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ABETRACT

The safebv potential of the Hodulsr High-Temperaiunre fas fe
wae svaiuated, basesd on the Prelimivary Safecy Foforsaiiown &uuum&=‘
submitvad by the 9.5, Deparisent of Hoowvgy to fhe ¥.5, Huclear Regul
miasion.

The relewant reactor safety codes were extended for thiz purpose and
applied io new resctor Concapk, Sﬁ@?“hlﬁg primarily for potestisl acel-
deni seonarios thai might lesd to fuel Ffailuves dus o ewxcessive coxe [empera~

rures and/or to vessel damsge, due o excessive vessel bamperafuvesn.
The degign basis socident scensric leading to the highast vessel Lempar s

tures is the depvessuriszed coves heabup scenaric without smy foresd cooling snd
with dagegy heat pejsetion o the gzasiva Regrtor  (avity Gooling System
(ROCEY.  Thisz acenaric was evsluated, including aumerous parametric variations

of input p&?am»?afﬁ, Tike msterial properiies snd devcay heat. To was found
that sigeificant safeby margivsg exise, but that bigh confideves levels in ths
cove cifettive tL@imaL uﬂﬁduCEéW&Eyg the raactor vessel and BOCR chermal emlse
zivitiea and the decay heat funciien are vegelrsd o maintain hie safoety mar-
gin.

Zevere apccident sztansions of this depressurized sove hisatup scensrio ine
cluded the cages of complete BOUCE falluve, casen of wassive aly ingy

heatup without screm and cases of degraded RECE mevformsneoe dus te absovbhing
gagee in the veactor zsavitv. Breept for no-scram srensrics axtendiang beyond
150 hBr, the fuel never raached the limdcing temperature of 1800°¢, halow which
measurable fael failuves are aet expected.  In some of the scensvios, exces-
glve vesgel and comcrsbe Lemperatures could lead to fnvesiment lospes bub ars
not eEpectsd o lsad bto any sourcs Csew beyond that from the cirealatiog isn-
YEREOYY A

Sevaral Fubure extenslops of the current work are suggested.






EXZECUTIVE 3UMMARY AND CONCLUSIONS

o osupport of the safety svelwations of the MHIGR concept by the NRG,
performence svaluations of the conceptual design were periovmed 2t B¥L. These
effprts ave documentad in this report.

This swemary sectlon follows the ssgvence 2f sogidsnt scenarics as pre-
sented in the body of the rvepert, beglonfing with deprvessurized core heatup
tranglents, which are still congldersd to be desipn basis svents, and ”ﬁﬁt’“““
ing, there&fzerg with more severs aocldent scenarvics. Uitimalely a summary o
the suggested fazure eork 1s given.

Snfery Evelustion of the YATIGR Puring Depreseurized Jore Featup Transients
with 3, netioning ROCY

The sceserios conzidered in this gectlon zssuae that scrawm, depressurlza~
tdownr, and foga of all foreced circulstion peeur 2t the heginning of the acci-
dent, with condyction and radistioen heat transfer from the cors fo the passive
BoCE, which comtinwes to Sunctisn normelly. Sovrespondinsg eveunre sre consid-
erad in Chaptexr 1% of the P3IG, specelfically ia DBE-LY and SRM-0 to 11

Buring wovamal full power operatics the ROUE vontinually removes about (.8
M from the raactor vesssl. In the sarly vshazes of the ascident scenarie the
decay heat sxceeds the heat rewoval by the RCCE, and the excass snergy is
stoted ia the corse, resultinog In A gradusl core heatup. Afver B0 vo 7O Wby the
ROCHS heatn removal exzoseds fhe devay beat, and the system begios o cool down.
in the hest estimate case, a peak fuel tewpsyature of aboub 1370°C iz wesched
afrer 5% hw and 2 peak wessel temperature of asbout 425°0C seocurs af’er 21 b,
Thess hest estimate femperatures are lower thanm these cited din the more son-
mervative PRID evaluaticns. Typlesgl vesults of veactor temperatures and heat
flows for guch & transient ave shown in Figures 3.1 and 3.2,

Thwr waior saphasiz of our analyeis was to lodependently verdfy the PEID
evzluations snd to identify the parameters which, within thsly uncevteginiy
bovnds, could have a slgrificent safsty effect on the avcident fransieni.
Faal fuel and wogsel te@p@raaurcs during the Lransient were the cuty v DAY RE
giers of primary Conoaro.

Zxcessive fusl femperatures csn lesd ro fissicn product relesags. furrsn
BoE data sppear to Indd gr& that wvery fow, if any, fuel failures sre ilkely fo
geowe in fhe 1800 te IB0G0°C tewperature Range. Hevertheless, s walue of
LAGG%¢ has freguently besn cited as the threshold bhelow which one is assured
Gf nog additionel Feel fallwres, and me fiszion product releases bayond Lhe

cirveulating avd plated out dsventery. A temperatures of 2200°0 and above,
masaiv& fuel fellures would bhe expectead.

[

.

Vesgel faoperatures in sxcags of the wmaximue allowshis ASME code valuas
eould preveat fubuwre reves of the pressure vessel. A ssxivum permissible tew-
saratare of AB0°C was counsidered durianp this etudy. Bioce completion of this
%wik, the wendor has decided to apply for an ASME code exrfension fo 330°0 as
maximm persittsed vesssl temperaturs.

To sstabliasbh the affect of various uncervtaiaties in the ivpur daks on the

e



seak fusl and vesssl Lemperatworves, a laivge wusher of parssairic svsluztion
ware wade,  Hany of thesge vmiﬂm,ﬁ“ﬂm such a8 luo-core gaps betwssn fuwel ele-

aiv inlet (esperveibure v the ROOE,
reactnr and REOOE materisls had oo @sshw
The wessnl and ROUCE thérmsl emimsivi-
ant #ffect on the vessal iﬁ"ﬂl’-)&f&tﬂ“"ﬁ‘-}s indicating vhat
controliled duriusg sanufasture and spevatien, srimarie
bing or painting of the siesil asurfs asﬂ

ganig, ifnirind :
as wall ax rhermal m:ai
impact o0 the poeak

riag did have a
this parzmeter showl
1w by svolding any g

'Li‘_?

haviag the wost sgigeifd
decay heat sod the af

sk dmsast on the fuel and
fective thevoal conduckbleity

2SRRIy Plooks Parametric evaleations wave per~
the zffect of these fwo parameterys on paak fuel

The rasults of Fleures 3 crpase in decsy

w

17 aud 383 show thay g 30F
P

hest »y a 37% vadustion serive thermel cepdvctivity sould be reguired
bafors pesh fuel tempersrures of 1800%0 would Be reasched. Significantiy
larger mavgiog axist bLefors the 220069C threshold would be rzached. & 27 fine
cyezse in decsy heat was found v saves pask vessel tempevatures of &80°C, the
value beyond wbich the rvestart capablliizy of the wvessel wight be compro-
miged.t  Thowg, dnring 4@1?9&5‘%1%&& eore heabup scensrics with functiouning
ROCE, significant povformance wmerveing exist befove fuel falluves sod addition-
al Fissiop pMGiaet veloase would be expected.  Howsver, the evalustiong ghow

that & high ig the dsoay best Huwetlon aznd affective oove thermal
propeviies iz veoulred o sssere Chat vessel tewpervatures do vemsain within

gafe bounds.

The pegsive ROCE has a very low falilure gprobabilivy, sod even o case of
stagtrouvhic Falluves, only parts of the system would be libkely we fall, ve-
Suifiﬁb in pereial flow blockages and/for partial loss of drafi. JParssetric
grvzivations of RGOS pevforsance have shown 1t oo be highly "self-adjusiing”

{large ingryesses in flow resistance i%aé tﬁ gome £low reduction and bigher alx
wriy tempevsbures, with g velatfvely small logs fn Total energy removed).

Hewerthelews, 88 & Limiting oass, ﬁe@re uiikaé cote heabtap withou? any coul-
Th

Ang by the RUCE is being considerad inm this seciion.

Iz erder to protect the surrounding sonerets suvriaces, the RECH dasign
ingiudes thewrssl fusulation. Additionsl shislding aad therwmal fnsulation ars
provided st tha fop and the bobtiom of the resctor cavity. ‘This thermal in-
sulation iz Uthe wost sigoificane hear rrassfer bavrier Lo any heastup scensviose
githout functioning BICE, e Fallurs sssumed hers is a wost welikely case,
In that It postulates s wovreil case conbivation of:

Feo Blimiaptiog all giv flow by blocking il flow passsges completely,

while
2. keszpling 21l thermal lusuiztion dn place.

]’“‘%te:. PG LERDO m’%} ng margin to 5600 ig 38K
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more oonservaibisw, for our Base ase evaluation,
low whermal condwebivity and a2 poorly conducting aoll {cl
o warlations in concretef/soil properties and con-

sesmped. Bevarval pavameir i i
Tiguratiovns wors avalusisy A correspunding czse iz considered in Appeundiz &,
Section Gef of the PRA veporl for the MHTGR.

