ik'.n.nJ. c')r",,:inC1:l.v-ttl('8~ As 
(ox:),,:::t;:;:d it ~-C:Fn.:tj>~ in lu'.;'e' VCi'lk fu",} teil(r<,':?t,."f"[~. '!'nd ,,,1-dl~ Lh,:;, e:;lTly 
v2'sHe-l Lemp£rd!:,lll'EfJ of I.:h:i.g ease ar;:: tdightly f'1igbe:r t~l8n [hG;~('> <)f the: B83,~ 

(::l~leJ dll'" l-i', l;'ji~"'{:"lC h.;)!lt CChlOVe.1. to the fZC{;S f).t ,",~::rll,;" til:1e);i~ tt-,.~ \.:~i~,m.TItc 

p'2:sk \,2,;';;",: r0mj)er.fl~ure r€m.ait\s \teey zligi-,'. L12101;{ '.'-'8:<, \,f tl'ls DS:Y" Ca:'lf:. 
f.e'e, ;~ii;h"" cor"" tl,-",rmal c(lI'Kk,cti'Jiti-e,; de- nct t'.s'is,,;- 8<;,;: :::0l'-lC2-rns. with r0'~~ 

$jl(~,::t i:u V2C;'·H:l. '.:-~~mp('l'atuni!, 

TL 'i:".'_' [u£'t\wr- :J:wervl_'c. that variations jon de(:i5.y hc,,-t h:l,'l 1i1:1:10 ::'nfln~ 

en,:>.: ,,),', J':h(O Li;>h"b~ ·_,f !:'2:lk f12~~l t:f;Ir'pf;t·atu",~~:; \.lbit',n (',<::('u:rrcd b(~tW0",!'~ 55 an(. 51' 
hT or' penk 'fe.SSe). temI)0rat,J'Ce~ (cc(:urril'.g ar-':'tlnd <Sfi to 92. hr), H0W2.Ve::" Wil:h 
'~;><::T("",~d',;.\5 ("OT';'': C0i1~1ucrlvity, peak fuel. "inc \.-es5,~1 If'mp0:t0t'JX08 H2t'e re8.(~hed 

}t'tt.fJ T:i.ngI:r'.[; ll"om 55 to 140 hr for th8 fu«.i and t::Oill '72 to 166- hI' for the 

h, f:FJ1Sll\'1'['y .. " ("her<:': FiT", naqJ.:ins .:::;1:' 30;: ii: d0,'~,'ly hc;;,t ,\"Cd ::rn; in ("1),(,,, thcr~ 

luit c.~n,5 '.;.(~H v1.ty l>d'cc<:O hl!'ol tempe;::at ;.l.res <)[ I fiDe "C an? 'f-e6c},r~d, $,1;] 51~I'.i.d.­

,:;iTtt~y ;-,-:, Del lwfcre th .. :c 'r:uJk fUel fai:,!Jn~ !';o·\,lpei";:U'.'t·2 lr:vc,'; of' 22DC,oC 
l~ ri2ud'i~~'';.o 'i'hHleVef', :'hEge eva.;lHlt:Lonr-: 6n 0m)Jhi~(d:;.(' r:l;;"t ,", high C0n\'{clc'lce i.n 
de,.",:,,' !w.!cL data !'md eff2ctjV(~ core ::hl,e-tmal. ''-'c0;>,,:rtv (l.'1tf,. L.''';.L,dillg ti'l£' 
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graphite annealing modf2-1, ... " reqtd-r<;d in Ol"der t.') liCee))t the cu~~;",nt j-,"-:st 
Q:';tjll1at'~ l'i.';'lc\:<;r LE':lIipe-.-atlln·; L,ar:S-j,(;lli~. 
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Ih PARAMETRIC EVAUIATTON OF DEPRESSURIZEG CORr: HEATL'P 'fF..P3SI.ENTS 
IE1'HOUT Of'F.RNI'INC RCGS (" BAIn'lT REA'l'HP") 

It it:, J:1ccoguized that the pUGGiv0. v'.CCS has !.1 vf;\"Y to''''' (o1.lm:-.:; pro1::-a;;ili­
ry, (1)'1.(1 tr""t. evex\ in case. o·f ,--,-at:as-;:rnphir". faillires) ,-m1.y part'.s 2lf th~ s:n;'.0Wt 

wtmlJ. 6:i<Hf!ra11y he :l(l"'t~, with partial f10"," olockages and/cl' partiaL L:::;~:; of 
d,,,,ft,, Nevertlv"lege. 51) a lillt1tfng .:c;3se, depr.es5urized ('.ore: hCHLup \'i-tt\.nl1L 
<ony cooling by the RCCS is belag c(HlBlde-(ed i:l this gestior" Depe.nJil'g Oll the 
initistorr fot tn:l.s 0x:tr~mBly ;;;ever~ ilccidel'lt ,sceft8xio, th(', re.act·:;r silo 'walls 
o~· the Recs t'<-lTt~.ls ).1') .. 1Y colhq::l!:;c, and the sy3tt~m 6,,-,0i1;0try c.0u'ld br\ 8ffect-"d. 
'L1-\!~ BaWB could apply to the reactor veE~e-; "nil/or i.t~~ 8'tP.POTtR. 0"", c[)ulc; 
:;pc';~':}(H:e 0.Ddle.,:;g1y at: tho?: low probabi.lity :evel of such sceIP1J::'i<)S ~'J)nc('X'ni;.~g 

t.hr, f",'Jt 0ccident geometry, for t1:.:1::;; "",,va].vltion H. is H2';1sumed, nGq~'mech~nls" 

ti.c&11Yi' thaL ull below E£oBnd gtnl(:,tures T€lft:1in intact but th8.t. <ill I':;.ir flow 
tllrOt;g'rt the nr:cs h.il.8 ce.'1sed~ To protect the surrounding :;;onerel:2 SUr:f<H~QS, 

tl~c: ReCS im,:}a,jed t.hcr1'w.l in':mlatior," At the top and at the !J.c:p:r:,ml of the 
t"0k:1<ctOf:' ('.8vi ty ~ shi.eldi.nR' and D.ou::Lt:lonal tJ:,er:mal l£iSlll1it:lcn an:: p:(ovt6(.;d. 
'T~iht thenn-al :lnsu1.ation is the. :m~)i;!;: sigD1.f:i.cant heat transfer D-a.rrie!' in con:'; 
}:"~i,lLHl' sccnar'L0t< u-l.tnout ReGS .:'Jolil!1g~ 

The raJ.lul['r;; .'18c1Urrreci herE Ii., a mOAt con@(",n:ative case., in th3~ it I:l.SGUTiiE'B 
a v<' . .t'y '''ol"ganized'' e,,";;,rrt H~tic,h: 

In 1',11 )"I.fac.tic811y c.one~i'''Eble accident seer-ad,-)),; of this )',l!<d, ;argf: 

p:,,'t:s of the 6.:i.r flow psssag'€2, but not 100:% c;[ tllcm. 'HDuld be block."""i; cwd 
even q(j~~ blockage NittI soru~ rC[f,.sining ail flow' viould u;'mpl",(:r--:ly a.lt0.T th~~ 

:lr:d.ck11't. .<,cef>fl1"1o:. ;T'fOvid3.ny, 81gniflcant cOf}Jiag~ At d,e same Lime i.e is 
:3.ssul\1f!d that ~bis sEv01'ely drostnuc.t:lve event leaves all reBetor:' cavity thcl:'!llal 
1."s'.d2.1'.1,;)I' in place, we_ile one wonlf1 expect that ~U1i even:: of t~',is df~vet~lty 

",(wId GS<lth, tlOme Df U!2 hlEulateci pane.!.s to ('.olle>ps2. ledd1r.g to N"t:t(~y bs(~t 

:tl~TI!"\<.;1..i t;.t>:l lowel' L1Jt:i.mate reactor and t:<>.vity te.:llP{:-~::8-tun,,,,~ 

In. t;(]'cll",- _flitlal f',ompl~t;ation9 it was establi:-;!lt"ct tk~t the r(''''.cto-~:' ulvity 
-'jf(,11 surf<'l{;{> &re3 WdS $.}.1 lmpot:'t<lat Pf.'XU1ll2i::8'( f.o;:" such core h.eii"-up ';\ccwu:io~" 

P\:r·t:}1"xmu-r,-'., hear losses from the ~op !'t:.O oot,tom Dr t]:-:e ',ressei, "fJ'h:l-e tH?i.ng 
(),:~y ~O% of the total hea.-: lC88 f-rom the v.",ssel~ sl;ill h.aJ iii g:Lg:li:::icllr;L !~:'~, 

fecc. Of1 ",.('·b(:n an~~ ,".:': which t2mper£turc le'J{'.l peak fm~l and vessel telTl;:.,c','1tuxu~ 

'i~(';tT :Ea'~h13fi. 

1';IU3, tlw t:wG~,dimen:s-t.OTH'Il THATCH model for tf)ifJ ;;;cc-;de11t Sc2!lario .!.n­
[:1 ml0:"3 LOr 2d,;,1 hi'}tt:N\'~ -Rtn.!(:tn' PS ¢ As cari be fieom, in YIgu--::'~ ,4-· .. ·1> TIl0St of lh", 
t''o'aJ'uJ""' ul:vi7.'.y 5.<4 sUl."toun.ded by 1.-' ill concrete waUs 1.0.adinp.: to Fi:;:h, c:iv:ities 
znd to thE stt~-'E~ ;:>:e:neratoY' CAvity. I,ei'm than nne th~"rJ o~ c::he. "<ledGe} s,ur':nc0 
"S-~!,?" Sire-cU_}' the ()~9 lP. L:Jutc-r- c::or;cTete wall ,)i the ~,il0 ~J1th '>wth telan;:!. 
it. ':)'.11" lllDa81 2S:C\EfflC'ri ??Tipix,rol symmetry, with ",i.ther iiBorr:etry VC2val1i.ilg 
"! Li.. m::cHmd. 'Tni': Y;-,,,:0ults did nOL diff,,'~c 1,;ignJ fi.cdntly, and an ave:cage (.\~ Lh0.SC· 
'.:wt) ca.·,:,·e~~ '1<"."-.11,1 repr:-ew?-'1t thl" tlct1.1s1 transient" To i.d0nti.£y POi::$l:tial lcc:Il 
'/',3;3>:':e1 'br\t gpbtB. one m.tgL': W'~'E)t to expand this 2-Uil;YBiB rot A 'lat<-;1: design 
~';-ag·' t,,', '1 nC.1J!de t~l:f>: actc;:;:L ::f>Te.e~d.t-me(!sl.()nill (,f£ects~ 
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upcw; ;{'Limis!'; r. i (,0.;0:: by t:.h~ DOE t03lr!. H tWo-.iimenBio7Ju 1 r 3d" d t 1.01'\ mod,,! HCl5 

ar·pljc<l f,ye the heat t:t:8.ns[et' aCr'UHS the r(~<l<;t:.or cavity~ from the. ve~>",~l. to 
th1::2 RCCS struc,--uu::g, t,,'};ij.,;~ ,yns made t>l'1.tn this cun:::ent 2-D radiatfen m()d(~J 

",','r", nor: tdcnth--;a! to tl:e f03.1;:'.l ier runs using", 1-1) T8.diati.;;n model, the rc)"­
GulLS 8'0''-..'lil. to i:ldlc:at&;. tru:\: thE'. in.clusion of the more p-:'ys{cal 2~d 't'aui~!:.i{)u 

model clid nlft 'l"fc~r: the [Y:i.'Jk tempe.J:,-iltures very mu:ch~ 

Yor the Base Case. the nomina] dccrq heat f\Hlction wag us.sd aH~;I~mj'·(·'g il. 

e)nd''),m T2d~.f11. decay h<£'.0t distribntion~ Th~ heat tHwsfer al ;,:h:: I"lile W35 
flloDe"ll"'!Il !It; cor3uction ~h~'t()01~ the HCCS. lnsu'Jation into 1~5 11l of cCHH:ret0, tht~n 

by 73.ciidtt0L1 Btld eO:1.v",d:ioB ac-t"oss a 2 m 'i'tide ca.vity~ th.e:.'! condHct'~Grt fi.~'r0S3 

0.9 rfr. '.")f ~h" Ol,-u,:r silo c,onc-::-ete wall, an.d ;11til1Jately conduction to 
:;()1"1~ 'The J.nitial refleet(H:- irrr ... cliatiDn and other data are eqi.livalent 1':0 
t1'<ose of the lhst.! Case with fllTIc,tiord,ng aces, ,jeec:ri bed in fie-etio,:; ').1" 

The L'-'sults are r01ati~'ely sensitive to t11€ ("()ncr-Gte -mat~1.'13I propsr-Ue;:; 
0.8 ",;:.li ,W ~:n tho,,\,: of thO? thermal tosulat1on in thi(! ReCS. for the Lh(:;).till;'J.l 
in~ul.~JU\Jr,., cOHh'ct.-ivities of ~O&.fi2 W/mk at 38"C -3.nd ~104 W/mk Ht 4B2"C w!t"e 
providf:'.:t hy GA lGA~ 

t!10SE' two jJ0int;>. !,s 
gn~e of ·?xt'i.""lpolati.o(l 
C<)l1C t·(,tf~ rrc)pert·;: ,":8, 

J987-011, (hi, model interpDlatt."s and 0xt-r:.apolati:?s [nhTi 

(i;e: inm.!l::ition temperaturBs rarely exceed 650QG~ the fk~" 

may be 8.cceptab: .. e" giV611 the lsrger l1;,certaint'.€.c' h'l. tree! 

Gc-(,er',":e prop..-:1:"ti.eB vary widely~ depi!ucilng on loca} cond.id.on3~ r-wr:h Ml 
th" '.:,emeClt and nggr2g8tf:! cmnpof51ti.nn. £'.8 well fiB the fIn2.l CGOJ.CX0.te (·~005.:":y 

STIr] its mo1.st: .. l'l:'-::O o.::ontenl~ Fcr this ",mrk the vahl€s cited in GA-A150fJO Wf'.H-" 

m~ed [GA, 19/8J. Its che:tmal c:.orHLh.:t.ivity as ('uuction of lellrpel"Ht:uxE; in "c 
:u~ ~ 

e l ,,-, 1 
~" J 1 ~~,() 300 700 

k [ ~~'rw1\ I , .8·', ! Q6 2 1.18 ! 

CI;l:\<;" typicn'( d',?,t.s fOl: D"ornh'~J, CC;l:i.ct""e;t(~ vary ;':letwer~n L,) dIldo 2,{; l.J/ml{ 0! 

!:'<')::,-n .':e:wpe.-r rtt~1l"2C, t1;1d the anO'?e functlcsl is -posfdbl;r tt!.gh£l' than :Nec;.;,,;>.' 
:"in«> <r ,>f2S {)dx1na'Lly ,Litenrl'ed for- fHl espe;::Ll11y denee PC:R-V C(,uct'r.::Uc: (~C[:' 

to':" JJW·::;"il.~e lTLgl,.:re IJ. (,!:, S£:hneid.er f 19i31). Cotictetf' thenna:l c:[)nfilJ(:1::.ivlt1.t-'~; 

tYP:J.C'·LU.J d~'i:'.:r'c'a.¥<' wi.th temperat1n.'e as dryir..g occurs» and 8om~.:: of ;:li('- ,-;1,:ysi.~ 
cally h'),mJ HsL€r ~'!:.lpor:ates" nH~refor€~ a more evt1.l'l;;!;E:vative th€l'.Ga.i cond:v::­
U\ity "fa,,'! 3ele.,t-eJ for mll' :3asf' Cm;~~ v.Bing the abo'h' fm1(:tl..on up tc :?C(1"'C 
and i}. J-ry c~)ncn,uO! t.':mlG.w:~tivity ulE 0*5 above 40Q"C. with l:i.r"~a.t" Lrem..s:LU,:,n he-'~ 
tw€'ell the$(~ te'I" models fen' te-mperrltures betwe.t"o"tl 200 and 400 "'c,. Ottr ("j.'t5P Ci:id2 
r~",\.'lt2 are. c.h-::t.,,f;)1:·(' 20'1.8<:\ 11KH'€o (,'(JUS9rvattve than the cor·(es!-,o1.1dJLng ))0£ ;:\,;:1.1'1-
;AJ.:lS>:lt! nf i'),V:<fh.1'ix G of DiJE'-RTGR~86~OU! Rev~ 4. 

Ou)" 8:',At1mpi. :L011 of ('Lr1] BB t'tl~ su!':cou~.diog 1K:Ll~ \·)':~th .1 n~tM:j.';'6.1.y .1('", 
ttrrc:t'lt"L <:"""11.ju<c;:tl)itf ('It ""' 1.2B ii/m K). :Ls not really a bl.:.$1: estimate» bU'~. a. 
feliyIy C'.H\.s"'~l'v;,t.tV(~ v~l.uI!. \~'hec these. evaluations wel:(~ in:l.ti3~T·:i. it lyES £>o:h. 



that: c:onserv.sti.','0 pl";)pet"ties shot;.ld be dBSUffi'20d 1 since: thE'. (:'I1:'1"0"t· If'_;;; plall "in 
not. to cc>nSl('kr tl-!" SUrT"tHl':lding 1001 \ ');' the COficrete thermal p:Lop,,,,rtl,,c; i;2 the 
dl~sign DJ: the l"t,iiclot· cavity_ 

\{('f'ulu; t06': Lht' B;lHe f,i±:';e. tr.'an"il"nt "1['(; SrlC,h'Il iT', 1"i:;'J1"(,;o 4-2. tbroClgh 
4~S, The penk fuel tcmpe,at<JT8 of 1393"(: -iq Yc,Bched at 71) hr, as cO\l);n!.l::ed to 
l?,fJJ" at 'jS hr for the co:trei:tj)(mding ,,:!lse with fnnctLoning 'Re::::; (set'. Section. 
1). /\.!: thc~ t_lrne 0,[ p(~1Jk CO'Cl~ i:Empcrllt.o:n::;s trv su,~coLl~ding concreto stYt,,:tlll:.'G,s 
have ue<2,l little aitected. and cOlH:reLe/soil pr:opcrt.:L::s Hnd C:',nf ;:at.~.0D:S 

h'~V2 had vlL"lnally no effect on peak ;:o~e t(--'mpeT<ltnres. lint C01fr,:n"te 9r.d sol.i 
can l'8v,:. an o-rfect on the sp€.~d of the subsE-q'J-ellt c:)01do\<lll~ The vCf,.c;c·i, 

'~C<iChec' il2- V:ak tempepl.t1HT of 751f"C Ilt. 1~25 1),-" 1{owevcJ, U-d" !Dsx~mu~) -is 
very nat, and \f~s8el t~roper-3tllre:; remr'lin within 1O"e of thi::; va:) d0 fJ::'(;'u no 
hr to gno hi.. The final uj0lam.m pu-,c<Gerls V":~7 81m·ily', aW.I 
w)(tl'lw) thR maximum (:()i'i~ t2mperi1turt;; hal:! n,"ch~{j :no"c, El1l1 t:he 

tempec!ture l~ :~tllJ 1.10"'C. 

dt 

The,,; in C(;I"e hJeal:up :leel,lenL., \<-Jit1:!()ul.: ReGS th'.~ Iw;o.k 7(.101. t~"rnr0T~1t:ur(',~ 

are only ;;CbOIJt 30"C hip,r.el: than \\Jith ReeS. How,~ver, the vessel 1."21aper,tL~-'-!:TS 

8.~:: 'if".:l R::-' ttl('. C::)f'lcn·~tE ~~11o to,mperatures ,Tee much hi.gher~ and the h!.t:.l.!iU;t.€ 
cooldDw"TI is excl2P.d1ngly slov;. 

The next flection \11111 present 3. p;trametric eV>111:ntLon of th·r-' c:ife,~te r)f 

COH<:-,r""t.(~ fH1G scLl propf.crtLcs :wd c.onfii'{ucat!.on 011 thE" peak fuel end ','ess8.!. 
te!llpBLatu~:e::J, ClS Llwl anu!G:f vessel failure at"" tl:,e major J.t,~Tl.l", cr: CC)))c""'r,, 
The S0c:tior. l-l12r£"sfte:r riiSe:uSS2,3 the tl\,srgiD-s froni che hEEt ,~;:;tim.'lt(' (o'.'-"tJlWl­

tl.ons. i.",., to temperature levels Bt <tlhir.;t1 sign1.ticcHl.!: 1'.'111([1:<':8 l)lHSt h{? Dt­
pecten, 

'1:1Jb1 .. , <'1--1. AA S'hOW1: ii-' Fi}.~\.'-re i,- 1, the 
Tl.r! con.rr,c;C:'o' siclc>w::! . .Ll',; H.nd .'le 1(, <0; 8 t->ide 

base conlOiguration ui 
C.'1-v-Lt1es t.o thi-. OiJt(~r 

rJi2iJL u~.l"'cLi.;"\ 

W8-.Us ilj;Jl'i,'i,~; 

1/.".')- a tfi-rW,:l ~,,-,,, \. ;It Lb.' PCT:L11":ctcr' :rmd 1.S mor,:; '[2prE::$i';l1tcttJve th~-'l,; th'2 (~d.',;z: 

of :1irel:L hSdL lca;'~;{fer Lo the 0<9 111 onter C,00c.n'".~f" u~l!.Is aDd "".lTr\)-,mdi'dg: 

5""i]. ,1>.8 CC.~C 2, ;,;;w:;"t1 he!l,t: ttD.-:1g-r,[,r. din:.c.tly to oDteT w.:111s -dn{l t:o ti:,e LH:ll.":'1.' 
Il.dvezse cIa,,:, soLL of 1o,,; Lli"1'q,:<.1 conrl'lc~'jvity WC).f.; CVv.J.u.Tre"l, As 1:'~t,)e,:t,~;,;., L:b"" 
peak core t2mper2tllr'e;:; iot('.1'", not affe.cted by tl1<_S cna,;;g8" sinCe? the i);lC~~ ,~:l.d~s 

C.l the concrete ha'..'8 not yet begun ito he.at Hp wten til::' pe;ik U.lHo i':mX<TGtU::23 
~lU: t'~"rJ:h2,1" H<-Iwe\'t:r, the VCN'lG: 1_ 'lTI t.h1.& CBS<, rH2~""~8 much la.Le~·, 8':.11:\-'; r" 
:LHi : .. t .2 :. j"C ;11.::;h0:C ifill,tV? cf 76/"'C, 
C6."3<2B would 0SEt: a0'.S-crIbe (he iH:t\.,jd' l:: ;H!,~ 1 en t. 
her-e, Utt'T-f: wiLl !Je 8i~~!;],ficant !;Er:i.ph~yal cc"'i.o:bc:tiol1 io tt.,,~ ,'c-:,'.;.,;\c;l ""'! "'"> ,m3 
the. dctu<11 p."'.ilk. 'Jess~1 t"~1~9'?ra:::l.n'0 -,,;111 2>8 02:'ween th.., 'J.'~Ll0S ,)r (:a:,>", J. nnd 
Case ;:. Both C8c)e.S d,;".-; ve.ry <>.loi,." ;(11 t.h'2i1:- ;J,",a\ vc,;s81 terJf>eratu::I:?'s-. b'lt Cl'}E' 

2 T:!'{mJt~, 111 ct. :O'fli,;P,T duca1::i.on Df t:i(' h:LR:l vees",,-1 temp~r"'i.~H'(~~'< ·ClteL:L:"'" 
one C2n t:orU)~del> C;)f'C Z ·:,\n a DC!'{' c.onservative ,".vHlu3tion. ;:\'ith ~,';i2 :S8S": >.;;>2 

be,Lng more l:-e}'reSf~Il~:~.:;,Ive ni ;1 tiel'll: .~,<,;tim:lt·.e E':vn.lua:,icf'". .(;, 6.11/ 'C.ilF:c, a 
thre'E'-di.mf>1,f>l(:>ll.8.1 2v;c,dnatiDD., C",TIF;t,.ie1'":.Lq; a c)'Y;;plr·t'O: combi''1FctlOtl (.r- 1,,-:>"(; ,;i'!S'::G 

with pe::i9h'~ J.1 \/,,'83 (,. 'L I,O'''''kl,L:::m :2.'~ not ju;"tif;.~~J., Pf1.:c:-iCt!L:Ji"ly ;'1' 
tlle Big"lJ~' \t ,j;l(;'!:':..,jli1t.i(·~q if!. con('ret\~ i'\t1j suil yr<)per':it~~, 
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Our R,i~l',': C<J5\{o (Jd ':::;:8$2 l ~'lfalz'_dt.i(';1J9 '"}!t;:l1u\n~. $ t'€dUC:t_1.0ll. <:"r 'C'Yi,,::retc they 
~:;t1 r~lY,dlJ'~t[VU_y w'(ch d;y onto This ('~,r18'<:':1-v>1tiv(J .J-ssumpti()n '\4:;8 not inf:hcdetl 
5\1. the D02 8valij3tlor1B~ (::b'2 3 n,,08 the 028$ GaB€:. gemnetly ,1I1d the {~A-.p'15000 

r:()::r~8t.c r-r0(~c!:ti,:;s 'l;;ri.tiKn:d: such dry "ut:.. 111 this C1'l::5€. Ute ';e;-HH';l t.eJ!pe-r:a--­
f.m""" \>ezks (;c;n:1.iec', ,it 310 hr an_u >1t 739~G. i.,e., l';"r below the. B!~.g .. (;880. 

As the s(,il proj:0r:tie~~ cr,,, _i~ot controll.ed, ever" W'ot'"c 9,)1.18 tt8t1 10'-9' cou~ 

dHn:ivity r::h,y ,Il;~y ~h:: F'lCOUTlt..'.t'ed. In Case 4 thiR 0f f eet iE; s'i:Jm,.'t:, li-y arbi-­
IJ1UL1.y 10W~'j"iJ'li_,( th.e soil c:oI:.ductivtt.y 1:0 50% of itG B3:f>A: Case val,ll~~ ('f 1.lB 
W/ml(" This wi.JJ inCr-25Se the peaK VCS&C~. telllpG[';stures 'by M.ly 39'"(:. lnt it 
.s.n.rmld he 11(1\_"'ri. UHH_ t1w c0DldcwTl wilt h", '1'iueh ~:to'<,J€r ~,rith C'AJt:B 2-nd \>B-H'_;if.'-_:_ 
tempeti'i-tVl'05 a:;i)ut -'5f:"(: hlghl?L' th.an trw Bas,,, Case at 1500 hr (2 ll1(mths 3X~0"', 
scram), 

U8::J1g r,'I'H--4 r!8(;i'Jy hFG'_<1t [Sund. 19731 f 3ignificantly higher core a;;K\ ve8,~e: 
temp-eJ::8.tll;::'Bd nre: ,:r,(ked obta:i.ned~ I'€8k fuel temfJewatur,~g sf lfi3fl"(; at 3.25 Ie 
and peak vQ""el t~'1f1fJ~r.atur:eN of 964"(; at 1015 li, (s!..x \?e'2:ks) were (,0~q}utJ';,d 1 

HoW€vp.;:-, t1;,e 3rbi~.I3:rJ use .y,( this de(>'l.Y heat ma,y nol:: be realisde. 0\1'"" th2 
fiLg'~ 100 Lr it 1:'<>:l..eI:l.3"'S 28% rU::Te in energy than tl-te best evt:imat0 ::1:1''::1', ~nd'(~ 

cates B-Tld ()'ier 15GO hr the iw.::r:edB2 aL~O\.-:{jt8 '~O 38%~ Result" for iJd,e o('.fu:!e dr',.', 
sh(s-wn iu r i'if,E CO" {~-7 th-;:Otli';\"' u,-" '..1 , 

Thus. wL:h hest e$~lmate dec-OIY heat dati: and fOf: t>('vetal £a.i.rly C(:O(\SeTVa­

tive. eoner.::te 3nrt ;;ell cOT1fig"dYatiofl.e:, the pea!{ cor-e tempeTatuxeG were £(ml1d 
to he al~«gt lI.,OO"(: at ",tleDC: 80 !:x ~ $l1d the peal; vif"ssel t€'.ffij)<i!;;:'BtUX·E>.:S iC!:lnged 
fR'm~ J!;(J"C u., 795"'(:" HGtl(~ile!"J U---le trarwiR'nt '#1:;;11,0 t8.k{~ !ilonU.,g~ IiW:1_ for- l~"w 

favorf\.~)l'" COflcr-0tE' :3Tld 80::.1 !".ordltioYJs :U would prDt~~ed siguiU_c<wtly SlOW8~. 

'[hi:, '~()1H.:?'-8te at the csnter of tbe c.a,J,j ty can reach ve:,-y hi.0)1 temp2r8.~ 

tu-r-!?s. hj the_ Base CP,Z0 it peskBd .at S05"C A-t 1200 hr~ In C&t;e 2. it K8881:-;,cd 
b?3"'C at iS,CO hr and \,,'3.$ 8-,tj,11 Tiaial', sli):\>Ily. In Cl?<se S. with :s v~ry ::::ni;<'!Y:­
v<"ttv£': 1')0_'-1 fJt·ope,~ty 88Bumpti::nt, it ",;!!'s 711)";;::: at 15JO hr~ a:r!d rH:Hl 1''i,sing J 

"llthoHr,h 81;)wly~ Such temperatures would cause 103$ 0.£ most o-r all bound 
w8te1:", $.ncl, fo[, mot:;t (~(mcretCf:l, would result in a 1'}3B of strength ar'-".i ,:rad~ 

-Lng. Thef-'e pea'" concx8te t2mpen1.t1J.,[2,s ~ ocCtn:ir1g at the 1¥1B~"d8: resct0l" (;11'.;1"::y 
wall GUTface, roughly ~1t the mid-'eleva.tioil of the vessel. are inclu.a.e0 e,'?­

"sid.e nAn:;(' in F~.gu.I"e.s <;--12. and 4-13 fDr the BRse Case and fer Case 2. 

It:_ N;).3 <:*ls{) o'bse.t:"'Iled that the con(:rEt~ of the operating flr)or ~b0\1e the 
r-e,';l.ctu:' c,"lvit:y Nas g8tt:i.ng rather hoto For 5.ngUmc.e. in the 'Esse (",80 5_t 

pealr,?:d at &hout 1100 h1' \#tth t'8m-peraLu;::,('s from aG"'e at r.:h~ top surfac,:" t:;:, 

h8G"e at the bott.om surfcv:ce of: t.he O~9 TIl ;:h::i.ck floor. Whether- w:ru:ct.'UTal -L,~~ 
tegrity of the floor caD b~ BS81U':2.U at: such temperatures m.ay not it,,,, R8s,-"ed. 
It 51.Duld "!)f; nC'te.d~ ho","~ve:r, t.::lat our modelli.ng and .wdali;1:aticn~ .':l,g w£U ::~.S 

aSfiumpd,o'[w GD dwn:flal insttlaticn for t1"2 t.Gp regioT, weTe not. 11$ i:$f:1T10d ;;;8 
for the certf;e-:t pCH'':ious of core- and reactor vessel.. ",hich constituted our 
majo;:- c<JOeep" Thus, if this regi;m 1/J8T{* t-o be of eOl_leern, fn.J1:' 'i11odel1iTIg cf 
~,t should be :tmpro'J'ed befot'e s:ignHic:]ut conclusions are d'i"21wn. Nod.,,1 p-ea';c 
temperatu-re;;; r)f the top floor %ti.!l the average tap floor te:r.p-E.!:atu:te. ltre i'1~" 

ch~ded :'i_n r.'ig-~il"'8.8 4~H and £.-15 for the Base Case and fot: Ga00. 2, 

The C!),}C:l(2te terr<\_"_,,((\t.;H:e.S in the region of th? V<P.Ese} sUpj.:wrttl 'X2rE; ;oJ!>o 
fairly L:i.gh, i.1.~iQ"C l.n tfliOO l~":;'Ge Case: <utd '5GO"C in Case .2~ .and stIll 'titling in 
both C2se,,:< Tiwse ,j,:1td arc d180 1.ncluQ(!o:i in Pigur-es i{--Yt i'l/r:.o 4M15~ 



2°ODl -I 
1/.-.··.---_ 

",.}~=-~--
1000 'I' ................ ·····1 .... 

J 

soo 

Figure 4-7 

LEGEND 
CORE AVO 
COI1:E MAX 

CEl'iygA1. ~~fh. !~'y~'L 
._X~~,~~L"0.t\~.""" .. 

CDTe and Vesse.l Temperatures 
During a DepressuY'ized Core lka,tup 
Accident Without Operating ReCS 
CLTR--4 Decay Heat) 

a 

Figu.:c€ 4-8 

3 T----lE-G-E~~-··--·----. 
t IFX ACTlVE COilE 

2 

. ~C--
\ ~C3Y HE~T, _~ .. 

___ -,-. __ -1 
200 
T1ME 

300 
(HR) 

500 

Decay Rea;;: and Heat Flmvs :Juring 
<:1 Depressurized Core H.£a.tup 
Accident Hithout Operatll'lg Recs 
(LTR-4 Decay Heat) 



moo 

500 

0 
0 

lEGEND 
CORE "VO 

-:C°OR!: MAX 
\jESS~J MAX_ 

--r-

500 1000 

liME (HR) 

o ",--,_ 

1500 

Figure 4-9 Core and. Vessel TemperB.tv;re Thxtin,g 
a Depressl.1rlzed Core Heatup 
Acc:'dertt Wit.hout Operatir.s Rces 
ClTR-4 Decay Heat) 

2· --·-~-~~-I 
l~G~ND 

ex VESSEL I 
~ D.~ALtlt~T ~ I 

\ 
\ 

\ 

\ 

o 

01-7 I 

I -I 
a 500 1000 !300 

TIME OiRJ 

'Figure 4-~lO Decay Heat and Heat :!"lc1;)s Duxing, 
a Depres8Krized Core Reatup Ac.cident 
I.Jitnout Ope-rating RCCS (LTR-4 
Decay Heat) 



J 
, 

Z I " 0 
f-
l"l 0.5 ..: 
"" Il-

I 

/\ 
I \ 

\ 

" 

.... ~!1t9.Q;"_, 

\ 

\ 
\ 

\ 

\ 
\ 

L 
\ 

I···· .. \ , 
0.0 ~,-.--._~~'""""~_c:) 

?ignre 4-11 

o 500 1000 1500 

TIME (HR) 

Fraction of Active. Core Exceeding 
Svec:ified Temperatut"e Uli1its 
During a Depressurized Core HeatvlJ 
Accident Without Operating ~CCS 
(I.TR-4 Decay Heat) 

~ 

U 
~ 

'" 1-

SOC-r, -------­
I 

Figure 4-12 Concrete Temperatures in the 
Reactor Silo During a Depres­
surized COI'e Heatup Accident 
Without Operating ReCS (Base 
Case) 



~ 

U 
~ 

'" C-' 

W 10 RCCS. lONeR/SOil 
CorKRETE TEMPER A -URES 

DOO I 

I 
600·J 

400 

o 

/ ..... 

500 

Ti/v\E 

.-­------
LEGEND 

1000 

CHRJ 
1500 

Ccmcret.e Tempera.tures in the Reactor 
Silo During a DepressnrizE.d Core 
lieatup Accident WitJ10iJt O;perating 
ReCS (Case 2; Direct: Heat Conduc.­
tion to Outside Wall and Soil) 

I 
~ 1800~ 
~, I 

I 

1.0 

I 

i 
j 

I 

:5 

Pe.ak Fuel TeJll_peratur.es 8S Function 
of Incres.seG Decay Heat Generation 



r~·~~' ---I ---~'t~--~:----~'---'''''-i 

!4{}O!-- -, 

i~'"2c:t.i):: Vssse.l l'2hk 1',"Hpe·c'"'i~t.l1:e.G 

.sS }'<-2n<:::tim.l vf' Incr:c8.3ccl YJeu:"-y 
Heat Ge-n!2-!'atio11. 