Pwr anslyses Found that

covragpondiog cases with BOCE by about 35°%C oniv, eaad were sesencis

pandent of copnevete and soil conditions, since thege structures were shill

ralapivels ' by, when the core tespervatares pesked. Howevwmy, GLha

vegzel tewpervstures evasivelly reached levals between 700 and 8007C, tvypica

peabking : 1,206 e, i.2., waeks after the puset ¢f the sool-

devt . Poorer coverate and aoll condizdioms affected the peak wassel fampara-
{ Hig *

bl

i
waile of the reactor slic reschaed fenperatures as

tures shigh bl greatly slowed down the ultimgre eooldown. Sevearsl ro-—
glong of © : high
as 700G, 2t partial failure of rhese structures, woeks after the
vnmat of te nobt preclsded,

Paransitvic wvariations of decay heat zmd cove 2ffecrive thermal conductie
vity Lwith 2008 Tailed) mave only slishily swaller margins than the sorros
mrénéiﬁﬁ veses with RCCE as sghown in Flgures 4-14 and 4-18: = 27% dncrsasze in

decay bent prnd 2 332 ?‘f”ﬁiﬁff*()i'ﬁ of “-::E‘c-.e cove effertive thersmal conductivity ware
reguired parabures of 1600°C. Bowevey, unsdceptabls
o

s
e,
i

i

s
re pogsibly reached., A 40% incraase
cemparature o (000°C (however,

_____ aperxfie wvagael failuve tauperatuys du
wode, mechaniania ent scenarios can be savizloned here, duriag whif' ELa s
fual failures W sround 100 br, and subssquent vesael failures ocour sfter
several weeks, when rors tewmpesratures bave slready retuined Lo
1306°¢C rapge.

cay haa:
weehad

ﬂ
b
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P
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a : they the rascter gavity could be demigned to wid
even rhese oove heatup zeeldents withowi Ffunctlonding RUCE, an evalpari

mada v g cags of hest sgtimate vatbher than consarvative concreie

[w(}raen,L 1y fhermel inselaldion wichin the RCCD L

fion iz n . v thne RGCH o funetioun propsrly undar e
ﬁccidﬁn% conditionsy, &+ thi% case, the vessel mgﬁiaturew paaked aboot
100%0 lowey than in the prec %i“? czges, and the peak concrele tewmperstures at
critie Al 250°0.  Ons lormsl peak concrete semperature afb tha
Bide w reachod 550°C.  Thws, a "hardened” reactor sile desigs with
glgnifii Ly Lowaer vessal and coneyefs Cemperateres mey be achievable with
avpropriaste design modificarioes, i.0., slimination or rvedurtles inp insvlation
and proper concrets soleciion.

in mummary, the decay bear and thermal conductivity marging for fuel
Iailures  abs cae Lo the corresponding cases with ROCS funotioniag.
However, e heast levels can signific ﬁ?tiy tmpaot on the paak vagpael
aad wonovets tewmperaturses, and gome structural fallerss of these compuuesnts av
vary long times are possible.

Evalusiion of lerge Alr Insvess Scenarios

L4
For _ mwounta of alr te gnier the core lavge failures of the
priwazy loog prassuve vessel svystes muel be pestulated. These could be aithey

-~y e



in the forsm of muitiple reactoer vessel failures, o in the forwm of 2 oross

duei double-wuiiloviae break. The latrer was assused here.

in elithey cape, the totsl mas flow throwgh the cove after swuch a bresk
was foand ta e limfted by the frictinn pressers drop through chs 16 sm disme~
per and approximately 1% w long ooelant heler in the core.

ssuping an enlimited supply of pure aly and po recirceulabion baitween the
sxiting end enterinvg the vezsel at the break, the cove inlet flow rang-
ad Tyom an indtisl wvalwe of 700 kg/hr to aboup 280 kg/hr for mest of the 10
day trassient evaluoatesd (For 50 volume % mixtures of helive snd air the flow
atas ware abous one thizd of the ahove walues). Varving the chemical veae-
tion rates and the gas spoeies Jdiffusion coefficlents by several ordexs of
wagnitude, iU wes foumd thai in vwirfuwaily 11 cooditions all the alr entaring
will oxidize, exlitiag almoest exclusively as carbon wonoxide, aod zny uncer-
rainsy o reackion rates or diffasion coeffdiclents will only affect the lewmgth
ot the peaction zone, The covrespouding graphite oxmidabion rate was about 69
kg/or for most of the transient. The thermal contribution from this exother-
mel graphite-zir resction to the core beatup waz swall, asouniting to oaly
about 0 of the suelear decay heat.

i ?:-»
{ie ﬂ'

&z the aly voluse in the reactor and stesn gensratoer cavities 15 general-—
Ly Limlrved, sigonificany air in;!@& could last but 2 few houvs, with the Inflow
bedng criginally s helium gir mixture, graduslilyv belng replaced by a Hefﬂﬂfﬂf
atwosphere. Early during such a scenaric, local borning of the exiting G0 in
rhe rea ate‘ covioy L neot impossible, and this could possibly conbinve for z
Few hou For the graphiie oxidation to procesed to the polnt that struckural
doawage 1nzide the cove wonld become possgible, an walinived aiv supply would
have Lo be available for many devs. §t should be zobed ¢hat the alr flow into
the core ﬁri the corresponding amownt of graphite rearted, az given here, are
larger than those reporied hy the 0P tesw. Thie Is asppaventiy dus §o ouyr uss
of & Firer aodalizarion in the cowpuration of the dowmward flowiny gos feme
peratures ab the core bkarrel. Whila ouwr conclusions ave relarively insensi-
tive b0 fhess differences In aly flow zates, 1t appedrs that our resulfs wounld
ha the mere ACCUrate Ones.

Bealuating of Moderats Water Ingress Zcenaviog

Considering the moderats stesn gensveior break of SRDC-¢ {singls off-ger
e roapture) the loag ¢2rm covsequences of graphite oxidsiion during the sub~
soquent desrsssarized core heatup transient were evaluated.

Bubsaguent ©o the shutdown of HTS and/or $95, rhelr respective Flow
valwes gre g & cloged position-. IF they were hermeticzlly oleosad, ouwly fn~
vernel fa-core vecirculetion of the He/H.0 sixiture of shout 18 wolume % H,0
would be possible, resulting in very small in-cove flow rvates of smboub 0.5
kg fhr,  As borh valves are desigued To permit some bypass flow in thelr ciozed
opaltion, indtial 9**’ sataze indicatsz a net civculation betwesn zieam gensrator
aud cove of abowat 3 Rpity, which {5 very minor. However, after the fiver fow
houng, the core boaperatuves are sefflciently high thset all H.0 eantering the
core will vaescl fuﬁ&=the‘ajv)g cridizing =zbout 1 kg/he of graa%1te~

The gas exiting the cove would have a2 30 volums % concentration of water

gas (00 + H2i, Boweveyr, it could Iseave the primery loop only afifer pagsing

s o e



rharough the stesw generabsr and velief valve train, where it would be strounpgly
diluted. Therefore, Lt is wary unlikely that any combustible sizture oonld
anter the peacter bilding.

gerious safety consequences seanario
Extension of this work to inclede large water ingye

Gore  Haatep Accident Sceparics Withowt Foreed Cooling  and
1. .. p

?gi tnmn:_ B0y

A h B S i,

The pase of a depreeswrization acoident without sovas snd without any
forced cooling, but with Ffunctioniang ROCY was invesilgaisd, using tun LEE s B
vity Feadback goefficients from the ¥EID oy an HOC udﬂdliiﬁﬁ and best espi-
pmabae cross sectlon dats supplied by 84. A similay cass {8 prassated in Hep-
zion el of Voluse 2 of the PRA veport For the METEE

The reactor was Lound to shut down within about two winvtses, due o thsa
negative Doppler feadback coefficients. The power generated duriay ohis inde
tial period amountad to abowb 49 full powsr gecowds, resuliing in an sverage

active core temperalure vise of sbeout 100°C

Boeriticslity dus te Xenom decay was obssvved at about 58 hr, with powsy
spikas occurrisg aboul ede per hour, with ao initisl pesk of 17 Mé, decaviag
to & Final steady level of about 1.7 8¥.

Bevond abowi 120 hr an eguilibrive condition was observed, whers the
postvive vegeiivity due o low Feson concengration Iust haiaucaa negative
reacrivicy dos to elevatad fuel feomperstures.

The peak cove ftemperatures for this best estimsis evaluar i&m, vanchad
£00%0 ar abont 80 hr acd peaked st 176070 st about 120 hy, prevaill at thla
tayel for hundreds of baurg ratbar than decaying moderately @
cortespondinog accident with seram. Thus some fuel damage snd
relesss slter &0 bhr must be sxpectad. Yeagel temparf‘xr B
would precliude reutilization of the wessel,

[

Further i** stigationg will consider the case withowt fuoctioning i,
and the seneivivity of the results fe variastions in the corve and reflecror

remperature 0 ff%??e%tﬁ and the oroszs gsection dats, is pariicular & 0
thegs acclidont sceamyios the pesk core tempevalsre is asbfvongly dependent on

the Doppler feedbaek coeificients.

Beduction #n Hescior Caviky Oesl Transfer dus o H,0 and/or 00, Aceusulation

Water wvaner, csrbon dioxide and, o 3 lessar sxient,
reduce the heat fvansfer via radistion from the resehav
pansls.

menoxRide can
no the i

Watay wapor oouid resch the resctoer gavity fn aceident dmyalve
fwg massive failures of the secondsary Loop, zuch a3 2 maln siean | 2 break o
the stesm genersbor oaviiv. Slgnificesnt sceommulations of Gy would reguive
prior wmasgive Ingress scenarios and chemical veactions in the seimary loup,
and theraefore iz of much lower probablliiiy.

P



_ iminary gas radiatlon heat Drzosisr wmodel was usad 1o X e the
affects of such 00y and Hy0 accumulations i the reactor cavity. 'he resuits
show that with sexdsmwes possible water vapev goncaunbtratious in the reseior

caviity the heat trassfer in the cavity couvld be veoduced by wp o 230 feoy &
given zer of vesgel and BUOE remperatures, vesuwiting in a4 compensatlay vessal
cemperature rige of abour 4070 Ffor nowmdinal cpevating Pu&di?iﬁﬂﬁ aud  an Ao
crease in peak veswsl remperaturss of about 3074 during 2 depressurised coxs
heaius accldens scenmnvyioa

Tenpe Transients Subsequent to a follapge of che Ruppory Structure

Initial esutimates of rhe effect of a ccllapse of
tare on the subgsquent cove Ywatep sconarios consldeved
ringie {ael sisments reaching the vesssl surfaces and
was pointsd onb that such scenarios ars extrewmely un
glamants arva suarfouwiod by wna?*ai layers of reflectoy e

gt

Congidering varicews geometiioc and thary

was found that the peak fuel temparsibuves of
thas those io a2 intact core which retains

mivipmen possihle heat transfer surfsee envelsps. However, fuel
fiag on the vossel surface pan cauwse bot spots on the vassel with
paratarcs in Che zangs from 660 o $30°C, at which level further
Farlures couid nob be ealad oul.

A ]

Futars Bork

Thir veralis reported heve rapresent the currsn iy
dependent analyese.  Seversl further ertesnsgions of aried
¢ s way be added am additionzl items of congern

ular, f¥gsion product trauspord dering blowdows, as wsll as duv-
sientg, should be modelled. Tha reles B

rE he lhata& based on blowdows fyansisnl oz

EATRAM oode. Fst the long term transisnts the ﬁ&"ux ﬁﬁéc

evalusta the gas exchangs between the varlous reactor hboll ﬂing

spond bog i %ion product transpory wodels should be sddad ﬁ@

e bhe pobential fission praﬂuft refease frowm the radciay

tuma

.h : ] restoration of &OCE ?ﬁﬂ
in fhe HERD Jounding Dvemt @QﬁﬁnCF 3 (BES-3Y, our
acansnt grreaded o inciede the akfect

BOCH the downflow chapnel znd the survousding meharas
prior o restersiion of coosling.

evaliugziions shouwld he extemded bo consider
rﬂ%a ivity of the Stackpele 2020 graphlie i

' reglons ars atb lowse
fm?ﬂlﬁ? sprface Howsver, preferential
ﬂi@@r& =}, couid reguit over a long time in swsak

hd
5
¥4
*\1
T
'3‘3:
p
o
W
E]
]
15

Gur evaluations of water ingregs escenavioes shoeuld e extended to wove
; i fom, 1ike the ones of BES-4.
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I ENTRGDUCTION

The concapiual desipn of the Moedular High Tesmperstoare Gas~Cocled Reactor
{MUHTGEY, owrrenily bheing developed under DOE sponsorvehip bhsz beso submitted to
the HRC i a Preliminsry Safetv Tnformarion Uocument {(F5ID). In support of
the Safety Bvsluation MBeport to be fszusd by the RO, indtial mafaty evaluna-
riong of this comncept wesrve conducted ar BYL, in nurt o validate the vendors
gerformancs olsime, and In other casss sutending Che analvses £o0 @ore Temohe
and mors geveres accident scenarios.

The stariiong pelor for our efforis were the codes developsd and used in
the Source Term Study for the 2040 MW HISR {Peilly et al., 19842, In seversi

areas significant code sxtensions weve required, fnciuding models for the pag-
sive iy cooled #eactor faviiy fosling System {ROCE;, adding 3 point kinerics
wodel, aud lpelodiog Initial wmodels for graphite axidation during water and
aiy ingresg =cenarios.

& VWrief design description and an overview of the codes used in the
analysis Iz given in Section 2. The initdisl snalyses for fhe concapiual de—
aipn are presented in Bection % to $, whils Section 10 cutlines the reanired
code extensions for future evaluaticons ae tha design progresses to the pre-
liminary and final deslgn stages.

Sowe detatla of The models arve descvibed in the sppendices.






Z. DESIGH DESCRIPTION AND CUTLIRNE OF REACTOR SAFETY CODES

The reacter veszel and the siearm generator sre located iu two adjasent
cavities of ap underground sIilo a2 shown in Figers 2-1. A schematic of the
resctor with stesm genecator is shown In Filgure 2-2.  Further details of the
design of the BIIGRE sve given, for Iinstance, In a concept description report
fRachtel Hationsl, 1986]. Power Is generated In a cersmic graphbite nodervated
core using inert heliwm as the primary coolant for energy bresafezr to the
steam generalor. The active core fusl elements are  arranged In an asnolar
cylinder, surrcunded ifg the center aad on all sides by graphite reflecstow
slewents, Hellom flow ig normally provided by the maia civenlator. In cage
tha main circalsier or any other stesm genersior component is tol gvallable
for gepvice, the ryaactor would be scrammed, and a shutdown cooling ovatam,
Jocated at the bottom of the rgactor vessel would gemerally be used fov decay
heat removal.

A third heat removal gvatem, which comprises one of the inherent safety
features of the HUTER is s passive aly cooling system, the Reactor Cavity
Cooling Svsbem (RO08). 14 is shown szchematlically in Figure 7-3. In cass
paither of the above forced fiow cooling systeme iz available, the reactor
will be sorammed spd bheat rejectfon is rhen predomissatly by condection and
radlatdon Ivom the active core vla the side reflesctors and the reactor vessel,
acrpss the resctor cavity to the 2O0S cooliog pansise. Inside the conling
pansel an aivilow 42 created by natural civculetion assisted by the ocatlat
stack.

The reactor vessel i3 not thermally insulsted and durdng wormal power
cperation 2 parasitic heat loss o the ROUS of abour $.9 MW {0.25% of 350
Miey design power) s allowed. Thus, the RUUR 43 a cowpletzly passive
system, without walvas, dampar of ofher active composenis. 16 is always in
oparation, self activated, vhenever there is 3 hest flow frem the reachor
vegsal.

The analysis of the baglic depressurizad core heatup transients was par-—
formed with the THATCH code, analysing travsient conduciion and radiatlon in
the reacitor vessel, coupled with the PASCOL code, which analyzes quasi-static
ROCS flow and heat transfer gonditioans.

The THATCH code ie & general spurpose reascior code, which was applied hare
to the MHITGR reactor vessel geomatry.s Tt solves the conduction eguation for
all major solid capacitances, sz nodalized by the user, applying an Alternai-
ing Directien Jmpliclr numerical msthod, wsing preseribed temperature depen—
dent propeviy functions for all reacior componsnts.

Reat tvazmafer azcvogs internal gaps ¢an be medelled as zosdectlisn, convec-
Tign, acd one-dimensional radiation, or any combimation of these, as specifled
by the ugser. For laeger futernzl wolumes, multi~dimensional radiation model-
ling will provide bebter results and cab bhe emploved as a2 code option. It is
used hers in rthe upper and lower plena. During notmsl reactor cperstion, the
therwal condoactivity of all the core graphifte and gome of the refiector
grapnite decreases doe to irvadistion damage. During the relatively siow care
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hestup accident scenarics, soosaling will oceur, with the original, undamaged
rhermal oonductivity belng restored. The maverial rthen remains annealsd dur-
fag the subseguent cocldown. Zuch 2 cors thevmsl property medel, rTagoiying
the thermal conductivity o he specliled § snauaia ag funciion of tom-
perature and tempevature histovy is alsc the cods.

Ar the preveiling temperature levels a
the reacior wveseel across the reactor eavity to the RO08 panels is predowmi-
nantly by rediavion, with turbulent natural counvection contribubing abouart % o
10% of th. tatal heal tranzfer. Meal trznsfeyr within the RUCE up-=£flow channel
i by conduvction and radiation te its internsal fins and the back pansel, snd by
ponvaction frem all metal ssrfaces o the epflowing ale. The PASCOL code
modalis,. ar each elevatiom, either this combined conduction/convection/radis
tdon heat rransfer, or uses g presceribed fin cffectiveness coefficient in cow-
puﬁiﬁg Iocal bheat tracsfer from the panels bo the coolant, using iocal panel
temparatures. Sswple eveluations have shows bhat detgiled local §is condue—
tion and radiation szlutbioms are not warranted, since for a given design the
CFin effectivences do2s not vary significantliy in gpace or time during s tran-
gient. Constant usev guppliad fin =ffsctiveness data, developaed ia & ssparate
parametris sgtudy, wﬁax& thevafore genepslly zopliszd bere. Couplad with the
axially nodalized head trausfer anslysis, the PASCOL code azlso colves g one=
dimensional quasi-steady womenbuwn eguation for the BECE sirv flow, ilmcludieg
ducting lossse and stack affec

ud dimensiong, heat itransfer from
¥

l’—-'

Further detsils wvegarding bhe wodelling, matorisl properties aand design
data are given io Appendicss A and B.  Borh ecodes have heen verifiszd exten-
gively by compsrison to availlable transiemt data and by applicacion with sinm-

plified geometries and matarial properties io cases wheve ezart solutions are
avallable.



3, PARAMEIRIL EVALUATION GF DEPRESSURTEZES CORE HEATIP SUCENARIOS
WITH FUMCTIONING ROCE

OF the acoidente scenasrics covered in Chapier 153 of the MHTGER PSIR, the
depressurized corve hestup branslients without foread fiow wooling by elther the
HTS or the 8495, rveselt in the highest core and vessel temperabtures. lndey
thess conditions decay hesnt remnval is predemimantly by conduction smd radia-
tion from the eore fo the passive RCCE, and from there by aonvecticn to the
apyivonment, The ROCS censtitufes the only saferyv-grade decay heat remowal
Gynien,

T mstablish coafidence In the capebility of the MHTOR to aschieve resce—
tor cooldown via the passive RCCE, such translents are svainated in thie sec-
tion. The firgt evaluation constitutes a base cass, using pradominantly best
gerimate datra. Fumercus pavamebrvic wvariszticns In desiga and opevebing data
wera apniiad thergatier, o establish the available safety margins, and to
identify goagible sensitivities to vncertainties In dnput dovs and wodelling
asgumpiions . Thess resaults are pressnced iu this section.

The resciov fransients weve modeslled usivng the TEATOH code, which com-
putes the tesperaturve field im the veactor, interpally coupled with the PASCOL
ceds, which svaluatas the passive alr cooling wodule, i-2., the RICS.

The vesctor and 80CE foput data are bhased on the PSID deseviptions and
viv:  wove waterial properties and other desipn data providsd by DOE [GA,
F987-01] . The nomiaal decay heat used for most evaluarions, ds alsos basad on
GOE submittals [CGA, 19856-011. The wmost Important wmedel dats 2nd material
propertiss sve summarized in Appendin Al

Pzrametric evaluastions of RCOS performance and its gseasitivity te various

deslgn and opevating pavameters are svmmarized in Apwendls . Az dndicated
iheve, the BOCS was fouwnd ftoe be extremsly fault tolsrant. That iz, ao in-
croeee for instance dn the duocting flow resiskhance would veswitv in g slight

flew rveduvtion, but slightly higher alr exit tewpersbures, with esssentially
unchanged tonal seergy remsoval. This establiishes the RCCS asz a passive syg~
tem, that iz relatively insensitive to mamny wvarlations in desizgn gelections
and sperating conditions.