,------------------

I 
220°1-

i 
i-· 
I 

/-' 
! 4C{) i!­

I 

/> 

/ 
/ 

/ 
"Ie"'" RGeS 

Y'?Ek E'uf!_}, Te.1.'llpE'.ratl.:>:e ac"i> Iiu,,-cticm lyE: 

Red'Jced In'-~;1:l!:e Errf~ct1.\f'" Ther;;l':l 
Conaucctj.vit,y 



linorhryr £_".'f.wihle arsa e,f <:<HlC(-,.tll "-8 the> (Beta.l CO¥€O ~np!>ort 8lruetur2" Ii' 
1.;'''': F',{lGS Car,v 1 i.t'J f'€uk teillp·2rO!::~l.\--"2 ",;;tS about 650"'(; at 1200 il1~~ Jt vp.df':d by 
1~s8 than 10"'e f-:..'Ol{, the C8'-it'~crlirr'~ 1..0 thE' ax;::a of ?-tt'H::h'lw~nt I> ... ' the n,,:$(:tnr 
vesseL Th880 valw)s sgree f"ddy 1"1('11 'JiL-:i, rhos repDrted by o:'he DUt: 'C_E-elm~ 
which 8tatLd chG.t Oc-tly minor ci\eep Wy"tlJ. be expected $t su.d-' t8J11pe:ratu't88. 

To ell L.",blish whet:]'c!' thlie :t0ac-tor CBVi. ty eould ':!e istiigl1ed to wi.th"'tand 
even. th8Me c.on" he:-".tup 8c_cJdenti'; without £-unct-LuHlng RtC:Z;" -il[", evaluatJ.tm '4;'1S 
made in Ca5(' 6, l\s1.ng ljH1re. dverage l"ethf<.' t1'1;-m COflf>2rVB.tjve C-CDCn:c1 .. f: Imo ~.nil 

jJcopertles and remcv-t.c~ the thermal insul,Ation wlttln the ReCS (tb:L2 illsula~ 

ti"n is ,:mt 'f~>'11.1j' 't'cq'liY'2d :for the ReCS t,1 :b~,H~tioD pTc?etly l.Jlul",r :no:;;-9al 
opcratiO)1 or tmd0T d2Sigr: basts 8c('ld~}T\t c-.ond:l_tioE!;). In t!--;,--s C'Ei.8.e~ the ve,,:>" 
sel t2:1T!peJ::'t!.tu!·es ?eiJ.k:c~d a~. 641"'C~ about: 10(}"C lo0N,t' than 1.11 the_ pn~ci(:'":ci::rng: 
cases, and l''-"w peA.~C: ~OTlc:re1:8 rJ:i;'Fcr:-ltures at c-dticed .;l.r"'EW pea.ked Tl(!:,,,C 

260"C. 00·2 loc.:c;;;l P"':3K concn,te tem_vCc"8.DUr-2 gt the side 1>ml1 &:It'f8.ce H':flched 
500<>C~ Thud l' '" ""ha](cie.r\c>O" 'teaeto:r 8:1.10 design, slHH~'ing s:!.grd.fiumtly l(}\.ler 
ves8p.l a-"J. ce~~G,n~C,~ ,~uJ:"es wJ.der m:ch seIter;: ac<:cideI'-t dCCll6.rloG, lFB.J be 
achiev2.hle \"itn. appTopz:id.U" ';~2s1grl modif:1.cat:l,YnR-~ i.e., ",lim-Lnat:lo?l ot' T"0duto­
don of i'0!iP}l::tioll I1td jH'Ofd,r' ~2h~cti{m of concrete an.d. b"u::k.-Cill soil" 

'l'h:us. in sunmG!Jj') 'Jnd;sy b,;;:(-\t (:'stlmate dec-3y heat cond1titHliS) it Srp',,3TG 
tbl~ ,:her0 '-ui g -; hi'; ,fJ:; s:ign~f::_'::8nt core temperature e.xc.'Jrs1.e>ng and that eo>,,,. 
and \/"'28B01 ),nt.q;rLtj' res)zir. intDct, rile tllti(flate c.o~e cocl.ck/Wl1 w0ull t8K0 
])I8ny m{),lt;18~ CCHc.ret.e te-mrer2tuZ'e~} at the side {)f the ::-e,:Jctor ,g110 'I>T(}U.1.d ),'" 
in th~~ umge (,f: 600 nC. Ql"~_ch w0l,11d result. i':l n:lease of ·bo"-1a-ct wate:::' .3n-:1 'lr;8s 
of str-0n~t)'1,. If npe-r",cing f19(l~' (;;::mpeL"Htu:CE'C af 100 to SVI)'-'C b2,COIT'dJ. reK,-'Qrl 
for (:onceru, f0Clce de:ca i: led m.(,de1.Ling of. t'bo§c :;u:c;a~ ShOl;ld be implem€,T1t(d ~ 

As in Sectio" 3~3 the dec3;' heat. W;-H :t8.ise_d to t"stabHsh the eff£('t of 
Lmce1:tl;"ilf:;tie~ in the giveT\ P£'.:1:)t 2sti1'lEtS data" Tbi:" rcs:.!lts are 6Ul11xrv'!d.~ed in 

la:r-gely Independel1t cf COl'lCY""te and soil c('nf:gu:tAtiOtl and property effects, 
EtS o1"lly small portions of th: '_~()ncrete have "l:1cgtJ.:l to heat up at tel!;,: :.ime rji: 
the peak fue.l temperatUi.'t=:s of 70 i:o 80 h-r". 

Figi.;Te f.-]i, sho\-Js that a 27% ir;crease in de-cay he.<i.t ,muld hring peak fue~. 

temperCltnyeS tc, IGUGce. it 3Jsn shows tbdt the 1?0ak flH~l l_empAra'CuT'f'8 rCIll<l.in. 
about 30"'C to -40"(: <:fbwF'.'. \,h.,--;0:0 WlUl Op81'dtinh RCCS~ Th\ls~ Ldlure of the R8CS 
does "Dt ii,lve ;; m2l.Jc'r iir1l1Rct ;m U1€ peak fuel te-mpf!raLUre8~ 

-f?,f:b;;cl8 (If dr.c{'sy hea;~ va-ciatiQH i.n. vess.el ti21l!pet'atl.lre at'\;, sh,),,yn :in 
Figure ~l-l.5o P. !;(J~{ luc:rB&S8 iT': df~CHY heat Hould result ::I." p~t;k vessel temV8t"-­
at'ures al:mv", LCtO(!"'C W}l"S Lh",n. l(}OG h.t" -(6 weeks) after the? beginni£':g ':)[ the ac~ 
Ci:::fl~llt " 

-vf'llU.,,: tb::ot"e ::.5 ),c &p,"eJ_H.c 'J'2:8Aei tenrperd.tcice at which fall-ures are ce!.···' 
ts1n, ut ':000"'(; v~ma-,1. -r.nLEgrity can. IUOgt ~akely aDt be. 2S5t;,_'ed, At the ::lame 

time the pU_ik luel tsaper.3.t-1Jre at sn~h de{cay heat level s arc ahout 1780'"'C. 
with only 19% rYi' the cor~ eller 2?:ceed:f."g 1600'}C, i.n the time ra:1ge from 24 tv 
~jJO hr' ~ A': the t:l.rl8 ot p88k w"g821 temper2i:ures, core .8.VerEge and p.9ak tem"''' 
per .:'(tllres nr>2: t 21 S"G and 1 320" G Y'BS pee-t:Lve 1y ~ Thus. at such i rt(""'f'2<'1sed decay 



heat 12v219i> esses are Cc',;;cei vable, Wh,""C2c .some fuel £ai_luTes <){:cur,ed at about 
H10 hr. with SUb::;2Q:J811t vc~seJ fa.:UllY'08 ,:tfteJ::' s0v0t'rtl ,weeks, 'w-h<?11 cor~ U!.m" 
;::tBrature:3 hdve HI'ready returned to the 1200"C to UGO°C :'8rige. 

-:'hc '0ffect of vat'iatJon iE core the.nn:al concinc.t:iV'i.t.i(;'e is shown in 
Flgur", !;~1fj.,. and is ':,ncludecl in TabJe 4~2~ The resulting peak f.uel tem.pera­
'["ure,s .are ,,'-gain ahoul 30"C b . .igher lhan those for the correspmldirtg cases I<Jith 
ReCS·,. A lOBs :)f 33% in th(~"J:'mal cOtbJnc";:.ivity would be: l.'0quired ~_o reach il. pee.k 
fnel tempera::'un: of 1600"'C, As ro;;.ciueeci cote thermal c.ondtJctivicics had only 
v,,~-r-y ;ilinor effects on the V;2SG~: tempel."2.tnTe@. these: CEu;es wer-e not extended 
to longer timt,s or to othl,),T C'.fHW1"0t0!soil va1'i.stions" 

Thus l itl Bmlfillary~ the deolY heJit ;:wd thermal conductivity ITl2.rgins fot" 
EU"":!. fa1.1Hres are v~ry (:10<:;1;'; to those fo. cases ",rith ReGS. How~ver, highEr 
,]ecay hCi1.t levels can affect the peale vessel temperatures negatively. possibly 
resulting i.n SCH;).e $tn,ctltral fa1.Il.n"'es at very long times into the transient, 
a.gain pOlnttng to a ne0.d foL' high confidence in the provided deci;l.Y heat data~ 
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5,. AIR INGP-J~SS I)tn~I~'1G DBP1:tJ:~SSURIZRJ) CORE-Hl':ATUP ACCIDENT~, WiTH i3'.ATLP:D CROSS 
DUG': ANU/O):{, YAILEn REACTOR VESSEL 

The 1,,,,, probabi l:1.t~y ;Jc-clcie,1t s.:enario y.<t:d.ch hriS ill~Q'ay~ raised sig,---J.flcant 
C01JCf.\l"\1 in r,;:H>'.2~J(jled roac.tot" con.cept8 is an ~\iT ingress 8cdde1it ~"ith signf­
f:U:..£Ult ):\,<:aph11:0 ox:!.datJono So-called graphite f(res are virtually preelvded 
':1.'/ the Cl!Xrf~nt i'1HTGR de,sign" Th.e ai, in,gresx 'iC8r;tl,:Los COtl.Si.aeTeJ here ,3,re of 
""-Kt:r'-2~)K>J.y 10"'" rl":otHl.bHHy) Imt :;DuLI h,ad to :::11$ formatioL of ;:::omhllstible 
g&Gcrl and, i.f: n.l1owed to persist for .~ long tIme, tc a we<l,kf!'11.njJ; of the cO!'e 
"tnv:::::u£';,,¥ Fcr£tho:.['tll.ore j :if th8 exoth€!:1'1~lt grilphite oxidHtion with a:tl:' c..~:)1,-,la 

:i'1clCez$,">. the fuel. t2myerattlrss ,·mf.fi'.c.i~:nt1y, fue,l failures and fie~lor: product 
:rt1(;;wJ(~ CCH11f~ ,:e$~)lto 

the PJi'I'Gtl ?recl.udes 
'[;'¥B"1t. It would requLre the 
botb~ top and bottom J.ocst:icns~ 

sign:ttic-3.i.1r o,t-::- i:1greHs from 
sJ.!llult&neous failure of the 
or ;1 ,~omf.'let(: dot:hle guillc'-

a cn~dlble 
reactor v8('sel at 
dnf~ break of the shot't c:toss duct. which is built to vessel sp::!~ific$.tiQ-ns" 

J;l1-:.i.ltO [,nc:, s(:e:nl1r:i.oR, U.'t:0 shearing the C):'088 du.~t I.mt le3vin.lS t"ne re8.'-~t.cr. and 
it~; '!,nt<S1CD$I COmp~)D8.nt:.s int.srct, may not be crerlih::.e e'lents~ they crtD. serve as 
act dr-peT b'JI.<r:.,'\. FryX' potential ili:t ingress sceuarios, estnblishing boc:1diag COfl.­
FN1'32'-'ces. T':. weB therefore aS8UnE<o her;:>. that the eyeDS dDct t.:J.B fai.!.[~J 

calii!i>trophiutlly S'fl.d yet rema",TIs fu).ly o?en lOY gas flow ':nto and (Jut of [;,,1 
iutHct i.'03ct"f' Y088~1" 

ro.LD','f:lng such a crOSH duet br.eak" gaB 'i'Ol.lld er:ter the inner ~ectivn of 
th"! 2I.El.Ul;\I: C-::>}@H duc.t t flc"~jrii1g by natc:n::al con\1~<:.ti.on 'Upward thr<)'Ugn the eore p 

t:K,:'i, cbwnward at the c"r(! oE;:rrel> t.o (U.s~harge thxOUg:--l the oHlCer suavlus of 
the CT."jS8 iluct", S:lg-nifi';,'H1.t gas re~i.r{':lilfl.tiQn WGuld o~nn:: &t ::.ht: txit:, with 
;);i'Tt ot th<., -il1flo,?'i'1g gag be.ing ~xhalwt g,'}$., Ag81':r, thiB recin::ulaticn" as 
'11011 a.8 the [fl..::,". th0.f the fn~,Bh ,3.1~: iuve.o.to't'Y in the sile cf'vitic.s is vct)· 
~im:it,";.i~ sre tl-21ng di.8T0garo0.d. REltber" [1on-mec:h2n.isti~al1y~ pure air inflow 
hd::c ;:1180 {'hl:'0l" 1~,,",-cU.on af the crO$S dw:::t is generally $.ssllmed~ 

S",e,pcqltent to such a break the reac.tor w'{)n:Ld 81<.ped.ence E C.Ote (l"',prcg­
~H'rized ik~atl)p ::Yi1ilSir&n.t ~rith decay heat rE'j(.'ctiO'.l to tile pS!1S1ve Reactor 
(:'9.'111:'/ tooling Systel:l', 3B described in Secti.ol1 3~ The natvral (:.OtWect.ivD gas 
f].,:w tnrd'U!;r, the r(!8o:,'xor. COUplEC/. with. the l:l\,flS8 transfer 3.nd chemicrl.-L reaet".oTr 
b<;t~.JH~n the l)'j,CGllling oXY88tl aud the core g.caphtt€ will be In;alyz£',d, -tn thl.s 
SC(;ti.('L;.~ 

,,:ofllj>oted by th,," TI1A'.2CH ;:'.ode. Tlm tran:ell.ent reactor temperatllye fiEld is 
as d0'~CX·'-.tv2d in SI2.Cti0:1 3. Tn computing the 
he,'J,t geI',er.:l':h>n .f'l"()'f! trm chemical reac.tiollil 0f graphir:e I).(Hl oxyge.n ~Tas found 

In 1'!lJ)n" recent Cll~..s~ this z~ffeet t~) be )'E~1'.11 ~ and was initlaliy neglec.te:(l ~ 
vas In;;.l'wj,,,,d b:y coupling the TIIAICa code and the £101'" i-1i:1d ::))\'Id3ticn C{,,;frpUt8:­

t -jOH",' t~') he d0f.;o:ril)0d here. 

n1lge;~. en 1:h(o afh)Ve t€mp':CY'-8.ture history; the. 'mATCH fLow mochle 1 Yt-GXI, 
E:,\'ilLjo-tt",0~ th2 i~8S n,(;W through the r~{tctoT coup2.ed l)-r!.th d:.~ g;-:'aplLi_!:,':(;zygf:n 
d:lpm·xi:0.i. r0<-,CC:~':'~1, The code rep:tezents sewer',sl p':-intllel -f},:nf channels tnr0ugl:'. 
thfc< co'(1!:. ace u'.'H' £:.ow ,-:harmel at the (~OJre btH:-reJ. Gene,:ally. tbe flow ""ill t:8 



uj)\<mrd t1.1rough th(~ COTe and down.ward 10. the cuter core barn.;:! (:b$nr,,~l~ '1'Y91'­
<'_HIty-o the YLOXI p~r811e.l flow channels follow t1W! THAT(;f-l ::-8.dial ;lOdal1.:!,3,ttnn j 

:an.d ,s-J;; par311el flow c.hatlne.ls 'WeJrE!' en'Ploy~d \wre. Axially; ,:'-adl i'.lf)"y !:,:'btrutel 
nad 28 nf)deR~ of which 20 were in the active co'te~ 

TI1,'~ gus- flow through the reactor f.s mod01.1eQ by 3. q1J3S-:!-Stc;iiJy Ho-mellt,i,lli 
equiltioft, pclm8rily balancing buoyancy and friction fo:t:('.cs. ':elte gas tp.mpe-:-a.­
t",llLe is Iltl.8umec. to follow the teruper.sture of the solid st,uctures, 1;.ihicl-', 1.'S 
belie'fe0 t:) be a good 3.ssumptiQrl iT: the eore durin.g these --jeery slow- tr:anSlent8 
"Jith a lot.' tlwnilal cap<;l.(:itance. gae :flowIng through", :dtnwtlH'8 of ve:::y la:tge 
thermal cap-ar:-tt-anc0, Alt~rnately ~ the gag temperatllre,. t:<0U be computed ~ 
m,),l"011ing t'he. conv0.ctive heat transfer betweeo. t.he solid Htr'J:<:tlft't"es and the 
;:",.0;" Thi~ was done in 8ome: of the late,!' rU",;.S for th'~ core bar:'"(~l T(ogiun~ re-­
suldng ::1_fl mo~;:: accurate flow comput::1tioTU::l, w11:io:::h typically yieLd 10% .1mtlE:t" 

"-O\~, gn:'.; flows. GRB properties d!'e evaluated for dw prevailing mlxtul>';;8. 
f'f'yW\'t):ting Oz. N", ~ CO~ CO2 ~ H20~ H:;: and He as gas eOIl1:?Ol.l.&nts. The. flo'''' C.0J'tpU.­

tad,em:,! lEelude the effect of gas expansion ,-:'\?-su1 tlng from thE'. chemil'-'''J. re3C~ 
!'.:inn and its gffe.ct on the increase.d f:dctioD pt'eS3t1re drop .. 