3.% Best Hsiimate (ese for “Ep?&%?u?l?ﬁd Core Beatup Traasigul with
Fuy t*fmi,g BLCE

hast estimate “Base Tase” of a depressurized cove hestup trznsientwill
bo pf&n@u*?ﬂ here, o be compared below with several persmetric vaviations, to
fdentify the most Important wariables that cen effect the oritical parsmeters
dering such cove heatup traasients. The main interest iz in the pezk fusl zod
vosgel tempavatures.  Excessive fusl temperatrures lzad te fuel failure and
figaion produchk release. Hucessivevessel temperatures could compromise struc—
taral integrity of the vessel, as well as adherence toe ASME code limits for
ceusabliicy of the wessel gubsequent bto any such gecident scewsrles.

The Bage-Case used the "nominal™ decay heat data subalried by BOE [Ca,
198601 The radial and awmial distribution of alfter heat was sssumed to
follow ihe fuwll powsy profiles, as given in the BSIh.
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In—core  gapd hetweon  adiane fus slemenis were wadellisd sz @I &
1 oy Bety arend  fusl fements wers madelisd asn
wide dio borigonral divection, &ﬂﬁ 0.5 mee Iv awiagl 44 X

ALl aztive was awawmsd to bae folly devadiasted.  Por ibhe e~
flametor hlocks eore o relatively consavvative partial ifrvadia
tion dﬁmaﬁe was assused oe swmarized do Table 51 Buriug ths ira 319123
graphliie simesal assvised o occur batween 1000 sud 1300°C, th the
anmealed maveriazl teiainh ive vaoovered wroperiies in aay sub seq&an. oo L
dowe .

The ROCE wes assemed Lo opevate at 20%0 sir dnlet tepperatove, with the

s 4
veactar vessel and the ROOR panels having o nomical therpal ﬁm‘ﬂ‘ xﬁr” af 0989

o
st
o
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AT SHOWL

L Flguyes 3=1 throsgh -5,
rond copling from full pows

T Earg rooperabion, with soram and
loas of prismary loopn pressure, the corve degies €o hsat wp. Indrvially, the de-
cay beost ewcseds the haab *ygu fer out of the <¢ore, resulting in tempovary
enprey shorvage in the cors. Covs temperabures pesk ab 132070 et abowt 60 br
inte the transisnt. At sbhouwt the sfame time, heat fransfer sut of the setive

COTR %ngn: v sxmceed the dzseay hest, thes regsulydng o a vet cooldown for ehe
antive core. The reacior veasel fempstaluves peak at 8% by st 42370, Bevond
7T by the wer beab tracsfer te fhe BOUS arceeds Che decay bheat vesaiflng v g
net cooldown of Lhe rescfor. The ROCE six Fiow peaks xt 12.8 k2fs, and the
alr outblel temperavarve st 123°¢, both arcund 90 hrg w¢uh g heat vemoval yate
ef 1.3% P, C1z should be aoted thalb the above ey are siznilicaptly
Iowar than reselis sreviously roporied amd alsg Et“@f ;han the PRID datsz.
This iz mainly due fo the ugs of cominel decsy heat data, while praevicus in-
vegilgations uwead the wore gonss: ive  PBID datve oy LTR-4 data  [Sund,
1731 Y. Implemapterica of 2 Tull sonesliog model {(mee Apuendiz &), which
sregents the schual physiosl processes move correctly thaw g simple Lewpera-
ture dapendsace of core prepuriies, alss coneributed to this effact.
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The, glots of gas inventory fu the rag
i Fr 2 Loventovies

ty indicats thet ondy wery i1 f
are expected Lo be exchanged with gas

3.3 Parametyic Yariation of Malor Deslge i

To fdentify any potential gengivivities of the maln oufpet parasmsters of
aur analvses -~ pesk foel and vessel tewperalurss - e variations in inpul
parameters or wodelling azssumptions a large  number of design sad opevating
paramelers were variaed vparametvically. The various cases ave compared against
the Rese Csse fn Takle 3-2,

The Sasc Case used ap radial decayvy heat dietributien the corresponding
powery profile given Ie PRI for novmal ospevation. In eontrast, a unifoers

radiai power profile was applied in Lase &:.  Tha 31 about 50°C highsy
paak fual tesmpovature, and wirtuslly oo change in wessel towmperafure.  As &
radiallyv uniform dscsy heat di»&aﬁb( riow I3 ool ooly oove ccuservaiive buib
#lgo apparently ologer o actusl comditioog, one wmight consider Casse 2 2 movs

.



Table 3~1 &ssomed Rase Dase Hefiecior Irvadiation

Parcent of
Saturation

Irradiazion
Damage
Central Reflector:
Eeflector shement row adjacent to core 95
Mexi veflector slement row 60
Replaceable #lde Betflectors:
273 of reflector element row adjacent ta core 98
Remainder {i.e., 1 1/3 rows) £
Top Beflactor:
172 of refilector slement height 00
Battom Reflactor:
177 of veflector element height a2
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gpproprists best estimate fransient than the Base Cant. Thug, our hest

sevimaps af this Lime {odicates poak feel tempervatures of abeut 1370°C at
5% hr, and peak vessel temperatores of aboul 425°0 at 90 br. Some of the re-
sulte for this case are given in Fipures 1-7 through I-10.  ilse of the axial
power profile of the PIID during a decay baat frauslent iz congervative, as it
creates higher 1oecal peak power denslitiss aad fuel femperatures then woald ag
tuaily be sxpected wnder decay hear conditions. Thereforve, the axial afier
hegt, distribution was nob varied bere.

o

In {ase 3, the LTR~4 decsy heat Tunetiocn [Swed, 197371 was used. This re-
auits Lo zhour F8% more evergy belug genevatad in the core during the Eirsc
100 hy. As anticipated, the peak fuel femperatures increared signifiicantly,

by 202°C, and the peak vessel tempnarature increased by 6470,

The in-core gaps betwsen adjacent fuel elements presseul a hest transfer
rasistanca which, dessading on gap size and graphite temperatuYes, can be
dominatad by vadiarion eor conduciion. The Base (ase umad best estimate values
of } me gaps in radial divection and 0.% wmm In axlal divection. Ths effect of
these gans on fuel and vessel temperatures its shown by erbltrarily eliminstiog
them. As the in-core heat transfer improves withcut gsps, peak fuel tempera-
tures decrease by 48°C and the paal vesscel tempsrature lincreases by 80,
While this case without zaps is aot practically possible, iy shows the overall
affect of the in-cove gapw, and alse indicates that g remporary andfor locally
improved thermal contacht bhetwsen bhlocks camnct cause any significant hot spots
gn the vesssl. Wider gaps will not produece sigoificantly bigher fuel tempers-—
rures 8 redisvien acress the gape generzlly domipates in the holtest regions
af the core. Another run with radisl and zzial gap sizes of twice the Base
Caze gap dimensiocas Jemonsirated thisz, resulting in a psak fusl temperature of
£338°¢, dee., ouly 20°C higher than for the Base Case. Thus, the results are
meve menglilve to the phyaical presence of these gaps, than Lo their actusi
widoh.

With Lrrvadiation damage, the thermal conducitivity ofF core graphlts iz

significantly rveducsd (esze Appendix A). While the artive core will, in
genaral, be ivradiated to saturation, only a relavively small laver of ths ve~

fieetors adjscent to the activae eore %will have incurrved a2 guificient fast
flnence to show significant irradiavion damage. Fovr the Base Cass a relavive-
Iy high irvadiation dasmage in the reflecior was assumed, as shown above.

Lesser ivradistion damage would gewnevally tsnd to raduce fuel tewpera-
tures and ilecizase vessel temperatures. As sbown in Table 3-2, for the case
of completely unirrvadiated reflectors, Case 5z, fuel temperatures dropped by
59%0. TFewever, unexpsctedly, the peak vagsel tempereburs alse dropped slighi-
iy. Looking abt the detalls of the rranslents one finds that avousd 20 to 60
hy when the core temperatures pesked, the vessel was ingdesd about 5°0 hottew
than in the Rase Case, Bubk with more heat tfvansferred eariiey toe the ROCS,
the vessel temperature peaked slighuly earlisvr, and at 4°C bhelow the Base Case
vallie.

Thig, the mein effect of reflector ilrvradiation damage is an lacrgase in

fL I . . - - # . -
“¥For thiz regson, uniform radial after heat was usad zs Base CGase In later
syaluations, 25 shkall be nored; bet most of the work of this section uses io
its Base Casz the P3ID radlal powsy profile.
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the perk fucl temperaiurs.  While The dawage walues cureen being usad ave
P

1
coensidered to be vz, anoiher pun was made as Oage ﬁb with all re-

=od
g
o

placeable side reflectors ab the active gore lswvel, and oos upper and lowsy
reflector alement £l irr&éiated to saturation.  The peak foel tewmpers-
weve foy ihis tun 5 s Gatra o %fghet than for the Rase Cage. Thus,

heoretical § vadiation Jdamage, fusl fempevatuves did

even with this ﬁ*?%mvw T
net increags dyamaticonliy

rhe RODY opevaiing and design pﬁfamﬂfﬁ”ﬁ e
varied., Ligg ; ROCE alr lalet esmverature of 43°C {LHIPE)
rather than the best estimate valuw of 20°C {(48°F}, pask cors aumpu»ﬂLdJL

rose by only 1°C, a3n instgnificant awmount. However, the wassel temperafurs
wag affecved, wisi : f. Arbitrarily reducing the vessal and HOUS punel
thermal emfssivity from a hasse value uf 0.8 to @.%, again the effect an oowe
wmigperature was mi increaning the peak Cempersture by cnly 4%4.  Howseey

the effart op Che vessel was guilte significant with 2 rise In psab bLeaperature
of 4870, &z stesl surfsce emdssivities can vary widely, bassd on surface

rality anl amcunt of owidaticn, the vessel and ROOS panel smissivities should
ie conly jf*& doring paoefacturing ag well 8% in opervation. most practicealily
vin a techniczal specification.

Finaily, bo iliosirats the affech of smnesling, 2 run was zade sappreg-
sing divs sffect in fhe sore and in the veflectore. It should be noted rhat

this is & son-physicy’ wdition heing Imposed, just to show the effecy of
anngaling during a oo ; gracaliant. I this arvi{ical cage, the fusl

tempersfures rosse by the vessel hemperstures wers havdiy impacted.

To a furthey rig several of the ahove vaviatdonz, which tend o ralse
core  bemperalurvos  wer slmultaasously, meiy 3 1) conservative
af*tr«v@ab? A 23y uniforn ”&Ai?= afver-heat digtribution, and a 3} congervatiive
RGOS adr inlet rempecature. This rong aesignated Case 9, should boe consgiderad

ae a conservabive soper fimif on yﬁxk Tuel fsmpevratures. The comblnod conser-
vatinms vesulted in & pesk cove heat ﬁempefatgrc i 1579°C, f.e., 28070 abovs
ihe Base Oase.

Tt ig ﬁﬁt“f%stiﬂ' ta aste that the smm of the temperatuse ilncreases for
usinﬁ 1R decar iform wadial aftey heat (#6470 snd ilacronsad
ROCS ale inlern ig only 249°C, whereas imposing the thres
zffocts togeiher rosulted in a re

i @

Ly
ik core remperat
than the addil i

rigs of 2347°C¢, d.g., movre
effantg. Az the effect of hnc“daawi REGE
t

alr dinlet LT WA vy wineor, thiz indicates thar al higher cors tem-
pezatuvnq the effect of o wifors radial decay heat vrofile iz more prancunced
thait at che Base Case Lempevature levels.

In ovder Lo wewimize the vessel tempevaluras, a vun was wmads, designated

v 2543
Case B0,  withn T Lvr decay  heab, me in-cove gaps, unirradisced veflector
graphite, and au BCCS siv inlet temprvaturs of 43%C.  The vesulting pesk wves-
sel Lemperabuve wag 50274, f.o., shout BO"C above the Base Osse. valua
greseds The maxivam PBI0 welae of 4RU%C, A vessel tewnerstare 0f 3007¢C duvieg
a depresgurizod core heatup trangisnt might be of 2oncern, in pavtiecuvlsr with
respent Lo Teat capability after such an accideni. However, this run is
also very eonsavvaiive, particularly regardiag use of the 8% higher [TH-4 de-



N
cay bear function.®

Az an additional pavameiter, the effective thermal emissivity inside the
raacbor veszal and the core bharrel was varied. Since these runs inadverfenily
used & wlfcrm vadial power profilz and ac alr inlet tempervature of 43°0, they
pcannet he comparsd directly fo the rung in Tabie 3-2. A4z the effect was fouand
te be wminor, revunning of these cagesa, and inclusion in the above table was
net warvanted at this time. The resulis weve as follows:

Internal Reactor Vessel Peak Cors Poak Vessel
znd Sore Barrel Temperature Temperature
EBmissivicy T _ e
0.5 L2377 427
g.8 1364 433
1.0 1367 435

Ag Ethe gap thermal vesisfence dzcresses with incressing swmigsivity, the
peaik fusl temperastuvres decrease and [he vessel femperaturss Increase. How-
aver, the range of temperarure changes 1s only abour 10°C since the core bhar-
vel gaps are not the concvolling healf transfer resistances,

Farther wvarlations of the reactor wvessel and ECCS thermal emlssivifies
were madse, again usling g econstant radial decay heat profile. Tha emissivities
ware variad befweaen 0.5 and 1.0. A8 mentioned sbove, tihe effsct on fuel tem—
pavabure were vory miner, bui the efiesct on the paask vegsel remperature was
gignificant., It is shown In Figure 3-11, sgain indicating that the vessel and
panel emissivitiss ocupht o he controlled.

Thusg, in sumaary, wilth opsratisg ROCS it appears to be almwost impossihle
e rvearh foeel tempevatures of 1600°C, shove which fome fusl failure znd fige
sion product relsases can oceuy, even with vory conservative azsumptlons.

Tader normal translent condindleas, the peak vegsel teuperatures will ve-
in welow 450°C. However, under very gonservaiive assumptions {io psriicalar
th #8% ralge In decay hest or greater reduced vessel and ; vessel tfempera-

turas of 5300°C can be reached, and could be reason for concern.

i)
[

33

.

2
Iwete

3.3 Variation of Key Parameters io Hstablish Safety Margine

e yesulits of Bection 3.1 Indicated that core decav heat vemoval via
RECS can be achieved without approsching feel failures or excessive vessel
remperaturas, In Ssction 3.2 it was shown that reascnsble wariatlions in most
pavameters did aot ralse significant safety concernsg. Howsver, these rvesults
wore based on DOE supplied decav hear data and cere graphits properties. In

31t should he noted that our peak vesgel temperalures sre ihese of the
horvest ingide noede of woe radial vesgsal nodes. Those of the PSID are an
avarage waiug af the hottes:t orass section. With & temperaturs gradient of
ghout 237¢ acwvoss the vessel oar values are sbout 8°C higher than those of the
PEID just due o the different definition of peal vesssl femperziure.
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this gection sn evalvation 1is asde o establish what meageitude of change ia
decay bear and eors graphite properties can be bolevatad beforg fuel fallures

oot proefile.  The

he noted that thes graphite propertd : 4% and cknele
an MIE supplied data, which are : and

Linser eztrapolations were wusc aypnd the dau haaeg

ei}'a &
practice ia proviowvs asfodiep az well, as Lhers do non aspear Lo
for  higher tfemperatuved. wWhile e

Yﬁﬂ‘ubﬁ%ic up  to pz=ak core Eemperatures of  } 7Y
pamaing onen Lo guestlon.

¢ rhe eore desay hest boyound the best estimsts values

toral decay heat curve was  vaisad by the indicated factox

7 shows that a peak fusl femporatl

aint where scme fission product valss

aetual decay heat woeve 304 sbove bz hesi asm

i3 iwﬁpei rures of TI00TC, wherse maseivs Tuel
tals

sLimafe valusd.
falloeres srTe ew-

“a\ to stleslats an lucgesss in decay heaa of 1i0%. The
vk decav heat levels, znd an increass of

eak vessel temporaturs of of S80°C.

vhe cores thormal conduntiviitias ths wholes acetive core and all
racboy bleocks of HWABY were varied by the iudicated facter,
it szhows that the core thermal sovnduonivity would have o be
egfimare wvalues hefore s peai fuel temperstore of 1800°C would
s ]

cniv 0% of its best estimate valae, QEGU £ would be ehed,
slve fuel failures. A&s the in-cors femperaturs gradisnts in-
ed rthermsl conductivitiszs, ifhe peak wassel Iemperzturss de-

z i
for lower ;heraf! conduactivitie

vesgel a&wperazure¢ s
Cane, Jus oo Iovesr bead ronovel to Lhe
peak  wvegssel temperature remalas wvery s

e, nlgher cove ihefm&l canductivivies
Spect U wossel tomparaluis.

Further chearved that wvariafions in decay heat bad 1ivele infla=
imas of peak fuel tempearatuves which cocurred beotwean 35 and 57
rsaal Lf$a€zﬁngeﬁ {oocurricg around 88 f£o 92 hrie However, with
ore conductivity, peak fuel and vegssl Lemperszturse weve reschad
g Teom ﬁﬁ te L4d hy Tor the fuel znd from 52 toe 166 hy for the

WRATY ., fher in zove there
ity befcre , Bl aigninzw
wmarging aval of 2200°C

LA

tg reaschied. However,
deczy hest data and

20
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4. PARAMETRIC EVALUATION OF DEPRESSURI i HEATU? TRARETENTS
WITHOUT OPERATING RCCS ("EARTH JBATUS™)

it
-
ek
ry
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o
Lay
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¢ rat the pascive BUCS haz - vevy low foilavs oprobabili-
nd that even in case of catasivophie faileves, ooty parie of the svyebewm
would geasrally be Iest, with partial flow blockages and/ev pavvial loss of
draft,. Hevertheless, s s limiting csse, depressurized core heatup witboub

eopeiing by the ROCE is %eiﬁg considerved in rhisz gsectien. Depending on the
iator for this sxtremsly severe accoldent gcepavio, the reactosr sile walls
[

ot
o

or e RCCS ﬁ&ﬁai& may collapse, and the svstem geomeiry could bhoe affected,
Thie gams copld app

iy to ths rveactor wessel andfor 1is suppovis. One could
by 20 the low probability level of such scenariss concerning
gaometry. For thiz evaluabiee it is assused, non-mechanis-
: helow ground siructures vemaln intact but that all alr flow
through the WCCE has ceszed.  To profsct the surreunding concreie surfaces,
the BLOS imcludes thermal ingwlation. At the top and st the bettom of the

reactor cavity, shielding and addiviconal therwmal Insulation are provided.
This thevmal losuvlation iz the most significant heatr trazongfer barcvier in corve

e

heatupy scenarios withoul BLGE cooling.

Ture assumad heve s 2 wmorb consevvative case, in that ir zssumes
s1ig which:
e |

te  siimivates all sir flow, blocking a3l flow passzages completely, whils

2. keaping all tharpal fsselation in place.

i

In ail wpractically concelvable aceident zeenarios of this kind,
pavts of the air Tlow passages, bub noet 1007 of them, would be blocksd: aad
even 0% blockage with sowe rvemafning aiv flﬁw' would compleiely alter ihe
avcidont scenarie, providieg sigeificant conling At the zame time 1r is
FATEH this sevevrely dsstructive event ieavek il reactoer cavity thermal
irr place, while one wouwld supect that an eveny of this ssverity
.

. some of Lhe insulared panels vo collapse, leading to bether hoar
removal and lowsy ultimate reastor and cavity temperaturss.

I some indtial cosmputations it was establisghed thar the veactor cavipy
wail surface aveaz was a1 Important parametsr for such core heatup scenarios.
with Les b&iﬁg

5

Furtherneve, heat losses frﬁm the top and hottom of the vsegel

onby 0¥ of the total best loss from rhe wvessel, still had a
ot on wher and ar which tempsrature level peak fusl and vasg

enstonal THATCH wmodsl for this =mc fident seenariso

.+ A can b2 seen in Figu -1, moest of the
4 by 1.5 m conereis wells laa diﬂy to side cavipd
" e cavity. Lese than one third of the wessel suris
g &irecily thﬁ U9 wm aunter conerete wall of rthe sileo with savth behind

=13
1. Duy wmedel azocumed savipheral symmetry, with elther geomatvy prevailing
ali azound. The results did net differ an@njfi““nt Ty er an average of thooe
wy caseps would repressnt the actuzl transient. potentlal loezl
veasei net spiria, one mighr want to expand this 2% a lfater design
sitags o dnciude the actwzl thrae~dimensional effec
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Hnon suggesvnions by the DOE tesw, a btwo—dimenzlonal vadistion model was
appiied Tor the heatr transfer azcvoss the reactor cavity, from the wessal ¢
rhae BOCS struciures.  While cuns sade with this ourrvent 2-D vadistfion mode
pare uet identical to the eavlier rung wsing & 1-D radiation wmodel, the ve-
sulis 3eom Lo lodicate that the inclusion of the more physical #-d radizolom
wodel did nor affect the neak temperatures very much.