It; 811 eaees the core flow was found to be 1-9.minar. ,,·it:I: ReYIwlds tHJm!Je:t: 
gl!'ne.raily rwtweerr 5 and 50, and wIth gas velocities between O~:i. an.] 0.4 m!g, 

The }jraphit,~ oxidatiou process :La a lntu:ct:i;:m of the. Leoj.'eT<lt'J:l'e TegJ.lilt'. 
At~ 10w tE'-mpiH"at1..n:t,s~ the carbon/oxygen reaction kinetics contK'ol t.h8 t'eactif)n 
::08.1;: 2" At intetme.ciia.te temperatures. the in-pOl'!; ::liff uslon is c()rt"to 11 i.ng • 
~)hi2..e ~t high tempetatnres r.h8. coolant to surface mass transfer hy diff:us:Lol!. 
l.lere l,-., a l{Hnfnc.'; flcw field~ is controlling. 

To consi.der" s11 three regimes a: model including external m.:H?,G t:r<Jmafer, 
il1"-p;ore G-:_ffufJiou, snd chemical reaction. kinetics would: be -ret.;:.:.ired, as 1.$ 
dC.Fif" for insca1rce in tiE! OxiJe-] code [Peraml!_~a:n et al~ ~ _~974]. For the ,"E'­
rent in:l.U<>.l ap?lic;;!!:.ions it wes decided to use a. simph::t" approach, cO:Jlb1n.iag 
the it,~-pore difflU;ion. and chemic.al reac.tion prOC€H0- into a s:i.ngl(, T.,~,\grr;'li.r-­

.\Ilnl~helw()od type semi~e1irptr:i.cal eqlls.tiol1 as done) for iWltcF'ce, hy >foofm.arm 
AXod P!:,"~crsetl [1.982]" Ynis ~quatlon is 

p, 
In 

! 
D 

o 

M,ol;~s 02 

[-~2-1 
Ul s 

~;!he1;2- II i.s tl!1':~ crz:idation rat;;. per ;lnit sUl':!:ace area} :PO is t~]e p.:n:dal 
pressure of f):;t,ygen and D is the binary difftu!ion cGeffident2 of. uxygcn 1" the 
gfid l1Lixtur~~ e 1.8 the gas tempe.rsture, kl' k 2 • (:1 and Cz are C('rlst:ant:::c" no 
:l::-. che binary di. ffuslon. coefficient at refere:n~e r:e.mpeTatu:rc DUd. prte$SUre. 
XLi,! n:1atlonship is solved simultaneously with the coohmt Lo 81.'.rface ll':H.S8 
tt'<'lrtf;h:T f'el.a.t1onsnip 

- p 1 o w 
2 
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where the mass transfer coefficient B is computed from r:he Sherwood number 
correlation 

and for pUleely laminar flow 

Sh 

• 
R is the universal gas constant, 
number and v the gas viscos1ty~ 
bulk stream valce$~ respectively~ 

d the coolant hole diameter, Re the 
The subscripts TN and str refer to 

(3) 

(3.) 

Reynolds 
wall and 

The shortcoming of this model is that for the in-pore diffusion regime it 
cannot predict the lateral distribution of the oxidation process, i~e., the 
depth of the reaction zone a (In the chemical reaction conr:rolled regime the 
burn~off is essentially uniform throughout the graphite~ while for the coolant 
to surface mass transfer controlled regime essentially all the oxidation 
occurs at the surface.) 

As will be shown below~ the temperatures in the center of the core vir­
tually always extend well into the mags transfer controlled regime, and essen­
tially 8111 incoming oxygen will react. Therefore. the total amount of carbon 
reacting is determined by the ga,s inflow rate, whic.h in turn is limited by the 
high core friction pressure drop. Thus, this model is sufficient for our cur­
rent evaluationss 

The b1toary diffus:l.on coefficients for various non-polar gas mixtures were 
computed based on the Chapman-Enskog kinetic theory [Bird et al~, 1960J~ 

For most of the current evaluations it was assumed, conservatively. that 
the gas inflow at the cross duct was pure aiy~ Therefore) as most representa­
t:Lve~ the hinary diffusion coefficient. of oxygen in nitrogen was used. 

For the Best Estimate Case the reaction rate c.onstartts of Katcher and 
Hoormann [1986] for A3-3 graphite~ a typica.l CGre graphite J were used, since 
these reaction rate constants were re.adily available in the required format. 
Corresponding data Tepresentative of U~S. core graphite will be used in future 
wo.rk~ However, parametric variations of the rate constants by one order up 
and two. orders dO~l will show below, that the total oxidation is strictly gas 
flow limited ~ 

Only the reaction 

was consrdered here. While it is possible tqat initially some CO 2 is formed 
in the cooler bottom regionB of the cere, this CO2 would then react in the 
hotter core regions with carbon to. CO. For the amQunt of combu.stible gases 
formed 1 aud for the total burn-off, the assumed reaction is conservative. If 
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any signifi.cant R11\Ctmtl'l of CO2 wen, to leave the reactor thi s wou:d result :in 
a hlgller chemical e.nerp;y teluH'le £rOll! the ox:Ldatio1l.~ But ~v~~n .1. f, hypotheti­
cally, ;J.11 oxygen would react to CO2 ,, the. effect of trtis chemical energy re­
lease would still be small in c:ompariRon tn the deeay hea1:~ 

5.2 Best Estimate Evaluation 

Initially. after scram frOID full pmller operatioTI t the bottom regions of 
cne core were the hottest (Ilbout 690~C). and assuming pure air inflow at the 
break, some of the entering oxygen did not resct. The volume fraction of air 
leaving the core was 6% at the beginning of the ttansient~ How-ever, within a 
few hours, the temperatures at th2 center of thtc; r::ore rose, and the incoming 
gas flowed into hotter regi.ons, where it reacted fully_ Using best estimate 
chemical reaction rates~ most of the oxidation occurred in tho::! very bottom 
regions of the core, where the in-po;:oe diff:..lsion precess was still control­
ling. In addition to the increase in temperatLH:es~ the total coolant to 
graphite exposed surfa(:~ area also increases very markedly in the upflow 
direc.tion from the Im1'er pler!.um POSt blocks, to the flow distribution blocks~ 
and to r.he bottom reflector: blocks, thus further increasing the reaction rate 
per unit length of core flow channel~ 

The best estimate run '",as establitlhed by iterating between the THATCH and 
FLOXI code to includi>. the effect of ehemic.al reaction heat. on the core temper­
ature field~ This addi!:ioEill energy release amounted to about 10% folt' the 
first 100 hr. However, since it remai.ns primarily concentrated in the lower 
reflector regions~ the peak core temperatures r(l£€ by only 16"C to i.382"C. 
when compared to the best estimate case 4!ithout air ingress of Section 3 (Note 
that comparison is to the case witt, lln.', form radial after heat distribut.ion) ~ 

The air inlet flow and the amount of core graphit.e oxidizing are showu in 
Figure 5~lG The a.ir now decreased early in the transient from about 800 
kg/hr to about 260 kg/hr for most of the traf!stent. In t.he lamina.r flow 
regj.me~ as core temperatures rise, the increased in ccre friction pressure 
drop is more pronounced than the increase in buoyanc.y t thus leading to a flow 
reduetioI'2. as the core heats up and a latet' slight flow increa8e. as the core 
begins to cool down. 

When all oxygen was consumed in the lowe" portion of the core, after the 
first two to three hours, the gas mixture through most of the core was about 
35 vol % CO and 65 vol % N2 • The amouTtt of graph! te oxidized) as shown in 
Figure 5-1, decreased proportional to t.he a1 r inflow from 150 kg/hr early in 
the transient to about 45 kg/hr for most of the trans1.enL 

As 1:he total initial air inventories in the reactor and steam generator 
cavities aTe of the order of 500 kg air eaeh, it is de.ar that a sustained 
pure air inflow is physically impossible as long as the Reactor Building re­
mains int:ect~ Even with an unlimited air supply, significant recirculation 
would occur at the break between the gas entering through the inner section of 
the crOBS duct and the gas leavir,g through the 3urrcundi:ng annular section of 
the cross duct! and the assumption of pure .air inflow Hgain constitutes an 
upper limit. 

In an intact reactor building ~ the available air would be converted with­
in a few hours to CO and Nz. In particular, if the He concentration in the 
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affec.ted cavities after blo\vdc)\~"'!l is sufficiently lO'il~ combustible gas mixtures 
of CO and air c.ould be fGrmed temporarily, and local burning in the reactor 
building outside of the primary loop would be possible~ 

5~3 Parametric Variation of Reaction. Rate Constants 

To assess the effects of uncertainties in graphit.€- oxidat:!.on rates and 
gas diffusion coefficients a set of parametrl.c evaluarions were made. These 
evaluation!':l used an earlier decay heat function t ... hich exceeds the current best 
estimate decay heat function by 28%. The resulting peak core temperature", 
w~re about 1600"C. and for- this hotter core the pr-edicted gas flow rates were 
about 5 to lO% lower than in the current best estimate ca8~~ 

Varying the graphite reactivity. the rate constant kl of Equation (1) was 
raised from its base valu"",, of 2.34 by one order and lo'wered by two orders, 

As the results in Table 5-1 show, the only effect of drastically lower 
reactivity is a relatively minor upward extensior. of the. oxidation region. It 
has virtually no effect on the total amount of graphi.te C1'd.dlzed. The total 
amount of graphite oxldized ac.tually increases very 81ightly with decreasing 
reactivity, since the coolant average density is affe.c.ted by th~ changing gag 
composition, and less of the total core flow path has to carry the iTicreased 
mass flow after reac.ticn~ thJ.s resulting in a 81ightly lower fric.tion pressure 
drop, and 1;1. higher gas inflow. ~~ seeu trom the oxygen Fartial pressures at 
the core inlet ~ the in pore diffusion and chemical reaction are the control­
ling effects at the core f.nlet. Generally the reaction was found to be com­
pleted before the hotter. core t'egions were reached ~ where the ccohmt to 8ur~ 
face mass transfer would be limiting. 

The above e.valuations used a binary diffusion COefficient of oxygert in 
m.l:.rogen~ computed from the Chapman-Enskog model~ To assess the effect of un­
certainty in this c.oefficient:~ a run with a two orders lower diffusion c.oeffi~· 

cient was made~ In "Chis case. with greatly increased coolant to surface m..ass 
transfer resistanc.e} the oxidation process was generally contro:i..led by "(he 
mass transfer resistance and some of the oxidation did occur in the center of 
the COT€.. Beyond the. first few hours. mGst~ but not all. of the. oxygen reac.t­
ed in this case.. 

Table 5-2 compares the gas flow :::-ate8 and carbon burnt for the case {Jf 
reduced gas diffusion coeffic:l.cnt against the base case. Again~ the delayed 
chemical reaction re~m.ltg in a slightly higher mass flow through the core and 
a sl:!.ghtly higher total core graphite oxidation rate during most of the tran­
sient.. But the result indicates that uncertaintie.s in the diffusion coeffi~ 
c.ients ha.ve very little effect. on the total amount of carbon reacting. 

Also included in Table 5-2 are the results for a case where the ,iuflowif'.g 
gas composition is a 50/50 mixture by volume of heliLlm and air. This would be 
more typical of potential gas ingres.s scenaricg~ subsequent to a blo\Jdown. 
than the more hypotl·letical but also more limiting case oE pure air inflo"T. As 
the helium contribution reduces the total con", mass flow to about. one"-tilirrt of 
that for pure air inflow. the amO".lot of carbon burnt is also reduced to about 
one third of the Das2 cas€. burn-ofL 
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TBble. 5~1 Oxidatioll Results at ZO hr for Core Hot Channel 

Legend: 
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I 1:.7 (m) 
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rate conste,nt of Equation (1) 

vertieal d.istance, from entry to bottom reilectoT post block, 
at whieh all oxide is consumed 

partial pressure of 02 in coolant stream in post block 

-= partial pressure of 02 at coolant/graphite surface of post 
block 
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Table 5-2 Core Gas Inlet Flow and Total Graphite Oxidation Rate for Best Escim8te 
Case, Case of Reduced Binary Diffusion, and Case of Helium~Air 

Mixture Entering Core 

--
Energy l 
Release 
due to 

Graphite r 
Inlet Total Core Graphite Oxidation 

Gas Flow Oxidation Rate Fraction of Oxygen as Fraction 
kg/he kg/hr Reacted of Decay Heat 

Reduced Air Reduced Air Reduced Air 
Base Diffusion Helium Base Diffusion Helium Base J)iffusioc Helium Base 
Case Coefficient Mixture Case Coefficient Mixture Case Coefficient Mixture Case 
--~. ,-,- ---- ------------ ----
688 894 246 li2 20 38 .929 .129 .996 ~O13* 

376 402 1.38 66 67 21 1.0 .959 1 ~O .070 

289 302 107 51 52 16 ],0 .988 1.0 .063 

2/40 248 89 42 43 14 1.0 .996 1.0 .060 

233 241 87 41 42 13 1.0 .997 1.0 .065 

238 246 89 42 43 14 1.0 .996 1.0 .071 

248 257 92 43 45 14 1.0 .995 1.0 .078 
-

* using 6% decay heat at time zero 



Also included iT). Table 5-2 is the ['<1[10 'yr. ch.emical energy release from 
graphite oxidation to CO as fraction of the decay heat 8.1: that ttme~ The con­
tribution hom this chemical energy release l-emains flroll:no 6 to 8% of the de­
cay heat~ and is~ there.fore" not a tlMjor eff,ect. particulalyly sil1ce the re­
sults of this suhsection W8re ohta1.r1~d using a very conservative decay heat 
function. 

5 ~4 Conclusion 

In cas~ of a massive "break l.n the coolant pressure bounJary~ suc.h as the 
case of a douhle guillotine cross duct hreak, permitting external gas ingress 
into the caret the resulting natura} convection flow through the core remains 
limited by the in-core friction pres$u-re drop in the coolant hole pas.sages~ 

The flow is always laminar, wit.h typieal Reynolds numbers remaining well belm" 
100. 

1Uth core tempera-:::ureg ::-_1.I3:lng during the subsequent (Core heatll? any m::y~ 
gen entering the core will be oxidized~ and at the prevailing cere tempera­
tuxes virtually all of it will leave .us CO~ Thus. the graphite oxidation rate 
in case of such a massive failure is limited by the possible gag flaw through 
the core and not by the chem:1.cal react:lvity or-mass transfer processes. 

!n an intact reactor building SO;(le temporary local burning could occllr ~ 
with the CO exitlng from t[V~ primary loop r.eacting wlth some of the remaining 
air in the reactor building. 

As long as the total all.' available 
available air of the reactor andior steam 
be consumed within a few hours, resulting 
the lower portions of the bottOD\ reflector 
dizecl~ The mass of graphite. in the active 
under these severe condition;;; the fractior> 
the range of .a few pe'rcent~ 

remains limited to the initially 
generator cavity~ its oxygen would 
in a .few hundred kg of graphit:e in 
a.nd core structure having bee.n cnd­
core: ia about 8000 kg!m. ThUB even 
of graphite re~cted would remain in 

Only if an 'i_mliroi ted air supply we:te available 0 tor instance after de­
struction Qf the Reactor Ih_dlding. and. the 60 kg!hr oxidatIon rate were sus­
tained for rlays~ would a significant les8 of graphite. and less of strltctural 
integrity become a possibility_ 

Thus. even !.moer the above. extreme assumptions, stich $11 accident -would 
not lead to any rapid destruction of the cor€' or 1;0 any significant additional 
fis8ion product releases. 

As the lower plenUlTI core :3v:pport ~08tS and the post bloC'.ks and floy di8~ 
tribution blocks are made out of 2020 stack pole graphite. these results will 
be reviewed using data for 1020 graphite in order to dete;:mine whether any 
preferential oxidation in the originally hot lower plenum region could be of 
further concern~ In pa'tticular 1 since the exposed su:tface area of graphite in 
this part of the resctor is small with respec.t to the c.ere. we do not antici­
pate that there will be any significent concern in this area. 
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6. WATER TNGRf;SS SCRNARTOS 

Vater: jng·ress gcen.srios in connection wi.th de:p.e:3S1.1Tized core. beatuJl tran­
sients were considered briefly i.n connection with the SRDC-·6 and 7 scenarios of 
Chapte.r 1.5 of the PSID. The more seven'. Bo\mding Bvent Sequenc.e BES-4 remains 
to be consi.d~red in the future~ The main emphasfs was to determine 'Whether sig­
nificant graphite oxidation or the accumulation of combustible gases would have 
to be exp(~cted. 

The computations wen~ made ""ith the THATCH/FLOXI code, using the same 
modelling- as descr:Lbed in Section 5 for the case of air ingress, except that 
'#8ter pruperties and the water/graphite chemical reactions were applied here. 

The.s~~ accident sc.enarios include scram and de?ressurization early in the 
transient. followed by 11 depressurized core heatap transient. The chemical 
rcacti(]fl betwee.n steam and graphite is endothermal, but its ~;nergy consumption 
remains very Bmall compared to the core decay heat, and the thermal transient 
was. assumed to proceed identical to the basic depressurized core heatup tran­
sients of Chapter J. 

The :Ln~core gas after depressurization can include slg:ni.f:fcant concentra~ 

ti,ons of H20, since several tons of water were relea.sed into the primary loop 
during SRDC-6 !':cenarios. ]"or the current evaluati.on a mass fraction of .50% H20 
and SD% He was assumed. corresponding to 18 volume % of H20. 

As the HTS is lost. the main loop shutoff valve closes, thus restricting 
flow betw8en the steam generator and the reactor vessel. Howevct:', the valve is 
designed to permit a bypass flow of about 10% of the core flow during normal SCS 
operation. Thug, ~ome flow through the steam generator must also be expec.ted in 
the current depressurized core heatup scenario. Scaling from SCS operating 
conditions, one finds that the pressure drop loss coefficient for the flow path 
through steam generator and main loop valve shou1.d be about 80 to 100 times the 
co'Cresponding coeffiC',ient fOl: the core. However, such scaling from forced flow 
c:ondi1:::ions to natural floy conditions at about 3 orders lower flow rates is 
questionable. Figure 6-1 shows the in-core p;as flows as functions of the MLSV 
flow resistance. (This "equivalent flow resistance" has such high value.s. since 
it includes rr factor of flow cross section areas (!core barrel/Avalve)2, 
whic.h is very large for a nearly closed valve.) For an open MLSV (Xv equiv in 
the range from 10 to 100) the gas flew through the primary loop is about 22 
kg/hr at 20 hr into the tranSient) and :e.o f:::'ow recirculation occurs fn the 
core. At: Kv equiv '" 5 x 10 5 in--core recirculation begins. and the flow from 
the steam generator decreases to Ii few kg/hr. Scaling from the flow distribu­
tions during Res operation would result in a "best estimate" equivalent I<.v 
value of about 107 • At that value, the gas flow from the steam generator is 
about 1 kg/l:r with an in-core up-flow of close to 3 kg/hr and an in-core down~ 
flow of less than 2 kg/hr. For a hermetically sealed MLSV, one would obtain an 
in-core natural circulation flow of about 2 kg/hr. 

,[,hus, even with an open MLSV, the in-core flow of helium gas mixture would 
be lower thsn those encountered during air ingress, primarily due to the lower 
molecular mass, While it is not certain without more detailed valve data where 
flow rates for closed MLSV would lie, they will be significantly lower, and can 
be expected LO be about an order of magnitude lewer than thoge with an open 
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MLSV~ 

Ac.tl.lal gas in~flow rates during the transients and the amount of graphite 
Qxidl",ed Il.re shown for the case of an open MLSV in Figure 6-2~ and for a closed 
va.lve in Figure 6-3. Figure 6~4 shows the in-coTe recirculatIon flows for the 
hest estimate closed valve condition. As in the case of air ingress. it was 
found that except folt the f:i rst few hours, all -entering H20 wEI react ~ foming 
CO and "2. but tha.t the actual amounts of graph:tte oxidized remain very smal1~ 

For the case of a closed valve, it amounted to about 0.3 kg!hr, and even if the 
MLSV were to remaj,n open} the graphite oxidation. rate amounted to about 5 kg/hr 
Qver most of the transient. 

Cases of more massive tube breaks, such as BES-4~ will be evaluated in the 
future. However ~ since the gas flow rates a.fter depressurization cannot be much 
lRrger than the ones encountered here, it is not anticipated that this will lead 
to much higher graphite oxidation rates. 

The effect of the available steam on fuel 
some additional fission product releases will 
FLOXI module, and will be evaluated later" 
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7. CORE llEATUP ACCIDENT SCENARIOS WITHOUT FORCED COOLING AND WITHOUT SCRAM 

If all forced c.ooling is lost, the reactor is to be scrammed and decay 
heat ::i s to be removed by the passive. ReeS. In case of failure of the scram 
system, the reserve shutdo'llTn system should be activated to caUSE! neutranic 
shut dCWfi 1 and to keep the reactor subcritical. 

This section evaluates accident scenarios where, after lOtH, of all forced 
eirculation. neither of the two scram systems succeeds in shutting down the 
reactor. Most of this analysis was done for the case of the RCCS operating 
and with primary loop depressurization early in the accident scenario. An. ex­
tension to the corresponding accident without functioning ReCS. a.nd to the 
case of pressurized conduction cooldown~ will be discussed qualitatively~ 

7.1 Reaetor Kinetics and Xenon Decay 

During conduction cooldown scenarios without scram. the core will ini­
tially heat up, resulting in a rapid power decrease due to the negative 
Doppler feedback. Additionally. the Xenon-l3S concentrations will rise, and 
the reactor will remain subcritical. After about two days the Xenon concen­
tration haa decreased sufficiently that recriticality becomes possible, re­
sulting in power oscillations with a period of about one per hour~ decaying 
to a final quasi-steady level, where positive reactivity. due to low xenon 
levels, just balances the negative reactivity, due to elevated fuel tempera­
ture. 

To model these effects, a point kinetics model with six delayed neutron 
groups [Cheng, 1976J was adapted and incorporated into the THATCH code, to­
gether with a Xenon decay model [Knief, 19811. Details of the model are sum­
marized in Appendix C$ 

7~2 Depressurized Core Heatup Transient with Functioning _ReCS 

Using the neutron kinetics data mostly provided by GA and included in 
Appendix C the resulting best estimate depressurized core heatup transient 
with function RCCS was evaluated. 

Assuming and instantaneous 10s6 of forced circulation at time zero and no 
scram. the core begins to heat up~ re.sulting in a negative reactivity inser­
tion and lOBS of power~ Within 2008 the neutronic power is reduced to 1% of 
full power level r with the total power being produced during this period cor­
responding to about 38 full power seconds ~ During this time the peak active 
core temperature rose by 46"C, while the average c.ore temperature rose by 
120""C. with the temperature rise being most pronounced in the colder upper 
regions of the core, whe.re the cooling by cold inlet helium was interruptad. 
As the xenon concentration increases with decreasing power ~ additional nega­
tive teacdvity is inserted. At 2008 this amounts to 20% of the total nega­
tive reactivity~ 

The xenon concentration peaks at 10 hr J reaching about fOllT times the 
full power equilibrium level. At about 40 hr the xenon concentration drops 
below its full power equi.1:I.brium value, while the average active c.ore tempera­
tures have nearly reached their peak values and aTe relatively constant at 
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1030 "C. As the. xenon concentration decreases further, :::he net reactivity he­
comes positive at about 49 hI', resulting in the onset of power oscillations, 
with the first four peaks as listed below: 

Peak TimE! Power 
No [hr] [HW] 

1 49.8 16.9 
2 50.9 8.7 
3 51.7 5.7 
4 52~4 4.4 

Decay heat and total power fOl: this period a.re shown in Figure 7-1. As 

the oscillations subsi.de_. a qUas1-steady level is reached. where the power 
just keeps the xenon level at a value to balance the negative reactivity due 
to elevated fuel temperatures. After this state is established, the reactor 
temperatures remain vi?tually constant with a peak active core temperature of 
1760"C being reached at about 95 hr. The c.ore average temperature remains 
about constant at l315°C. 

Typical results for this transient are shown in Figure 7-2 to ]-50 Up to 
about 50 hr the tranBient proceeds similar to the case with scram, except 
that. due to power input of the first fel;", minutes. the effective initial tem­
peratures are about 120"C higher~ At about 50 hr, as peak core temperatures 
are being approaehed, the power oscillations begin (In the 50 to 60 hr range. 
the plot points g'lpplied in Figure 1-3 were too coarse to producf> t.he correct. 
oscillations J which are shown correctly 1 howeve:!: y in the expanded scale of 
Figure 7-1). Subsequent to the power oscil1ations~ the total core po~;rer 
SI'!:tt12s at about 2~8MW at 57hr~ decaying slowly to about 2~1 MW at 100 hr~ re­
maining roughly constant theTeafter~ 

Doe to this increased COTe power, core temperatures begin to r:tse 8gatn 
at 49 hr and reach their fina2. plateau at about 100 hr, with peak and average 
core temperatures of 1760"C and 13lO"C respectively. In 18% of the core the 
temperatures exceed. 1600"C" The reactor vessel temperatures reach the ASHE 
code limit value of 480"C (900"C) at 75 hr and remain close to 550"C beyond 
130 hr. The ReGS can su('.cessful1y absorb the heat load of 2.1 WJ with an air 
exit temperature of 16S"C. As the temperatures in the cere exceea 1600"C be­
yond 60 hr p remaining lndefinitively at this level, additional long term £is= 
sion product releases~ after maybe 100 hI', from the fuel to the reactor vessel 
atmosphere would have to be anticipated. However, with little or no gas ex:­
pans ion in the primary loop. not much of this release would be expected to es­
cape from the reactor~ 

As the indicated peak vessel temperatures exceed the projected ASME code 
limit of 480oC~ a re-use of the reactor vesael, subsequent to the B.ccice[J.t~ 
would be precluded. 

Without scram the above accident temperatures would perSist indefi.nitely 
and a successful scram would be required to initiate a final core cooldown. 

The final c.ore temperature level during this accident scenarios is dic­
tated by a balance between negative fuel temperaxure coefficieIlts.positl.ve 
reactiv~ty fran moderator and reflec.tor, and reduced xenon concentrations~ 
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All t.hese values depend on the total reactor temperature field. as well as on 
the microscopic Xenon-J.35 cross section and the macroscopic fission cross sec­
tions. Best estimates of these values were used h€re. Howe',Yer~ to establish 
more confidence in the quantitative results, a further sensitivity study is 
planned in order to identify any possible uncertainties in the resulting peak 
fuel temperatures. This is essenti.al. since t.he peak fuel temperatures are 
strongly depe.ndent on the DoppJer feedback coefficient. 

Initial variations indicate that using a lower Xenon nicroscopic cross 
section of ls4 x 10Gb (nux weighted value, typical\?" used in LWR applica­
tion.s), rather th.an the "Barn-book" value of 2..65 x 10 b, results In rec.riti~ 
c.ality occurring about 41 hr, i.e. about 9 hr earlier than in the Base Case. 

7.3 Extension to Pressurized Core HeatuE Transient Without Scram 

This case has not been evaluated yet. but future evaluations are 
planned 0 With the above mechanism for core heat up transients without scram~ 
0112 can anticipate that the transient will proceed ver.y similarly to the de­
pressuri.zed case, although with slightly 1m-fer peak core tempe.ratu.reso 

This case. is particlliarly .important~ since it could lead to the only 
mechanistic accident scenario wi.th significant fuel failures) even though its 
probability may be vanishingly small. 

Assume loss of all forced circulation and no scram. The system remain 
pressurized and decay heat removal via ReCS begins. Recriticality occurs 
around 50 hr~ Fuel failure temperatures are reached at 60 hrl with peak fuel 
temperatures above 170Q Q C lasting for days~ The e.xpected peak vessel tempe:ra­
tures~ above SOQ"e, are well beyond ;::he design limits for an extended period 
of time~ Ultimately vessel failure and depressurization would have to Df!. ex­
pected, for instan.ce at 120 hre The primary coolant then released to the at'­
mosphere would have a much higher fission product concentration than those of 
the other accident scenarios considered so far. While this scenario may have 
an extremely small probabilitY9 these considerations indicate the desirability 
of scram systems of high reliability and redundancy. 

7.4 Extension to Core Heatup Transi~~~~_~~tE~~~cram and Without Functioning 
ReCS 

This 
planoed. 
transient 
peratures 
efficient 
transient 

case has not been evaluated yet, bat future evaluations are 
QualitattvelYj W~ can again expect a transient very similar to the 
with functioning RCeS, most likely with very similar peak core tem­
and slightly higher long term vessel temperatures) due to the less 
vessel to cavity heat transfe.r cond1tlons~ For the first 100 hr the 
should proceed very close to the corresponding case with RCCS~ 
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8 ~ REDUCTION TN REACTOR CAVITY HEAT TRANSFER DUE TO H20 AN])! OR CO 2 
ACCUMULATION 

Watel.~ vapor, earhon dloxide and, to a leS9~r extent. also carbon monoxide 
are gases which absorb radiation at certa:tn wave length5~ Ingress of such 
gases into the reactor cavity could therefore reduc.e the predominantly radiant 
heat transfer from the reactor vessel to the ReCS panels and raise the pe.ak 
ves.<!el temperature~ .But it would have only a very minor effect OIl the peak 
fue.l temperatuT£'.s" The absorption of radiant heat transfer is strongly depen­
dent on the parti.al pressure of the ga.ses~ 

Ingress of CO2 Dr CO intD the reactor cavity could only occur after a 
significant ingress of a.ir or water into the primary loop has taken place. 
And eveTl then a theoretical upper limit for the CO2 partial pressure would be 
0.2l atmospheres, jf all 02 ;.rere replac.ed by CO 2 , 1o!ith no other gases like 
helium remaining * The probability of such an ""vent would have to be minute. 
However. H20 could enter the reactor cavity witncut any chemical reactiuns in 
the core. just due to some massive steam side break. for int'ltance in the steam 
generator cavity. And at the prevailing reactor cavity temperature8~ H20 
could exist at 1'1 partial pressure of 1.0 atmospheres. Water ingress is, 
therefore~ the scenario of more concern. 

Radiant heat transfer across H20 and CO 2 J.$ strongly "banded". i.e ... ab­
sorption only occurs over certain wave lengths. The temperature range in the 
reactor cavity of 100 to 500<>C is significantly 10'(ver than the area of most 
interest in gas radiation) and the commonly used emittance data are kIlO1m to 
be inaccurate in the low tf!mperature range [Sparrow and Cess, 1966J ~ There­
fore, the spectral nature of the CO2 and H20 absorption should be considered 
in any acc.urate assessment of the effect of these gases on the reactor cavity 
heat transfer~ 

At this time, an initial e.stimate of this effect was made by m>ing the 
band approximation model suggested by Sparrow and Cess. 1966. Details of the 
model are given in Appendix D. The results obtained there indicate that the 
effect of replacing all air in the cavity with water vapor would reduce the 
ra.diative heat transfer hy about 32%~ Currently, vessel and Rees panel emis~ 
sivities of E: '" 0.8 are used in our THATCH models as best estimate values. 
corresponding to an overall reactor cavity emmissi<Jity \'.:1 2 "" 0.69. To 
simulate this reduction in heat transfer of 32% in our current THATCH model, 
the above compone.ot emissivities were lowered from 0.8 to 0.61 yielding an 
overall value E1 2 "" O~470, THATCH runs with 8uc.h reduced cmissivities re­
s131 ted in a :Jeak' vessel tempera ture of 469" C. i. e" 45 <> C above the best esti ~ 
mate values of Section 3. Af3 pointed out in Section 3. the effect of reduced 
emissivities on the fuel temperatures remains very minor. 

If normal steady state operation were maintained during such a scenario 
of 'ifater ingress into the. reac.tor cavity ~ a vessel temperature increase of 
about 40~C from 220°C to 260 a C would he encountered. 

It should be emphagized that these are initial estimates. anJ that more 
detailed evaluations should be performed. However. it can also be noted that 
the current estimates include some conservatism. If the cavi ty were to fi1l 
With water vapor. the convective heat tral1sfer j which currently contributes 
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only 5-10% of the total heat tram~fer would be enha.nced. possibly even includ­
Lng some concie.nr;ation And vaporization on the Recs panels~ Furtherm.ore_. the 
estirnad_on of heat transfer reduction in Appendix D assumed black surface.s j 

and the fr-ilctlonal rerlactlorl for grey surface£; would be expected to be slig"bt­
ly lower~ 

At this tim€'.. indications are that the peak vessel temperatures unclet" 
sU('.h a scenario would increase measnrably, yet remain below the permissible 
values of 480"C (or 540"C). 



9 ~ TEMPERATUHE TRANS f ENTS SUBSEQUENT TO A COLLAPSE Of THE CORE SUPPORT 
STRUCTURE 

As tlw core geometty subsoq,.ent to a collapse of the core support struc­
ture is not defined, the evaluation of such scenarios remains rather uncer­
tain. However) some qualitative featu:ces can be pointed out, T"f)e current 
analysis considered here is only a. preliminary step. and mor(' comprehensive 
0.valuatiorw of fu;:ther sCE'.narios should be conducted at a later lime. 

In the hypotheticiil event of a complete colla.psc of the core support 
structure. the fuel and ref1ectcr elements could fal] an.d fill up some of the 
bottom ?lenum spa.ce. Figure 9-1 (Figure 4.3-6 of the PSID) shows the location 
of the ac.tive fuel elements, surrounded by layers of reflector elements on all 
si.des. The figure c.learly shows that even if suc!! 3. collapse of the core sup­
port structure were to occur, it would be extremely unlikely that any fuel 
elements could find their way to the vessel wal1s~ Nevertheless. the current 
analysis evaluates the ranges of fuel and vessel temperatures to l)€ expected 
if individual fuel elements should rest next to the vessel walL 

The fuel element:s. hexagonal prisms, can llever touch the cylindrical or 
spherical vessel walls at all of their surface. i,e •• gaps must remain between 
fuel elementa arro the vessel surface, except at local points. \hth these un­
certainties in mind, several simplified geometric configurations with simpli­
fied fuel ele-mer,t. vessel and gap geometry were investigated. The fuel ele­
ment was modelled as a. cylinder:- haVing about the same volume and thickness as 
an actual fuel element. as well as the same decay heat power density. The 
element loJas considered to be surrounded by reflector elements, except for its 
bottom face, which was facing either the steel vessel surface. or a concrete 
surface. The outer- surface of the steel vessel faced an air gap of 2m and 
then thermal insulation, and shielding, with concrete below these layer8~ 

typical of the bottom regior. of the reactor building. 

In the Base Case, assuming a collapse of the core structure as init1.ator 
of the accident. a hot fuel element of BOO"e average temperature Is assumed to 
rest against the ve8sel walls with' an average gap width of 2 cm. The vessel 
is initially at 220°C, and the surrounding reflector blocks are at 700 oe. The 
maximum and average temperatures fot this case are shawn in Figutes 9-2 and 
9-3~ Initially~ the inner sections of the fuel element experienc€ a slight 
temperature rise, peaking after 17 minutes at 83S"C and then decreasing to 
about 690"C. while the fuel element average tempeLat~re decreases from the be­
ginning, settling after about 5 hr at about 670"C~ 

The vessel maximum and average temperatures rise to their respective peak 
values of 665"C !lind 64S"C over a period of about 25 hr, and remain virtually 
constant thereafter up to 100 hr~ 

The fuel temperatures in this case do not come anywhere near the values 
of 1300 to 1400"C, which are encountered in the core heatu? accident scenarios 
discussed in Chapter 3. The local vessel temperatures e~g., under the fuel 
element, gBt much hotter than in core hea~up s~enario8, and one might have to 
consider whether at these temperatures the vessel (locally) could continue to 
hold the load that it is subjected to~ 
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Figure 9-4 8ho,.l:3 th.s heat flO\>,l's for this scet!ario. The decay hen-c a.ml 
hedt flow of the fuel 81 elllf"nt remain c.losely !llBltch8d after the- fin;t f(~,,, 

bO~l"t'$. ri;osult:lng h! a virtually constCint fuel DlemeI1t r:emps·.~i;1tLI"C< 'FOT the 
vc.&sel, c:.he "C"i("089 ave, point" j whsre heat l08fl to th,,~ c.ml,crete: i!xeeecr;; ne:±t 
g<'1in from the fuel .or:d reflector elements ~ 19 only reached after 80 ilr ~ 1'11.0 
{ig'.lr~ 8.1$0 shows that: the decay heat of a slngll'! fuel element cQ.:'",!::'esponds to 
:hat of a 3 Lo 4 KI.j' heater, which ::.;;; a relatively small J.Dad. 