I
-
LS

4.1 Best Estimate Depressurized {ove Heatup Trapslent Without Operating RCOH

¥or the Base Case, the nominal decsy heat function was uzed assamd
uniform vadial decey heatr distribotion.  The hest transfer at vhe side was
modellad as conduction scress the ROCS Inmsulation into 1.3 m of concrete, fhen
by vadiation god convectlon across a 2 m wide cavity, then condurticn asvross
0.% m oof the ounter sile coucrete wall, and ultimastely conductien to clay
0Lk, The doitisl reflsctor ilrradiation and other data are eguivalent o
thoese of the Base Osse with functioning RCOS, described in Sectiom 3.1,

The regults ave velatively senaitive ko the concrete mararial properties
ag wall as Lo fhose of the thermal dpsulation ifn the RCECS.  For the thermal
inegulativn, condoactivities of 04R2 Wiek st 3IB®C and 104 Wak st &SE2°0 were
providad by oA [GA, 1987-011. fur medel interpolates and extvapolates from
thege Twe points. Az the ivsulation femperaturss rerely oxcend 65070, the do-
gree of mivapolation may be accsptsble, given thas larger uncertasinties in the

concraete properties.

Goncrete properties vary widely, depsuding on logal condizicns, rueh as

the sement and sgoregate composition, s well g5 the flnsl couvcvete dens!
ard Lts moisture woatent. For thiszs work the walues cilved in GA-ALROD) were
veed {GA, 1%78}, Jre chermal conductivity as funciion of tesperstare in °0
-
£,
N . i r [ . 8 l"‘;
Bow 1.945 % (1« L0863 % [oome) ] e
LeWak L1 G563 !\iﬁ{jﬁ})-f .
This relation gives bthe followieg valuss:s
£ 1 304 700
k P84 1.62 1.18
r btyploal datas for norwmal coocrebe vary between (.3 and 2.6 Wal st
(ES Pt smperatures, and the above Tunetion is possibly higher than aver

L8

since 1T wag originalily fotended for ag sspecizlly deuwse PURY conorete fs
i Cance ¥Fig 13 of Beboeider, 1981).  Councevete thevmal cownduneivlote
typically dezerease with tesmperainre as deylng cceurs, and some of the physie
ealiy bound water evaporates. Therefors, g wore copzarvative thersel condus
tivity wes zelented for gur Base (Case, using the above functlon up o 2007

twesn Hewe Ewoe wmedels for temperatures hetwesen 200 aad 4007C.  Our Bsse
afore gise wmore comssrvative than the eorresponding D0E av
ix & of DOE-BIGE=-86~013, Rev. &.

resualia

clay 28 the surroucdiog soll, with a velatively low
1.28 Wm X}, fs nob really a best sstimabe, but o
When theose evaluavfons ware inftieved, it wss felt




that consevvabive propeviiss should be assomed, since the current
not to ecengider fhe surveonding sell ov the coﬁgrete thermal prope
desige of the reaclor cavily.

Results for the Base Caze lransient are shown in Flouaros 4-2 thyough
o

&3
4~%,  The peak fucel temperature of 139370 is resched at 78 hr, as compared to
13667 at 59 br for the covresponding csse with funckioning ROCE {see Ssction
3 . Az the time of peak core Lemperaturss the survesnding comereto styustares
bave been Livtle affected, and concreiefseoll propertize and confipurarions
have hiad vivtually wo etﬁact on peak zove Lemperatureg.  Hub concvere and soil
cart have an effect on the speed of ghe subsegnent coeldown. vassel

reaches lis pesht temperatuve of 75470 ak 425 hr.  However, bthis maxisoes
vory [lat, and vegsel remperafures remain within 10°C of this value from 2
ke fo 800 hr.  The fipnal cosldoen procesds very slowl and st 1560 hry
monbhs) the maximum core temperaturs has vesched %lﬁﬁﬁs dﬂ rhe e
temperature Is still F10°C.

e
o
b
b
o
w5
o
i
¥

Thoes, in ecre heatup accoldents without BOCS the peak fuel tesmpevatuves
arve only shout 3072 higher than with ROCS. Howsver, the vessel lemperalures
ar well as the concrvete sile temparatures ave much higher, and the wltimste
cooldown is axcesdingly slow.

The nexi section will preseol a parametric evsleation of the affe
concveta and scil properties and configurstion on the peak fuel an
temperatures, ag fuel and/or vessel failure are Dhe maior jgems of
The sectisn Uhereafreyr discusssz the mavgins from the best sastimate TRATE
tiong, t.2., ©o temperaturs levels at which significant failuves must be ax-
pRctan .

4.2 Pavapsivic fvaluation of the Effect of Concrefe and Soil

Several pavametrlc wvaviations of this scoident gcenari@ arw
I 4 kS '

Tabla 4-1. As shown in Figuve 4-1, the base configura
wia conererse sidewsglls zsnd serose side cavitien o

gver 2 Larget savi of the perismeter and is more represantative
ot direct heat transfer toe the 0.9 w outer comcvebs walls and
gotl. Ar Cese 2, such heat transfer divectly to ocuvter walls snd
advarse olay soll of low thermal conduchiviiy was evalusied. As expected,
peak core temperztures ware not affectad by this changs, since the back
of the ooacrete have not vetl begun to heat up when fha poal core tempay
are reached.  Howsver, the wvessel in this case nesks much isver, a5t
and at @ fﬁ“ﬂ high'r vaiug of 76 To actuziicy, a combination of
cagas would Lranslisnt,. AL the time
herea, pharal cowduction in ths
the actwal paak perazure will be between the values
Case i« Borh cases are vary clowe in fheir peak vessel temperat
sey duvabion of the high wvesgel tempsratur
one can conslder fase I 88 a woere congevvabive avalustion,
being more reprase prtimats evalugilon.
three-dimensional a eonnplets comnl
with pa“?wh Juseifiad, vavsic
the signil i

and soil properiiss.
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Our Rase Gase sod Gase 7 evzluallons agssovwe s rveductisa of gounervets shap-
wald cowduotivlty with dry our. songarvative gssumption wag wet dooluded
in the DOE svaluations. Dase 3 the #zae Cage geomabyry and the GA-A15000
concrete propertiss without such dr osut. In thie case, the wessel temperva-
care peaks 3 310 hr and ar 739°C, d.e., 15°C below the Bane Case.

A5 erties are not controeliled, even worge salls than low oo

ductivi 2y eneapnmbered,  In Case 4 this how, by arbi-
travily lehv%ng the soil condwetiviiy o 303 of valua of .28
=

Wim. This will 4ncrs
ahould he b Chat
fgmparatures
goram «

zus The peak vessel towperstures by only 38°8, but it
cocldown will Be wuch slower with o i
wigher than the Base Case at 1500 be

a o and wans

ment hg

Taipg LYR-4 decay beszt {Soand, 1973)], si gairiramiav higher aore asd vessgel
renperatuTes are e tained. Peak fuel hmp&rat grag of 18367C at 125 hr
and peak wessel rawpevatures of WA ar 1015 hr {gflx weeks) were compured.
However, the arbiir thiz decay heat way uet be rvealistic. Owar tha
firetr 300 by it releases BT wors in epergy vthan the beet estimats datas Indi-
cate, auvd oves 1500 hr the incveasze amounks %o 8%, Besulis for thie case ars

men e E oy s 3 P S ot
shown iun saveg 47T thiough &6-11.

Thus, with bhest ecatimave décay hest dats and fov seversl fairly comsarva-
tive concerere and aoil Lnnf£g'*&r10w3 the peal core Fempersturss wers fomnd
to be abount MAGO°0 at about §§ bkr, and the pesk vessel temparatures ranged
fram_?&ﬂ“ﬁ FASTS. flowever, the bransient wonld rtske monihs, sud for leas
Eavorabls wrete and soll condltions it would procsed signiflcantly slows:

The =zoncvets ab the asuter of the cavity can reach wery high tempera-
rveg. In the Base Cosze 1f peabkad at 08°C at 1200 hr. Ta Sase ? it weached
3°C at 1500 by and was 3311l vising slowlyv.  In Casze S, with g wery conpar—
setive soll property assgumptlow, 6 was 710°0 ab 1500 \rp ard grill
altheugh slowliv. Such temperatvres wouold cavse loss of aosl or a2
water, and, for wmost concretes, would result f{m a loss of strength and crack-
ing. ‘Thess pusk concrete fewperabuvss, occcuring ay the fnglide rﬁfﬁtGT cavity
wall surfgce, voughiy ar the wid-zlevation of the wvessel, sve iuciuded as

=il
- —p
13

oot

1:.

"alde max” in Wigures 4-17 and 413 for the Bzse Case and for Case Eg
Ir was also o%s vad that the eoncrete of the opavating flooer above ths
reacter caviity was t ing rather hot. For imatsnce, in the Dase Cage I

waakad at abouvr 110 @ by with tzopevatuves fyowm LL0°C ar the top surizcs
48070 ot the bottow surface of the (.9 ® thick floor. Whether structural in-

tegrity of the Efloor zan Be assured ar soch tempevaburses may nof be assuved.
It shnould be noted, however, thar our modeliipng snd nodalizatlon, s well ss

assumpticons oo fthermel iamsclaticn for the fop region, were noi zs refined sz
for the center portloens of core snd reschor vessel, which cowmstitvied our
major concern.  Thus, i this reglon were to be of concern; pur wodelling of
it ghould be ifmproved bsfore sigeificant conclusicns are drawn. Hodsl pesk
remperatures of the fop ficer and the avevage top floor tempersiure are in-
clvded in Figuras &~14 and £-13 for the Base Cazse and for Case 2.