S&v",ral pal-ametric vs:riatlon8 of chis case are 8tilB!l'.a:tized in '{'able l\.-l. ~ 
The results ""Lndi.::'.Bte that the 2veTaged gdp size betwe.en the '.Jess!?.l gu.f1:l.('e fmG 
the ftls-:.. (',l(',U1'2_11t has vi,rtually no effect on the peak fve} or vess.:d tetr.''JWf<9l­

;,,-,:r::::~, Ll1d1_cHting that 1-'adiation heat transfer is domi1J.6.nt (Ca8f~ No.2). n: 
!:he fltel element were L18ulated from the reflector elements, Le" all he3t 
Wt~re trnrL'ot£en:,,,,d di,~ctly fn)t11 the fU81 clement to the vessel, "'Dout BO'Je 
hIgher peak fuel temperatures and about lOO"C higher p<f.a.k vessel t.e:0pen~tn:r;;-:3 
aTE'. p0ss:Lhle (Cases 3 ar.d 4). ThE> availsbility cf merE> re.flecto, 8txrhcc0 flr"fl 
3TOllXI.1 the £'1121 e1 ement hardly affecte.d fuel or vessel temperatures (Case 5) * 

rf) s:i:m,-l18,t"e a Eere support s::ructllre failure at about 50 1-,r into a core heat\;]' 
JC:::1dent, wh,-':n ·::ore tempceratllres a't0: close to thetr peak. a C,H:;(, wi-ch COYi.'e·' 
spor;{Bng initial temJer'atuTcs ""a.& run. This time the fue'L element ha:rdly ex·­
('cedell it-iS te:illperattlre [f.t the lime of faihn:e and begins to c.ool GO'0;:',) "i\:{le 
the- ?eBk ',yeflsel temperatucE:'. l:e'1c.he.d a much ktg!-,_€y va.lue of 954"C (CS"l."c 6)~ 

The cas.:.' of 2. fuel E"_leme.nt resting on concrete. SUTrounded by the saNC'. 
hlocks cf :;.e£)cc;:",1:(' materi.al, was also ,,"valuated. In this case, i! peak fm-,:l 
':'.f',mperntci'le of 83S"'C Hag reac.hed after 20 mit1ute.s. whi.l£~ t1"'iE'. p:?3.'4. c{jn~rctc: 
-:;:empH::'n.tll:ces of 660~C were l"ec.ched att~:r about: 3 1/'1 hr~ w:ith It nlrlw d0C,1;CH32 

in te\\Ype-rature8 there<>.fter, 

The abo,rfo cases aS$Lllfi-,€ no R8CS coolir'cg to be available after the Cd.te~ 

:'>tI'cphic c.ore 3UPP0t"i: system collapsE:. And -::.hr,y aJso a3811v,e chat the fuel 
eis:nent next to t1,e vessel or concrete surface ts s!.2fflciently "'$:1: away from 
the- rest e;£ the carr;: to not be -nev-ted from the back" In a ran npplying hcnt­
L:g cf t~!'" fnd element by large masses of othel' fuel elemenUl. signLfiJ:al1tly 
higher fuel ;:Hld vEssel temperatures were obtained At IT'2'xi1llum rm"l te.mp('r.;.:­
:::'U'L0S of 1360<:>C, t'ep.resenting a typical peak fuel temperature dvring ·:0)..'12-

h<2atup sc.en3J:io8, the peak temperature -Ln. the fuel element adjacwlt to the 
vf2s82.1 t'E-cu::h(';d 1.29S~C. and lh<0 peak vessel temper2tu-re '.'lSS l.28Q{lC~ At sue'" 
V::ntperat>:,rcs. v,,-,ssel intcgri ty C(1)ld n(1t be assured 0 However, -".ddi tio:"1al fuel 
L:-tilures wl'ul:'1 still not be expected. A"i_80. Guc.h a gcen2.rio of a single. (D" a 
few fuel elements -resting against the vessel and a he.at source corresponding 
tc :til Intact [Core bd;ind them is an incredible, if not impossible, 3cenaric. 

The curr0nt COTtcLllsion from thes", e'lah.!stioll.5 is that a cOJ..la}:se of the 
ir,tCr'nal ~·.(:.re geometry cannot lead to i-we!. tE-illpErattH'Cs higher tha.n t':1ose 
fOi:l',ci i.n ~m iLtac.t (~o:te georrlf'.try. For if>.ve_ry phy;.ic.2tl1y pOE-Bible re~,.a.f',ge'llosnt 

or fuel elements their oV2ral1 volume enn only inc.rease~ resulting in a 1,NJer' 
o V'.': t:A.J.l pm.;er density and larger exterior heat tr3.nsfer aren of tht'.: cocco 
,,'IlVplOP0, Roth facro,s 'lend to lowe.r peak fuel tertrperatu!'e~ 1-lo\"JE'v,"c, :Lr: f~' 

pO:'lsihlc to ccn.ce:1ve hi.ghly improbable but physically not impossD)lc scena-cL­
m$7 where Cuel el'?ment~; Louching the lieS/He I caD canFle lo,::al vesl:lel hot ;.;pots 
';lhicil mlg~~ jnrhw€ ftif't"(lE_::' struchlral faihlres Qf. the vessel. 
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"~"i"'--';l';e of ~;,-ctit)'"c; 3- rhrougb <j, "TiiJl new items lJ> be addeD at. tJ1C' ('i,d. 
"t'_'10t,J_Ii,=,:l\,-' m:l'i,:'r items \.>!il1 be iw'}wlt-:;i fOT eOl'll'let€nE'ss. 

'lod,'-If."E of c.(;j~e ile<ltup ;H'f,n.1.r:lo;:; Hieh funCLlo"!l.Lng aces :,8 i:21Yiy ':<)fT\'~ 

~,d(;l~, ,Hd [1;"" TlGt i:",quiT€ mm,!1 ;,ddit-lon81 ,,,ork, i;l pat"1.i;:l)"W'- since i_k~ .. 
',<10 L-,_ 

Cine of tlw 'fl,c/lindlllg }:v(-;nt. bf'llpencf:'.s ['on'lnla.tc;r;f tnw,-nds thE' elld o{ the r't'­

,,:lcc'ioJ proc(~,;S (':111s fe" less oi. 'RCCS cool:!n?, fo1' 30 bOllI'S ,'!it_h p,'1rti,,;i R',;CS 
':OOL11'L £101,1 L"I.:'-itfy!"rri ,:;fl:er ttwt Lime, PCBk vl2_sseJ teTIlF\2r-ilLnrc~ "l0'~ild Iw j __ ;')(~ 

main iL"'!TI1 o!' intcT('st ;" such a t,cel'la.cio, ThE' ;,-!oJellLng rut' tlv:, p0rtod al!J,-c 
p8rrldJ. "'2bLtHa.l'lof) of the- coolant ii.o'r,' HouLl h8V0 tc cO'_lsidel" tk,' fact t,har: 
rb:, dOW;1~·flQ\.j .::1].r Pil~:');jgc", "-no thf.' conct'et.e hd-lind the\Jl h-i1.vl',' ~H~f'll r"'3ted Bllh-­

",t_'fl~tL!l':':!, re,.;111tiqg 'it If'odst Jnill.iLily -:n much 1-'o,c<;,:; l:W{)YdllCY for tlF P.Cr;S 
ilir 'f1()W" Thus, th~ (:or,vcct1.v:; h('8t transie£' in t:he d0wn~flo,,' lJas!!ag'_~') "Dr! 
:)'-"-d1:. CXI:\;.'JPi.~f' '(d_t~, tile t}urnmnd-ing solid sl-nwi_UrI--'8 -;;.;ill h8V8 to lw inc:ll16{'d 

:Ln the model. This prcsQnts no significflnt difficulties, il.:, our- tees model 
(('-'.-'\'~C(jjJ Inr:iudcs CO"v€'2tion in t.hn Down-flow pE1.ssages, and th~~, tra"sieLL eo:c'l"'" 
('j,l(Jlon 1'·, th2 Rolid o;Lructun,,~ r:wn be: tnc1Ede-:d by spcc:ifyi:ng th", ('_or1'2~,,)()r,ct-­

i1,g ;d011 inn,,\. s0U.d struc:t\:re" ;-md gaps in tbe TANTO-; C(JOe" 

for ~~,e Ciif,,; 'If pTossurized C0i:e heatnp see-Hade,s (d feaLllre ~,blfJ, 0.,1; 
c('nrl-" be~a.mt' ;;peL-llttoTl!11 for our THAT!"}! end,,). This 
C;LCfU; "rhe_t-:::','r jx'pk v\,,:<f-: u 1 teU1per2t'Jnc:?, mif(\u, ;-Uc1,;e Ett 

'1,..'01.11::1 b(~lp to demfHt-­
this f,lf'v!'l.l_in;; due- to 

,l", ''10 e ,~c~S Yisir;g lc:'cm t:hi2 

core sapporL "tructuTe and 
Similarly) some Tolodel -::-efif12ment,; in 

would be de:-o:1.r-HOlc, silJ.,~e 

hnt:I'(;;n p),.,nt,?1 constirLte.,o; th.-, -I;ln-,;"~.::t g'3S volume, ifnd more 'utTcigo to!llper:F,--' 
t':.~:>es here won} 3: f-,-ff('~ct t-ilE' ga.D .inventory 6nd gas eXc.hHngi~ n;cdc-U_ing i.:",t''i(oe,,_ 
th",,_ red,:L',H' i/e:'lR(Ol i:lnd the sut'!'c'ElHliflgo; durinr; (~epress\.Jr.iz2d "(,)(,(, be;,Jur 
c;U--::ilitl'i,(!i-S, Al I these improv P 1:kntB m:", minor if' t21"mS of effol't ceqa I ,'\Cd, sTId 
mi nor to mDderdt2 in i:hc.i T anticipated impact 00 the ,c.s._11 ts., 

If (11',s-i't"cri, rtf, code ('_(H"td h~' 0xtenct0d to three d:[rn2~Gi_0fl81 analysi", :_0 
<ox-::,.lU['t'o Lhe potcT,ti.al for \less~l hl)t spots Guying long t>c:tw, t:T.~,:)3:i.enLs j _he 
pal'ticuLai- f,)r f;CC'l8.ri_os of impair-eo HCCS ,H,::-foTrcancE'. 

l"'.1tun:~ work :'n rhh; ;:-ij~Cil ct'n be 
c~r~n,st'l.lction :;;al:e:'lal-;; fer- the silo 

PUT5U011 as questions 2rise or n~; r.hr-' 
are specified, HG\~e\";Ot'" rJ1 fl:n:her 



Thfo ''''/d1 (1lltion-s "t Sr:-x.t:-i.r_~" .'5 henJ,?, [.ee,· 
.::.on.5Ld{;f:; rep~f'3el.,triti'Jf.' h'iL 1111-51 g"Y·'J_f,htte,. 
')';I.'CO,-, ,-,;-ders of 0i1g-,"l"l:ti..i_c(e showed that ,01':_1 
lwdeI' vjrL1~n':"ly :i1i ,:;j;ndiLi(J-'~. 

, ' 
\;10,.11..i1 

Th~ COL',,- 1-'Vr;;Jn1.'t f-d.~;J-S~.-\ ~'e and th0 "lmvE'T refle,ctoI" bl_ncks ([J.o,,! d~strlb,t-. 
ti:,,') l'1i;JCk) ;;:l(~ ,fda", {FIt of Sr-.'lckpoL:-· 2020 E!'i01phiU' ,;<!'r.leh ','0 /'xj)(-'c\ec] ,~(, :k 
mc,1'.:, reJ,ctl're :..h8tt 1-14')1, pODBi.bly by Ii ra(".to, of 3 I L:;A , J{nt'1'--i')! I, {ir, '-hi'" 

G:hel' hd!ld, tewp2l'aLul'",3 in eLi', re2:i,jri fFe TIlH;:--h 101;/,,,,- U_im -; n 1 \-'" UHT, dq,} 

the c;xpos.:..'d -stnfacco. 8/'{<3 is sign! fici-.t1t 
1E:'3s, fue,:;::€ .:::T,lu8T.io,,:,; r,l'-,-c':·nJd. i:,;:: W1."O"" 

dntio,[ in thh, !(1'''{'~;. re,c,ur: .:;ho._dd 1)"" 

to <l,_'t'::":flline l--Jho'2thF'--'l 

f'Xi-h'_2te<l, and if' f',(,. 

An E'v",,:llJ.a:;-i~}f' ':it :\t3s.slv2 V2t:E-£ iC!~;~>~s."-, (is 2.S_'i1.in:,d In b,\f:'-i:i-i_r'!:'. i·_-';--c"·~ S"­
q'lene{C' 3F2-"1 j shT1.1d Li; i.n'I'",iclt-Lv.nt.f.:J. 1'1'-) s en8 tysu, (,3,1 be conducted '"d th <,ohio' 

T:;AITHi¥LOXI c(Jtle, .,dtl:_,}1J(' 0.10ci21 Ch!::.llg2t!'), toe fru-lfmrl~;cd ,)1'- d"fJn.i!:3uC;2":'~ 

r':(J", 'be.,: tup 8:~c'-,"n::l c,s, 

Hi£,S)_Ut} PI'oti'H-t ::0~.eS!·;'" Ql'i'; 1:1; IT\dJ.olyg{g c,p !'"d)cd t'U0.1_ (:2','t-i_cLo':; cI'CH"L;! 

bl" rdd0d to ~_\ur c]J2!i\:icsl n?a(~l,H\ )'~Od_0l8. 

'I'~,€ 2viL1,edti_DilS oI :';~cLlo~1 !' b.-s.'/(~ '-'fL-;uu:.lrrJ_ly (,:onfi,r~'cd the \'(:1;;j():~, C)';;'~:L··· 

dent d"'8c,-~ip(_Lm 11i.th r'2(~rltir',,'llJ"[y ~r; N'X L':'J2]1'ftt'_n,,; C(,;(dn~~ :,-~, 3[h.hlt ,c,F; h-.:, 
L" t ,:'1' £'·,>\'Z'ens5.,'::ms of C,J)l" ll'L':,ll:, i US'-"2 i(;cl;;ded (he long··or.:, nO! heti j dnp n f sam')', ~ dm .. 

,wing prf01Lt"-.Lii~f.'; ,s,w<ar.)u.l" ;:(058 sec-tim, Jdtd. Tile addlU_o[! ::,1 t:hit> lo'l'£io'c_L 
BPi''''''''' £ ":8 d218'.';1' ;cecri r:ic2li_ty slightly, dnd to cednn-: i_hE fhu-d TL >: f~JC_l 

':",m»,rrl.t:'l:r(~"i, d -j:l.rt1:?, Celt: it d02S not chang,::,:, the b;ble: t",;J.l'.U::Ci or. Uti,,; 
tlc3T)S.l",nt ., 

Ana1ngoug t{J 00, ;-rorl<" i_n SectIon" ') thr·"ifgh 5-; par:-rm"tl·:l: VD_r1i1;:10(i~) of th0St-' 
i!l.1JUt daLa '<h""l'} be .Trr;' J.0d to estabJisb the seibiLlvity or '-'Hi" r""suli..~; r~0 

pO::!Sibl.e m,,~'::;.:-ti1fnti0c;, :l;:, ~h(: :i.nrut l:ata. 

H~E)S W'ith(\~it L1.t1"~tJ.onlnR R-CCS: silonld be lllild" following 'RuUI,diDg ~ill~ilt. :';;_:qur;ncc 
BE3~'~j," Even i~ht'nbh Ru-;pt."-'sco :~'--S of l_he. [SID states: i;A"B l'_~drl8 ,-,ll s',o,HltIlg n,c: 
rE',"Jc:tGX Ihlildltl.g, ':hb'W rum, ,;hnuld hE' run to ClDnut 'l20 r'Y 1',jhen 3 fi,l"j p'~ak 



TOU1sfer 

The (:urr8nL bawl ll10del of St'ctiDfJ. 8 ("onstitl1t:e~< a p-rcliTllin.'1ry <mel "pprox-­
Imate evalJ..;fltion of ,his effect. Vbile the probability of ,'3ignifi{"snt CO;; 
clJncE'ntr:~U_orH, l~~ t::>".Lt-E;m(->Jy ~;m!}:l. wat.-:r vapDr iTl.v,.f'sS into the re8ctOY ;::;}vL:y 
is ;J mud, more likely e'lent, Grld iS r thc:reforc, the men'! -LmpDrtant sc.=;n;<lric 
u(. -which the. ,3nalysis shuuld be refined. 

nOT (".n("'c;nt. e;.;t3mElt0S of the effect of such gases on the vlossel lcmpera­
t'Jn~,J agr0t'S w-~th t.hose-. of GA, bllt th:f_s 1.s mos\: likely fortuiti,Jlcs, AS our 
evaluations ,,1'8 Ind!:'eu pr-eiiminary. At least fo!' the c",se of H20. becte::.' 
modp.1Jing r-t:l1l8ins to h,~ done, 

it more aprropyi ,lte band mode_1_. summing che heat tIn_nsfer- over the three 
e_ssencia} H2fi I'ni1iaLi'Jn D0nds and l:he lwat transfer across tral1BparE'lit gas LOt 
thE n,maind2r of th(-' sp0c.Lrwf'. h8[~ h(~"!'J ontJined but W8S PoOl yet ])"["ogra.l1'hled. 
Implemenlatiou ')f thh: model woe] d ptov1dc 8 tdgni fi",_untiy higher. confidence 
t:13Ti that giV8" by our -:urTcnt resclts, ';J,I},ich_ indicate I,O to 50"r; hign0.r peak 
vesm"'!l te,I'lTH"l'<'!tnres due to "idter vapo!' aC;~Uml1Llti on tn tho reactor r:wvity. 

1007 Cor:,,: FleaL.!:p_TrHn.::~:i_[::u::~ Sl:'~E1.'~:Tt_!_?..:':- Collaps8 of rhe Cor~5upp01.·~ 
Structure 

EVE'Tl though it_ is anticipated LhaL peak fuel teml1crator",s for SDL1, 2ft 
event will l'eiYifdn be-low those t(')L· 3::1 intact co"«-, geometry, sonK; runs wi.tl' 
nssnmed alLsl'i2d CGl-C gcome':ry shouJd be made, particularly since suc.h 8 hypo­
theti.(;al '_ovenL cnulrl lr:wl to inCT"ri"lr.O pedk vessel Lemperatures. 

!)nY"fnp; ,mrl 3\._"h~~';ff-oE"(lt to any ,-12preSs\1rization~ pI"imary coolant and nthC'T 
gar-HoG ili'C UGwing throuGh t_hc va.ric,us cavities of the reactor building, i.n·­
cl-ctding g:w exch,mgr-: ;..;'1 th the outs:i (~2 envi ronment and 1Jeat e]{ChEmg~ hetween 
the gases and Ul(~ reacl:nr builcl r1E stn;ctun~fl <md 0(plipment. Hith these gas 
flows, fisf.;ion pr-ml'.Jct.f:l arc CArr-ied ;:hro'.Jgh tbe buLiding and_ to the outside, 

Our Ct'rrc)";t cod8 c!~pabiliti~s include the use of RATSA.F1, which has beec! 
e;-;:tensi'lely '--'Bed Br:u modified at 1'11\'1, during the sourr.C term 81'.tldy 1Kloeg2T et 
81., 1982 dl11:j l-bu Et a10, 19HZ]. Thir-> code ·is fJ:1Yticularly '!-7ell suited for 
rapiJ blo,-"dovrn LLH,,;i(~nt~, 2nd 1S the only HTGR code th."It can treat th", 
pressur~ ,;mvC'-s of B- rauld blo",do~!C," H. vtovidc.s for TepreR[Cnt8tio"fl of the 
local ti.me 'lflryinp; gheal" fOloces in each node for US" in fission product 
lift-off cVi!IUlJt;ons durtng hLowdOv:n transients. Thus, thi;-; eode permits the: 
estima.tion of fis:';loL product. release: from C'.1,cuJating iWventoTY and plB.le 
ant e A Rt-iTSAt,<; nv)Jf'l 0';: the NETCl( s'nou12 be $(,~t up anli E'.Xf;cl~ted to obtc1"in 
e~timatcs of th2 fission PTOQUCt -re16ases during blGWoo·",n. tnllls1~~nts i)_llel of 
tn(': PTC88UH' forces \}eth'o:'ell vdrio',;~; secli(Hl[j of trw pr iTIlilry loop. Ai> )"w-,,; rlntB 
amI/or cot"reJntj,-ms fOf' pJ.:'ItP_ out di£t-:"irmt.inf;g ;wd ~ift off b("comc <JvDilabl(', 
tiles,:: ,;ho1l1d hI', incorpc.-raten into our simulations. 

For the long lE>'l1t re2H~tor buildillg trenc;ient.s f~l1br.;e1uent to bJow"';;;'(.n~, th;:-, 
ATMOS c()fie has b28rl applie<! in some sample- calr.111a.Lion.s t(} OT'C of the eEllly 
HH'T(;R r.onf';i.;uy-atiollg lK"t'oeg'2'!', ]98GJ, The gas and fission prach!ct cx,~,hsni!,c 



betwu~n the reactor building and the euvircnment after blowdo .. m :Is strongly 
affected by the heating :and coolLlg of the various cavities~ End w':ll include 
time.s cf Llflou from. th~ atmogpher-e into th2 reaetm: bui::"'ding. It Is a 
n,1.atively trl.ino:t effort to revise, the current fv[lffGR mode!. in ATMOS ;::0 
cotTespond to the c.ur:renr reactor building design. '['her;;;:aitf.or, we would have. 
th", capabilities to evaluate t"hE: antfci.pateci gas exchan.ge hetwe.c:!1 the various 
parts of the bui.lding and the envi:eonment~ 

Till? modelling that rem&im,. to be in~.luded is the :tic:sion product tl:"ans­
j)ort during this long time tnw.sient. whi-2h is potentially affected by s'1ch 
IJ.ne.nomencl <'-8 :"adiGHctive decay $ plate out and depogition~ as well as aerosol 
settling. GA cUl:rently 'Jses the SOWS code for this a.nalysis~ It is suggeste.d 
to i::!cV..lde models for the most important fission products and their transport 
phen0mer;g i'1to g module of the ATMOS code if'!. OnlEY to ohtain an incieptndent 
capability to assess the fission product i"eJ.f:aa;!! for various B.(~c.i.dcnt 

scenarioso As furtbel.' data and correlat1.o:.1s for fission pc:ociuet transpDrt 
be{co:llE. available from the Regulatory Techlwlogy Development Program, these 
should be. tactoTed into the code to imp:rove our p:tedictive capabilities. 
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APPENDIX B 

t'RRFDRNANCE EVALUATION 

Mm;t t)f th:." ReCS geometry is &Bscribed in "'Inffi.dp.nt detail in Secti.on 
5.5 of the PSID. 

Th.2 up flow (:ham~el of the RCCS C(H1taius internal ftnfl as showa 8dIC)'l1aU~ 
cally 111 Figure Bo~l~ Th.\! heB.t al:Kiv_1nl!, from the -reactor vessel at the ReeS 
front p.,n .. ,1 i.5 dlBcri1:m.ted by conduction and radiation to the iaside S!.n::filCE: 

Jf the front p.:mc:. t tte :fi.ns. and the back panel~ Frcm all inside sl~l::'fac:e8 :i.t 
18 th"n tl·BJ~Bfen::f!d by crJ,w~l·ti()n to the ~lpward flowing ""_J:,t .. ~ 

The; PASCOL code ~ which eval\.1:&tes the performance of auch pnssiv~ air 
c(h:d,<?G. d,,'cay heat: reillDval RystemSl. can (optionally) 801ve for wimu1taneoui3 
c.G"duc:tion 6_nd cadiatinn in this finned chann(~l. ::H:' can el1lploy a ll-"er provided 
0\1"12:ra11 fin cffect'Lvencfl'; factor ¢. whic.h is defined 1':1B 

• ToU'_1 Convective Heat Flow to Air 
Conve:Ci:ive fleat--~·~A"i.r from Unfinned Fr{)nt-'r~ 

F.'lre.metric. evallG.2tiOD-s wer", made t;) establish this fir) effectiveness- fac~· 

tor (FEF) as fu,ctJon of :teiXctot" vessel SllrraCl;: tempe:fature ~ Rees air I-BD.pera-· 
tla:e, 1f.2H8 f.1.m,,· <d 2ir an_d c.hamlel dimeitgim)s~ As indicated in Ftg1l~"e "8-'2, it 
WitS £G,~,d d:1i1ll til{C F:r:? was v~ry il1s>£>llsiti'J"€ to ,~ir temperatures And ref-leter 
'1\'_55e1. tem;;enltUl'es. Fur.the); rer::lllts _!!ire. theref;)1'e, only shown fOT Ii n;pre-
8",-ntH"~·,-tv,c P;:i,T temp".}X"atnre of IOQ':>C ane a ve.9sel tBmfH~ra.tnJ::e of ]'JO"Co 

Figure J}-cJ r;howG tlw effect of changing ft11 pitc.h and fIn thic.kness 0 

ClofH~r fin ~p3d,ng and thi.cker fins inCre£itle perf::rtlnaJ1ce at E gtv2n mass 
flow. HO"fe'!er~ the maln emphasis of this figure is that the FEF {If 1.1,.5~ used 
,:.n DOE evalu£tt1{)ns~ is >:"cad:Dy achie'Jl-.ble with e oa>;e fin pItch of 2 in ane d 

Hn th.:'c.kness of 0.,25 illQ Hfgher y·<;tlL1es ',-muld ah:o be posgil:lle t 211 pat'ticuL3rr 
D}' red,lclng the fin pit<ch~ 

Az Get of p;:H·al~etd,c. '2-valuations of steady "'t;tt~~ ReGS pl2'rf,:-ril}<'l.nee :"i2,1j 

made, HGi'lg 36 b<1Ge values an average. reactor vessel te.rnpBl::at.tH·e of 219"0; an 
ab:' inlet t>2ff!P2JrA.tnlce of 21<:lC~ all effect1-ve gtack hei".ght of 27.5 11.1. with the 
tott1.H.\l<1S Lnlet 8nd Gutlet paths of the .rd. x dllcting r th(! lnlet and exir L}::,;'F"S 
(tre ff'.i1:ly- I:-ct;(·!~ Gscim<:pted at ab~1ut ten velocity heads er~c.h~ ("bas£·(i Dn 'H::tU:il'l. 
dneti.ng ero>;$ se(~t:i.f)~' are(3). As there are uncertainties in these 0stii£.ttt08" 
the- il1h~t i)Jh-1 exIt 10138 coeffL::i,eii:;:S wexe usually treated as JI.JG('-pe:14elJt, varl­
.:llhlP :In ';.'beG'" performance 1;::valca,tions. 

FtgUlL"'.." B",4 s}ows air flow, air tempeTatll!re ri-$:& and total heat iC<f:,mlwal 35-
f"J1ct~r;f! of hW8 e0t'fElcJel1t",. evaluated for th<2 fin thicknP'8Seg. whilE: 
Figun~ 1-<-) ~;hQltj"f:d rh8t fD~ a given mass flow perfor-mil-nce -;'lOuld increa_S," ",ri.th 
fj'r-e,));:cr H." d;j .. cknesG. the ;:es-;.d.tG here show, that for th~ ReGS 8yGtem, Ij.Dde:.: 
utherwise \'-(;,;'SU.lilt eocJitiOI;S, ,e.ct i12ct'ease in fin thic.k.n,,'!ss does l:'~L",~,- th2 air 
tempel'2t:i'X8 rili!::. Hm-;r';:-ver. it ,glsn Lnc-::."eas0~- the flow reei!Otsnc>:'::, i",nd tlw,1 
lOOiff!l:'S thl~ rlHl$S f2.o':{f~ 'f[',erefoJ;'",. the net effect on t~le LV(l:l.l em::'.l~Y 1wing r'2"' 
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moved :1.S ,m opt.bfnlD .'oIl d rill thickness Df {, = :).2"j in" 

COD;".:>1i,clng the (:8813 of optimum fj 11 thi c,kness S "-' 0.25 in, an i.l.lCre3Se in 
d1Jct.i.nr; lo,ss">l f:::om ] to 15 ')21ccity 1::.€~lds in -8.8.ch, tillE'. i.n10t and exit duc.ttng 
(i"('o ,1 ;~,)tHJ ch-3nge from ~: to 10 velocity !K!ads), resulu; in il decr-ease of 
the air iloh' by only 1hl;. At th~ :::mme t1l"lle the e.i. tCJ1'PCf.-llt'u-c -,:-i8e ";'::H::rCJlBeS 
by 14.8~;, Hit:> a s-;rml1 nel losE: in eIl2rgy reGol/Ed :)f 3.5;;~ Thi.B t0nd0l'.~Y- of 
ReGS gyete~l rv,}:f()r'll,--mc.r~. of being rather inSensitive to 5T.,,,·;:.1:; and duct:ing 
parame<t"., dlfc\nge:,)- prevailed QVe'r most raramet.r1c var'IntiCi-D:-->. 

The f<til.:~k ur.es ,1 ''':sec-onaat:'y cbi.R'.m:y d,(;;-d,i-':n" dCiH--:rihed in Lhe 1':3'(1) tc, l:~!~. 

duee sensitiv-tf:y of !{CCS atr [101.oJ to exterLr wind flffs-ets, In.h.d~ively thL; 
n.eBign appears to be 1.;'eLL st1:Lted to stlch an <l'ppl i.e-ad on. HOWDV';:!', i~:-3 pe't'fm:~ 

manC0 "c1r"ld0I' $.ct\J.;t1 CTli>'1<.t:l.l1g condit.iDI1S ShOlll2 be ;;ubjected to ii'21d Lest 
In t.hc (~urn:nt design the lower stack 1i11ct!outl"t ports ar(~ ;-;.h()ut 17 ~5 ill 

above. the tJYp ',f the RCt;S cooling paf,els, arw the top !lorts 8.Te 27.5 TIl above 
the top of t\J0 c(,01·[;,p, P;Uw'lB. l<jhil"" th"" pre'li.ous 0\'allJ:ltions assumed hell 
dc'a'Et CGntl"i1:H1t.ion r:;:nm ;::i:is upper stack section, tl:is Base ;~60~ is be:'!,-!!; CQJll~ 

pared in ?ignre B-S t,) a Case of a stack hei,ght of 17.5 m only, lof,. com'PJete.~ 

ly d:!.OJreg<-l~di.lg thee; t:}1.per stack sectic,n~ The. resultl.ny, less ~Tl steady staLl". 
p':'!:rfoTlJ]/mce $mnnts to ,ghDut 11% 1.:0$$ all' £1<)w, about 10% Increased aIr te:m·­
perclture :::1.se~ with d net losR in cllergy renv"al of gbOl1t 2.6%. A':'so included 
l.n },fg;tH''C R-J ;n'2 the PSID perfcJrmanc.e p::.'edictions for no:nnal fell powe'!" 

operation. I'he FSTD cia~Jl gEmerslly 'tend toward sUg-h.tly bigl"I€'· al.i: flows and 
slightly luw'ey air tewflerat.ure d.ses" result1.Tlll iT; v·b:'tl.mily idcntic;~l energy 
remov.[;l r([tes~ 

Steady stfltt'; p2Y-(0rlPfll1CG iF: Ii very strong fllHCf:ion of rea~tor ue.6sel tem­
perat,,~re. <lod :·Ei LnCrtd;:lF~ Dr (sol y 11" C form L 19 c, C to 22 S <> C iY'_:::nc,:asod tI,£' RCCS 
energy ,etTlf'vnl 1:>y ITH)>:'::, than S%. This means th0f under 1.10rma~. pOwGT operation 
any va.riations in flow resistanc.e would he eompem·;ateci fo, roy minoT." hdjURl~ 

luents in thre -';0~~el t<}mperaturc~ As W<Elf,;; also lJOinted out: .In th",,- 2l.e{'.l.d~;it 

afia.l~rsis of Scctron 3, the 'tf!aetoT v€.ssel "md ECCE panel theY'Lilal emissivity 
are essential fm-· W)00 fDl:fu,-"ffianee. An. irH:rease ITom E: "", O~B to only 0.8") -(.1 
the rUH't or <:~;).V tlj' rc;mlt~d in 6% highe·{· en~rgy removal. ~';hil(" enl'lss"tvi t. Lee 
of thi;.1 orce-r -cs:.-c- t"f:adily achievable for steel surfaces. tl\e surface eITr:'iSGivj·~ 

ties ought t.o h8 C".oTlt:rulled by technical sp2cific.-:ttivm; to avoid, for 
instiln..::€~ inadvertent painting 01:" polishing -cf tf:esf'. SHrface>;, 

Ba8ed DO. the a'!-j()\7e. pArR-metric e'.;alunticns. an effe{~tlve sta.ck height of 
22~5 m, $ fin effec.t:tv\':f1.0SS fBctor of Ij} = ,~.I+, d thermal emisGivity of O~8~ 

and a set of lD"!$ coefficients kin"" 16 and k2X "" 12 ".ras genETally uoed in 
onT THATCH B.u:id.ent lransle.ntB. (7est nma were Else maao with i.nU>;rnaJ.ly 
computed FEt's. However., vaJ ve-s t'em,ti.!icd close to the abo·,tE: chosen l.evel. and 
it was (",lr,2rly 1fDre C()8t efficient to use a yrescr:fSed 'la.lue of 4.~.). 



:Figure B-5 Rees Performance for St.eady-Stute Full I'Dt~cr Production as 
F'tmcticn of D-eleting Pressure ~rQP Ipse; COE'.ffiL1etlt fur V2.TJOUS 
Stv.'.::k Eelgbts fs = 2.0 in.; 0 = (L~!.J in.; 8

11 
"" ?i.9()r.; 

:) ~ ')'0-"" -l"'lr 1.11. _. <.-'- ,.,) 
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APPENOIX C 

I{!':ACTOR I\TNE'T'ICr: AND XENON- J 35 HODf':L FOE CDRE m:HiJI' ACClDENTS J"JllHHiT ~,CRAM 

1'0 model the IlcutlConlCB 2!!ld )(('))01"<-0 t35 c:oncen: rations dUJ: Lng core heatup 
nccide-nts witllm:t. 8Crant tho:" £o11ot.fiI1Z ;')01.'lt k{n,e.tics llwdc-l lCh<!Jj~, 19761 Dna 
XeHDll·-t15 d""pleUon modd [Knier, L93l[ WEre lH'COY'pot'at2::! 'Lilt." thp THATCH 
code. 