The coucvete in the region of ithe vessel supports were =zl
fairly Wigh, 450°C iase Dase and 500°C iw Lase 2, aﬁ& sT111 risiag in
both cages. These dats are also included in Flgureg 4«14 amd 4~15.
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Anoither pogs ig the meial cove suppobi sbruciurs. I
the Base Jase L of : v was ahoul 630C at L1200 by Tn waried by
less than 10°C ff@ﬁ tha cantarline to the arvea of attnochment o the Yescior
vagsel.  These walues agree falrly well with thoes ceporvted by the DUE Ceam,

which stated chah oaly minor creep would be expented at gueh Cenpsralures.

Te sabtpblieh whether the reactor cavity could be degigned to withstand
even Lhase cove hestup accldents without functiouning BOLE, a5 evaluation was
made in Jase H, uvsing more average vather fhan comserveiive concrels sud soll
propertisg sad vemoving the thermal iasulation within the ROOS {ihiz fuosula-
tion is not veally veaquived for the BOOE o fnnvﬂ;en propesly wader normal
pperation or wnder dssign basis accident conditions). In this casze, rhe ves-~
gel tempuratures peaksd s 64770, zbour 10070 lower fhan As the preceding
cases, and the peak conerete temperatures at oritical arsas peabed inear
260°C.  ime loosl pa=ak CGH”T&EG remperature 8t the aide wall gsurface reached
300%C. Thus, a “havdened” reavtor siln design, showlsg significantly lower
vegeel and coscyeie Cesperatures undes zueh soverg accident scensrlos, way bm
achilevable with appropriabe design modificatlons, d.e., alimination or redue-
rion of Insulstion and prower seleciion of 3a¢wrete and backiill soil.

3

Thus, in SuEmaiy, decay heat conditis i¢ zppears
rhat thers will ba o rature gECursiong and that oors
and vessel dnteprity reomszin intacht. The uwltismate core coocldown would take

many monihs. Concrste temperatures at the side of the reactor siis would he
in yhe range of H00°C, which would resuvlt i relsase of hound watsr and lows
of strength. If mgﬁra;i“; flgar t*mgeratar&s of 310G to 20070 become reason
fer conceru, wmeore detailed wodelling of those arveas should ke lmplemeoted.

.3 FEwaluation of Safeny Marging in Decsy Hear and fove Tropertles on Regcton

Pegk Temperatores

£ 3% the decay heast was valssd to establish the affset of
gnceriainties Iin the given best 2s8fimate data. The reszlts are suomarized in
Table 4-? and in Flgures 414 and 4-1%. Peak fuel temperstures are agslo
largely independent of comerzie and soll conflgw

g only small portions of the oconcrebte have haguﬂ o heat up at the
the pezsk fuel tewperatures of 70 fo 80 hr.

r
o
£
G
@
L
bl
-
]

o

T

ration and propeviv effects,

s

DAmE

¥igure %mi@ %x&wﬁ that a 27% incresse in decgy heal would b
raturss o it alse shows that the peak fuel E&mg

ab“at 33 & oto QG thoes with operatiog ROCE. Thas, £a3i]

does nob have a3 maior fmpact on the pesk fusel tempsraiures.

s‘;ﬁe

#ffueis of decsy heat wvariastion o vessel tempevature are shown in

Figure 4-1%. & 407 dscrease in decay beab woeld result in pesk vessel temper-
atures ahove (000°0 mare rhen 1000 he {§ wesks} after the beginning of the ac
Cid\u R

a3 £ P ~
Whiile therae iz 0o s

serific vassel temperatore at which faliuves are cer
tain, at IL00°C vessel ir &

tegrity can wmost fikely ook be assurad. At
tdme the pesk {uel reppervature ab such decay heat levels arve about 8

oy
with only 19% of the cors ever enceeding 16007C, in the time range frbm 24 ko
330 hr. At the time of peak vesesl fewmperalures, core average and peak tem-

peraturas asre 121%°0 agnd 1320°0 vzapectively. Thus, at such Incrsassd decay



hear levels, cases ave conceivable, whers some fuel Ffallures sceurred at absut
W0 hr, with subssguen: vaesgel failnres aftey zeveral weeks, when core tem-
peTatares have slready relurned to the 1200°0 to 1300°C ramge.

The offect of wariation in core thermal counductivitles is shown din
Figure 4-14, and 18 fncluded fn Tabls 4~2. The resultiog pesk fuel tempera-
tures are agsin about 30°C higher than those fov the corresponding cases with
RECE. A loss 5F 33%Z dn thermal conductivity would be requived o veach a peak
fuel tempsrature of 16007¢.  As vedused core thermal conductivitles bad oanly
very minor effects on the vegzel temperaturas, these caseg were noi extanded
to longer times or to othoer concrele/soil varlations.

Thug, in gussary, the decav heat a2nd thermal conductivity wmergins for
fuel [ailures ave very close o those for cagses with ROCZ. However, higher
decay heat levels can affset the peak vessel tempsratures negativaly, possibly
roagulting In gome stroectural fallures at wvery long times into the transient,
again poinring to & osed for high nenfidence fo the provided decay heat daza.
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Z.o AYTE FMGRESS DURIRG DEPRESSDRIZED CORE-HEATUP ACCIDENTS WiTH FATLED OR08S5

DUDT MWD/ UK FALLED REAUTOR VEISEL

The low probebilicy sceident scenaric which has alwaye radised significant
oncern in gag-cooled reantor capa@pta ig an alr Iingresg accident with signi-
?ica“ graphite oxidation. Bo-oalled graphite fires are wirtwvally precluded
Wy the current MBETOR design. The alr ingress scenarios consideved here are of
axtremaly Llow probability, but could lsad to the formavtion of conbustible
gasgg amd, 17 sllowed te persist for 2 long time, fo a weakening of the core

T Furthersore, i1 the exothermal gr ag?it cridation with aiz cauld
sz tha fuoel temperatures sufficisntly, fuel fallures amd fission product
yelosse could result.

Az in previocus desligns, the MHICE precindes significant aly ingress from
cradible svent, 1L would reguire the simultasmsous failure o2f the

reactor vagsel at both, top and botivwm lecations, or » complete double guille-~

tine break of ths short greoss duct, which f2 Duilt o weseel spegiflcations.

such scetarion, 1iks shesring the cvoss duet bot leaving the reacter and

sl components dntact, may not be credihle svents, they can serve as

At ﬁp?ﬁ! b&un& for petential aly ingress scesarlos, sstablishing boundiog con—

LES, ir wes therefors assumed hers, that the cross duct has failed

ophically and ver rerains Tully open for gas flow inte and oui of an
rvoacstar yvessel.

Foliowlop surh a cross duct break, gss would enter the imnner =section of
aunulay ag dueet, flowing by mataval convection upward fbhrough the cove,
downward ab Lhe ﬂ&rh harrel, to dlschargs throuzh the cuter zonulus of
crong duet.  Sgnlflcmt gas recizculatien would secur st the exit, with
of vhe inflowing gas being exhaunst gas. Agaia, this reakznulaticﬂ, BR
L oas the fact thar the fresh aly doventory in the sile zavities is wery
mited, sre being disvegarded. Rather, non-pechszoistically, pure z2iv inflow
he dnaer zectlion of the cross duct is gemerally assuwed.

B4 aeat Lo such a bresk rhe reavior wonld sxperience & cove dapres-
snrized heatop trangient with decay hsat vejzeiion bo the passive Reactor
Cavity Loollog Bvstew, an descyibed in Section 3. The natwral couvecition gas
il&w throngh the vesctoer, coupled with the magg transfer and chemical rgaction
e Ineoming oxygen and the vore graphite will be analyzed in this

5.1 Flow avd Chemical Zesction FModels

The frransienr resctor bewperatuve field is compuoted hy the THATCH code,
as dascribed in Sectlon 3. Vo computing the sore tempsvatures, the additional
healr ggrervaiion from the chemical resctions of graphite and oxygen was foond
to be gmell, snd was lpitdally neglecfed. In wore recent rums, this affect
wag Included by coupling the THATCH code and the flow amd oxidaticn computa-
tigng Lo be desoeribed here.

Bases on the zhove tepporatuare history, the THATOH flow wmodule, OERT,
ﬁKL_J%?r@ the pgas [low throogh the reactor ccupled with the graphiz@fﬁvvgﬁ
Lorgacylon.  The code represents several parallel flow chawnels thr rough

cors and one fiow chanmel at fhe ¢ore bharrel. Cenevally, the Tlow «il) e
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upward through the core and downward in the outer core barrel rchzonel. Twpl-
cally, the FLORT warallel flow chansels follow the THATOR radial aodaliszation,

and @iz parallel Tlow channels were enployed here, Axially, sach Filov channsld
had Z8 nodes, of which 20 were in the active core.

The gaz flow through the reactor iz modellad by 2 quasi-atesdy sonencum
equation, primarily balancing bucyancy aznd friciion forces. dhw £28 teppara~
vure s assmwmed to follow the Cempevature of the solid structures, which is
believed to e a good azsumniion in the core durlag these wery slow Lransientgs
with a# low thevmal capacitance gas flowing through s structure of very lange
tharmal  caproitance. Altawnziely, the gas tepperatures oon D2 Ccomputed,
modeiling the conwveciive heat transfer hetwesa the solid structures sud the
gag. This was done in some of ghe later rvunz fov tha eore barvel reglon, re—
sulting in wmove acceurate flow computsations, which typlcally wield 103 lower
cove gas Elows. Gas properbies ave eavaluvated for the prevailing wmixiuras,
permiteing O., Ny, 00, C0p, Hy0, Hy and He as gas compongnts. The flow compu—
tationy includes the effect of ges expansion wvesuliting Ifrow the chamissl reac—
tion aud fis effect on the increased friction pressure drope.

I gll cases the core flow was fownd £o0 be laminar, with Revnolds mumbe:

genevally hetween 9% and 50, and with gas velocities Between 0.1 and (.4 wis.