The '">"8('tl)l' poin,- kirleU.('G arc ffioc.lelled ,'13 to:lows l.)sLng- SlX d<21ayed 
ne.utron r,t'cmps; 

dp 
-" dt 

de 
i 

dt 

p 

p A (' " ~i 

where P Ph'o NINo) <:Tir:h P the reactor POWQ<:, Po the steady 
ful.l power level, N the neutror! flux a~Hl :-10 tilt:' TIEut-ron flux at steady 
full powel', and Ci '"' Ci/NoQ 

Furthe1' 

p ~ reactor Power 

8i,"" delayed ne,tt;:m, fraction of group 1 

B tctal delayed neutr011 fTaction 

e* prompt flG.utron generation time 

At initial steady state. P 

Si 
1 and p o. with 

(C-l) 

Rta.te 
state 

(C~J) 

The delayed group (;.orrcentrations sfld de.cay times liS "Jell 88 the prOnlL't neutron 
life time were trrK<';0, from EGA. B87~02] as follows 



and 

where 

C* ~ 4.0 X ]0-5 8* 

j)e] oj Gl"Oilp OJ. Ai 
1,-1] 

Hr" 
, 

1 2 .140 x 1 "251 ", W~'-

, 1.424 x ID~3 3.15J K l.O~2 

, 1.273 K 1{]-3 1.190 x 10- 1 

4 2.567 x 10-<; 3.061 x 10- 1 

" 7~470 X 10-4 ] ,135 

6 2.732 x 1O-1t 2.876 

The Xenon-135 concentrat.:hm is obt,"}i;:,ec. h:om the twc following om~s; 

oX 
d,_ 

X Xe-135 concentration 

fission yield of telluriulll or iod:i.ne (due to ShOl'!t: half~life 

of Te~135) 

x 
y fission yield of Xeno"ll-135 

}' . ' the fission r'lte {fissionfm sJ 
'f 

J,T,A
X 

i.odine and Xe:wn decay COllstante [:'5- 1 ] 

K 2 
0

A 
microscopic Xenon-135 eross section [TIl. 1 

The Bteady :'It&t0. full power concentration of iodine and xe:non follow from the 
abuve equations as 

*-Note apparent typograpbical error in [GA, 1987-021 
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and 

x 
o 

lh;in.g theue to scale equatiOl!.8 4 a.nd S, one obtai1J8 

,,? (p n 

and 

dx 
K 

A + G (y x Te !) (G AX) X --~---- P + Y - P + dt X To 
+ + y 

where 

x "" xixo. I '" r/ln 

and 

x x p 
( 

"A 
) 'e ' "A 

) (....2- ) G -2;;- ~1.r''P)(I (-

Lf 
E 

(C-l) 

(C-8) 

(C-9) 

1:
f 

18 th.e macroscopic f-tssion crDSS section, Po th" 3tearly state, full 

powel:, pm>ler density Hnd E the etl;:}tg-y per fi~H!ion~ 

The ,,;:;.111(>8 use_d fl.):£? 

E ~ 200 MeV/fission ~ 3,2042 x 10-11 ,II fisdor: 

Po 5.96 HW/m 3 

A" - 2.9 x 10-5 lis AX = 2" 1. x 10- 5 l/s 

the macroscopic fis8ion cross Be-etian data were €atimatt,d by GA [GA, 
1987-03) i<.>r a single group thermal CJ:0SB secti.on. a.s follows; 



t 

o.n025L 

1 
OoO(}21'i 

com 

O,OO]RD 

(begin of cycle) 

(end of cyc_le} 

Pcr the mi(,;l>03C<Jvlc nb;;:orptioIl CTOSB 8'!:cLion of Xenon it val(w of 2..65 1t 10 5 

barD «?,,(,') )[; 10-:22 m::') was u;:;c.d for the bi1f1e cas~ calculations. The tot2.1 
change 1.11 r8&c-tivlty is composeu of the contyibuti.Q,u; from 

fuel t",rareratur:e. chnngc 
mod8rr,t:0J::- telUpe,clt:ure chanp;\~ 

r2flGCfot n~mpcL2tUl'e ch0.ng~ 

xenon COricenc-nlt:iOl, dMngc-, 

(0-10) 

Th2 eere telf,perat(H"e cO€l--fici"nts were given in Chc<pter 4 of the l:'SID and are 
tabl,llat€.d in intB-?;:rated for-m from <l base cold Lem?e"f-aturs:: in (GA, 1987-02]. 
The lenor) eoefficieut j1'; 

where 

c "" x 

e 
o 

A 

EOC values were used for L • 
. t 

For typical AntS transter>ts> in partIcular in Ul'B.B > tnl.(jsie~t analyses 
are. ",,,,,"mcted ove,' re"ll1tively fl)<ort time 8P20g, Tn c.')ntr<l&t.. for the core 
heatn!) &cc.hlents, to be cOflGider-ed here, several hundn~(( hours of So tranGiotmt 
lilUElt be r:Dr:3idered. For such long time appli.cations the typjeal implicit 
finite difference solution to the above set of nine simultaneous ODEs were 
found to be te,n t.ime consullli\\?, and the DGEAR ODE solver of the IM8L library 
was cmploye-:do As the reat'_tivit)" increases typically remained small. further 
sim.pliflc6:t1_onA of the can"ently used pOint kiI1€t1cs equations could mas!: 
likely "Je emplo:Y'ed. This hag (lot he;(m done at thts time" 
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APPENDiX D 

f.N"i'nA(_, ;~,",ND A?,?ROXIVJJ.:!'!I;'I-] HO\)\\1, F{W. RF..;i"C'W!:l. (:"\VI.TY f':fL\i!0Ac'nVl'~ 

;-ii':Af 'n.tAf?~Wt]{ IN THE l-'lmSENCE OF PA:~,Cj'l:CIPATTNG CASES 

To <,hU,i,Ti !iil jr,it.lal ef::fllmlit~" "j£ the effsct of eart.icipatiflg gaGe;?; like 
H?() ;cU-,d ,,\}? {Jr; ti:t:' r-,o",lied.ioll h",ilt tl(j\1sf(', [rn1~ rhe CC'Cleto,: ;12':'3£;l. ,,0 t1,,~ ReG:) 
p::;m,:'1.8, t"tw Dc-md AE,r:-oximilt",\,n :{oo::hd_. as <1esct:ih0rl by ;:,.p~~;:t:Cl'\;r 0.,,6 c"ss ~l9Sg-1. 
'was a:::p'J1ed (ibi(, SeC .. 8~1), 

;\[.; l!.y~nt('d Nil 'by 8P;~!:')((FT and G888, c:l~ts JU('11c:l "aithou;-:;h (xude e( he,l-t, 
f:f~\' 2rt 1":e Ii".;': c', em,,, t U. ut0.r; ,j reo,>lSe. nab10 f 1 ):3 t c.J.pprodch'· lJ~"';;2I'd'j T'l,'-~ i r. tl VI:' herr t 

];'",1: u,;-0 or- thie; methcd, t.he US,J.T WU,st Ch{H)S0 ;:hc h:l1ld wJdU! of th0 v,q .... f·­
"'~iS ;;:i:J:'l(l1-i:>1_ng: b«'t,ris. Sp&Tt'-:JW "Gd CC!SB giv(' tr, B;~ctiDn l.3 Int:Q:p;n3l'f::d ba.n.-l ab~ 

s,yrpr tUll r1'~ta fe,,!, bot:1 H20 8nd C02 l'md the P,PPCGXimRt<:': t.~mpeT,'1';:ure o;1d 1-n:o;.s~ 

g,),'h' dejH,r-,d,,_TH:c C',i tt,-r:»," data. Only the Yn~nlt3 fo\" h:/) -,,;i11 'be. ~"ivcn he;:-\!, 
Ld"."t:e Utat i." the item of ~,(j!Jt co.1ce!:"u. 

Thi':' 0c,;,-:1 w1.dLhs We!':.:' it.0!',Hive:ly Cldjusted ht~\'<? 

,~t:.lir·e Tang", cTf 40fJ to 800 K the t'ltaL t.thsC'-"pt:l(\ll 
b",~"m ?l"lil'Ck ,!~')g(lT\-\j~in-n I:oetftci",gtg as v<2tl rrH 

!:iud' that <1V8:' the re,c'l"er­
of :if.: hands lli-Oltr_hed the. 

,1o!1Glb 18, Th.",- fin!·d_ bil_Utl 

-"ridth >c.'2i0Ct:f:':d 1') ~:hi$ \-';'ay w"T;2 : 

H",~'Ed ((1 ) 2.'1 5.3 2C 

1,0',,".,1: Limit ( 11) ~~ SO S,n0 20 

Opper I,lffiit ( 1') 3,UD 7,(;C SO 

r~10 1.38 and 1. .R7 ~ b;,nd", 0.:e(e j ;1cleded in t.ll€' ev,,,h,'at.!,:>n .. b-ut dw_ii' ron-­
txiGuti,(,ns ',~eno found: t.{) o-e ll~EJ_iglble tu the C\j.O:f;t~t tCllilWT".L1H~ '{';-tug\'.. 4iith 
chu .::obo""' ehosen hend "ddth the tweraged ab;,;ot'pticm. ['_0t'ffj{:ie<tLf: ;;: ","",["2. COTIl-­
-cqc.<::,j Bad c.clcJ-'$.red t.o th" rlanck ffi"'.:i-n a.bSot-[lt:l.on cDetEi<.~1.(,1)t:, itl "ra"'\~· '" " 'opt ,- ~'-'. 

(0_1. 4 

U1Ott\.?; th(.;8,('. 'iaInt?_b, the radi;1tivd2l heat flux -he.t-d<!"""u Pt!(, b1.8.'_'_k g'-\1:;~d.;:e.,; "'~ 

;;'-I'Q{;cl"ibed t2mpe;:-at;t;r88 %1.'0' evaluYted. pa:fI.llflet'i:icall~! -Iaryf,,,g thE' hot' SW:-f2C2 
(,eacto, vessEl) froml h50 K to 1000 K. but keeping (,he colt:', tturfr,ce at 3;1 x. 
1'2In"'e!kl";tativt:) of ReGS panel teilJ:p€)7H.t,::',H"es. {Varin,;::ior,l;:: 01' the <:01<.1 iH3-l:2a,ce 
tem,-'el'd:H1:'~ WlOre elso appl:'ed a:]d y101J0d c.hout' the samE- DJ.E'ult-;l,) Table D--:': 
~iV~S the ,-,,,,sult:ing cptici;l.l thJ.cknes:s T "" K L~ ..m.e:te t, 1.0 t;,.<f'. cavity gap 
widr,h« It 1'11<;1) g:1V2:S the o:i.imef:siO'ule8S radiant 11€..at flux Q ",hid, l~ 1::1:0. ~atto 
of ac-i:,u21 h2flct flux to heat f:i.mt il('X:JSS Ii t-nmspar€fit gaB. 

it is seeD ;::b8,t the gas is opticslly thick (T 
:U __ \W.om,d.<x,fx:<;0 heat L.0\J 'tellldin,g fait:ly CQll::H.a.i:t, over. 

4l'>1.0t0. that by defif11_tion tlW. aV,,"Y:~1gE ;:1!'r;:lorpU_G!> r:OQfj'iCl.Eut ll1ust he l.D.-rf!;et: 
r:1,,,0. the Plf1YH'.k cot'ffid.e_!\L 
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a,id even if Ollr Itdlt,\('!3 of K" '''!cl'<:: In,y,:ctl1:ntc. chrc; .. oull1 iWC" 'If[~c.t the rQ"l),lt·:t 
si,.;ni.ficfl,ntly. as GJ:lD\<Irl hy ::'ncl'.l'-]i;,p; "ralnes of Q evaluat'ul for>: = Ij ard 1.000. 

Tbuc, th,~ Eacd Appl'ozfm."'.t'loT1 ~jDJ,"'1 indic.:lt~;<; tn;lt th2 flA."Ctieip,:;d il\g gfl;] 

H20 in t1-y,: re2,c.ttY· \CavIty will lJ~(L1'-~t ti,;2 r-adiAnt heat trangf::::r by .sbO'lt. 32% 
"inc€': 



~""-TI'per:1ture " K"p!1. 
(10 (l!ill) 

( I/m) 

4()(J 86.S 20 .• 5 

6{)O 4-8.7 L"i~9 

lOn '1702 '1.2 

Tah1" n-~: Opt:i(;sl Th1.dq-:.cs;;; CD ar;d l)iU1en,si()nl",~g" HCil.t F1 \IX Q 
'Z801.;1o:t 1-10.<tr Tra.ilSf'er BeLwE',en it Hot Sur.facf:'. He. OJ 

{iIi-d a Cold Surface at 37:1 , 
I:;), < ,. Q 0 Q,"'IOOO 'I() ( Ill\!) 

0 L "0, -'[ooR , . 0 

4.'JO 82,G 7 -'5.6 ,61)0 .72'! ,t,g,} 

600 60 .• 9 55.7 .678 .71.7 ~ f; 7 r 

~OO 3~L S )S.2 .673 ,709 .- / ' .'y; r 

lOi')(: 73.S ZIon .660 .691 .640 
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,~ .. ~ __ ,,~_,l,_~ __ ~ 
hh~TA"'Y"[)'LS 
I 
1.-- 1-,,-:;;;s,>;;-.;:,·,"i;'Y::;;;,;;-~~ ;;,-~ -~,-~-"~-. 
! 
I 

I 
'J.'lN, "",fet)' \,;,t".,,~,t..l of the Nod",l"" Hjgh-Te"'J:>e.;;.t'~;::<i! G«s R""ct.or Ofd'.f(;R) 

"'<3b ",,,,,,1,-,&,,,'.1, 7,M''',j 0'\ the i');,<1:ttmi"""J' S,-,L:ts Itifon.Bf!<w I/o"","""t CPSlt) !!~ 
:,,,,"N;itt-i'~ by the a,s. D€l'artmcnt of E'''~tgy to ~l>.e U.so N,,,,l""l" !tegu18tot'y Cow­
"j>;",,,I>, 

11-..2 ;-~len1"t [,~f":eW~ safety c;.:,,j,,,a U!l!'.:! "lttl:>rlae:i ~Q, this pul"pllse II.ml 
RP>t~..:,1 ~t' (hh ,'"", NMctCl:" CQlK"'-f.t, G'Jart'hing "tilll.~rHl' im: potellf.ial. 6.cci­
zh.,rn 5(:K!!41"10;> ~r'al ",tz"t l"""d ,0 fU'l!'l f,.U,H'~s a,m ttl e.~co.~asi·"e "-(".,.. tS\3p",rn­

,,,~r:,, w\d!{" l(J v>"$~"'l a,;}'"mg"" it"" tn e-}C~"~"j,, .. """,,,,,1 t"tf'!-'<!H!C"",o;;f!-. 
,he d'>~IR'\ t)"j,sh a(;ci4<etlt !H';eru'>:'ic. l"'",li'\g to th" J,iglw"t "'''90c1 t~j)e~~­

t",c,,~ i~ til<' ,!e,H'''''''''}l'tzcd CiJ>1'e he",!"p llc<@1\$;tio with""t a"y £"",c"tt cr,oiiflB;. <!ind 
"lth d~~8'! h""i, t-*j'O'ct[{m to i:l'>e p""'!ln,, React"" Cll.v,ty Co()lit'g S;rateEE 
(K,~r;s), 'D;l~ eC"tlO'rit wat j;vB.h\,"~oo> 'In,,lw:li1\l, "lliller""" !'<lt~11t"'tr1.c vari<lti:)IH! 
ttl ir.t{i·~t •• r,r";H,-n'<>, 1jk" '""'~"'J:i",l l'i"ol'f'rU"$ """ d"'C!ii1 I'!".,,,,it. It wali 'I'()'.hd 
trwt !ttg:nlfir.lm~ M,fJ)':Y _~gi1l{, ",,,lilt, lnlt t.r."t hii'lh ~"'lIfi4$r:."" 1<,_,,": .. in the 
,"cn- o:;UHtl".r. c"""rrr."l "m\d,,~tly!t)', too :r",,,,,t,,," "",ss"t ;a~d Rees th",n",.l "'I!!.h-

j ~i1d.ti"';:; C.,.D d1l6 <i<ti'_'l' ~'''''''t £"flcthm -&rc H!'1ui>:-e<i cO !IW~~tdi,., t!d~ llil(",ty mIH'-l ~1". 
;kver. ... m:ct'lent ,,"t,;nSicU6 at thh a"'~t",s"'J"'rhed <:,,,(e he&~'-'p ~~.enari" iu-

I.!

l um:e'J tt>" "".~'"'" of compl<!:t« RCCS fatl"re, (:"-t8es of m>l'lB,ive "dt ti,~r<!B8. COl(! 
h"~".,,,J' w;lh''''t ac.,a;'l> and ;:a,,,,,'. or degr;:d<"u RGeS perf<Jr""'lce cl,,., to .ah~C}1:binz 

i?:il~0,; ,_" tt:.~ read;,,!: ",."11:;,, 1l.:iF':.;;pt for IlO-!!C-J:llffi rlClw.,xl"" a,'Itel'idJ.ng ",eye-no 
:00 '>1:. th" £,-w';c tl>'.''''''' ..... 9s..,h",d til" lim1tl>'Jg t""'J)e,,,tur,, of HtOO~C, he1c", "hi,c't\ 
"":<I,,,,.,-&1>le [,<01 r.eflu'e;; "r-~ "ot ""'f'",-,t('d. {" .. m""~ of the ",ce"",rios, "'"c"'~-

j "i"~ ~""'l!IeJ "",.<1 (",~c~"-t" t"1i[;.:i,,!tu!:'es eQul& les.:! t() ir'V/!:Jtl'l""~t l"e~es t,,,t .. te 
) ~{!t ~::I:"e,;t.:d tv I"tld tr; an)' 3"tH'"'' (>'.'11"'" b.eyGru:l. th"t f.,." .. the Ci'-"Olli1.t)_tlg in--

, 

I "",,,tory. 

1 'c l)o~uMi'N~ 4"~ ~,~o',':~:!o; ':':~~::iD:~:,~~::,~.::~~~~c,"_r:,«)nt work. <!Or>; "Clgg .. "t~d. 
lr~u];;L,·, h emp2:t3ture gas reiictor (MHTGR) 
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