The graphite oxidation process iz a fupnciion of the Lemperaiere v
At low tempevatures, the carbon/ouygen reactilon kinstics conrral the ve
rate, At iIntetnpedizie teaperatures, the ifn-sore diffusion is comireo
while st high tempervatures tha coslant to surface wass transfer by diffusi
bave in a lsvdner flow field, is conixoelling.

T
e
'%
oA

To consider all thres rvegimes a2 model dncludiog external mas e transfer,
in-pore diffusion, soed chemical reaction kinetics would he veguivsd, as is
ghe, for instance in the Oxide-3 code [Pergowmian et al., i@*éj For the cur-
rent inivial applicarionsz it was declded to use a3 simpler APPTOE ach, combiniag
the iu-pore diffusion and chewloal reaction process Ioko a =si g%v Laggmulr-
fHinghelwood type gemi--emplilrical esguation as dome, fov iﬁﬁtaﬁca, By MooPwann
aud Fetewsen [1982). Thiz aguation is

‘ “C1f§
ke ?ﬂ?w ;gm- Hales OZ

E = -Qa-’;g o }f AE;;. I m-zca ] {B}
L+ ke “ f’""fn““:‘;; )

whers B is fthe oswldstion vate per uwndt surface aves, gy, is the partial
prassurs of ounygen and U Is the binavy diffusion cosgfficient” ef ﬁxygan 1w the
gas mizture. O lg the gas temparature, k,;, ks, o¢; and ¢, ave constanta. Iy,

iz the bicary diffuglon coefficient at fﬁfﬁwaﬁhh temperature ﬁn& Bressure.
This velationship ds solved gimultanegusly with the coolset toe surface wuss
transfer velationghip

Holes 0

8 v _ ——— 2 !
o=z {?ﬂ sgy ?Bﬁwj [ Z | 2}
R 2 moE
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where the mass t(rausfer coefficient £ 18 computed from the Sherwood nuamber
carralation

Bd | 2,
Sh = o= = £{ ke, = ] {3)

and for purely lamivar flow

Sh = ‘ﬁ?“”“ =3 4‘#a3 {38}

® is the universal gas constani, d the coolant hole diameter, Ee the Reynolds
numbaer and v the gas viscosity. The subscripts w and str refer to wall and
bulk stream values, regpectively.

The shortzoming of this model is that for the in-pore diffusion regime it
cannot predict the latersl distribution of the oxidation grocess, i.e.,, the
depth of the reaetion zone. (In the chemical reaction contrelled regime the
burn-off is esgsentially uvniform throughout the graphite, while for the coclant
to surface mass transfer controlled regime esgentislly all the oxidation
securs at the surface.)

Az wiil be shown below, the fLemperstures iw the center of the core vir-
twally always extend well into the mass transfer controlled rvegime, and essen—
tially all incoming oxygen wlll react. Therefore, the total anount of carbon
repciing is determined by the gas inflow rete, which in turm is limited by the
high core friction pressure drop. Thus, this medel 1z sufficient for our curs
rent evaluations.

The binary diffusion coefflcients for various non-polar ges mixtures were
compubed based on the Chapman~Enskog kinetic theory [Bird et al., 19860].

For most of the currvenr evaluatioms it was assumed, conservatively, that
the gas infliow at the cross duct was pure alr. Therefore, as most representaw~
tive, the binary diffusion coefficient of oxygen in nitrogen was used.

For the Best Estimate Case the reactlon rate constants of Katcher and
Moormann [1%9867 for A3~3 graphite, a zypical core graphite, were used, since
these veaction rate coustants were readily avallable in the required format.
Corresponding data representative of U.5. core graphite will be used in future
work. However, parametric wardations of the rate constants by one crder up
and two orders down will show beiow, that the total oxidation 1s strictly gas
flow iimited-

Only the reaction

I
C oA 5 dz + 0

was considered hers. While it is possible that initlally some (0, is formed
in the cocler bottom regions of the core, this €0, would then react ie the
hotter core regions with carbon to 0., For the amount of combustible gases
formed, and for the total burn-off, the assumed reaction is congervative. If
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any sigaiflcant amounts of {0y were to leave the veaector this would resul: in
a Higher chemical energy release frowm ithe owidaticn. But even 1f, hypotheti-
cally, all oxygen would rzact to U0, . the effect of this chemical energy re-
iease would st1il bhe swall in comparison te the decay hest.

542 Best Esilmate Evaluation

Tnitially, after scram frem full powsr operation, the bottom veglons of
the core were the hottest {(aboul &%0°CY, and assuming pure aly inflow zf the
hreak, some of the entering oxygen did not react. e valume fraction of air
leaving the corve was §4 at the beginning of the transient. However, withic a
few hoursg, the temperatuves at the center of the core rose, and the incoming
gas flowed inio hotter rveglons, where it reacted fully. Using best estinmate
chamical reaction rates, wmost of the omidation occurred in the very bottom
regions of the core, where the In-pore diffugion precess was still control-
iing. In addition to the idncresse in itemperatures, ithe total coolant to
graphite exposed surface area alsc increases very markedly in the wpflow
divection from the lower planum post blocks, to the flow distribution blocks,
and to the hotitom reflecter blocks, thus farther increasing the reaction rate
per unlt length of core flow chanmnel.

The best esiimate run wag established by diterating between the THATCH and
FLOXY ¢ode to Inclede the sffect of chemical reaction heat opn the core temper—
ature fleid. This additions)l energy release amouated te about (0% for the
first 100 br. Hewever, sinece 1L remains primavily concentrated in the lower
reflector regicns, the peak core remperaztuvres rose by only 16°C to 1382°C,
whor compaced to the best estimate cage without aiv isgress of Section 3 {Note
that comparison is to the case with uniform vadial after hesat distribution).

The air inlet flow and the amount of core graphite owldizing are shown in
Figure 5-1. The alr flow decrsased early din the transient from about 8GO
kg/hr o about 260 kg/hr for most of the transient. In the laminar flow
regine, as core temperatures vise, the increasad In core friction pressure
drop is more pronpunced than the incresse in buoyancy, thus leading to a flow
reduction as the core heats up and a later slight floy increase, as the core
beging fo cool down.

When all oxygen was consumed in the lower porticon of the cors, after the
firgt two to three howrs, the gas wmixture through most of the core was about
35 vol % €O and 65 wvol % Wy. The amount of gvaphite oxidized, as shown in
Figure 5-1, decreased proportional to the aiv inflow from 150 kg/hr eariy in
the transient to about 45 kg/he for most ¢f the transient.

&s the total initial air inventories In bthe veactor and steam generatox
cavities are of the order of 300 kg alr esch, it is clear thar a sustained
nure alr lnflow is physically impossible a8 long as the Reactor Building re-—
mains intsci. HBven with an unliimited air supply, significant recirculation
would oceur at the brzak between the gas enterimg through the lnper sectlion of
the cress duct and the gas leaving through the surrcundizng annular section of
the ¢ross duct, and the asswmpiion of pure sir inflow again constituies an
upper Limit.

To an intaet veactor duilding, the available alir would be converted with-
in a few hours to €0 and Wz. Tn particular, Iif the He c¢oncentration in the
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affected cavities after blowdown Is sufficiently low, combusiibie gas mlxtures
of {0 and aiv could be formed teaporarily, and lecal buraing in the reactor
mailding outside of the primary lecp would be possible.

53 Parvametvie Vardation of Reaction Rete Conestants

To assess the effects of uncertainties in graphite oxidaticn rates and
gas diffusion coefficlents a set of parameiric evaluations were made. These
evaluations used an earlier decay beat funciion which exceeds the curvent hest
gstimate decay heat function by 28%. The resulting peak corve teumperatures
were about IR00°C, and for this hotter core the predicted gas fleow rates were
about 5 te 107 lower than in the current best estimate caszs.

Varying the graphite reactiviiy, the rate constant k; of Equation (1} was
raised from its base value of 2.34 by one order and lowered by twe ordevs.

As the results in Table S5-1 show, the only effect of drasticslly lower
reactivity s 2 velatively miner upward exteunsion of Che oxidation region. 1L
has vivtually no 2ffect on the total amount of graphite oxidized. The total
amount of graphite oxidized sctually Incveases very slightly with decreasing
reacrivity, gince the coclant average dJencity is affecred by the changing gas
composition, and less of the total core flow path has to carry the increased
mass flow after reacticn, thus resuiting in a alightly lower friction pressure
drop, and a Thigher gas inflow. As ssen from the owygen partial pressures atb
the core inlet, the in pore diffusiom and chemical reacticn are the control~
iing effects at the core 4inlei. Generally the reaction wes found to be com~
pleted before the hotter core reglong were reached, where the coolaant to sur-
face wnass transfer would bhe Iimiting.

The above evalustions used a binary diffusion cosfficient of oxygen in
nitrogen, computed from the Chapman-Enskog model. To ass2ss the zifect of un~
certainty ia this coefficient, a run with 2 two ovrders lower diffusiom coeffi-
cient was wmade. In this casz, with greatly increasad coclant to surface mass
transfer vesisztance, the oszxidation process was generally controlled by the
mass transfer resistance and gsome of the oxidation did cccur in the center of
the core. Beyond the first few hours, most, buk not all, of the oxvgen ceact=-
ed In this case,

Tahle 5-2 compares the gas f[low rates and carbon burmt for the cass of
reduced gas diffusion coefficient against the base cass. Again, the delayed
chemical reaction resulte in a glightly higher mass flow throuwgh the cove and
a slightly higher total cere graphite oxidaricn rare during most of the tran—
gient. But the zesult Indicates that wuncervtainties In the diffusion coeffi-
ecients have very little effect on the total amount of carbon reacting.

Also included in Table 5-% are the results for a case where the ianflowlng
gag composltion is a 30/50 mizture by volume of helium and air. This would be
more typical of potential gas ingress scenarics, subsequent to a blowdown,
than the wmore hypothetical but also wove limitiog case of pure alr inflow. As
the helium contriburicon reduces the tatal corsz mass flow to abour one-third of
that for pure air inflow, the awount of carbon burnt is alsc reduced bo about
cne third of the basa caae burn-off.
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Table 5-1 Oxidation Reswlis at Z0 hr for Core Het Channel

k1/k; base .01 {G.1 (1.0 10
AZ (m} ?s?s 5&‘)5 3a? 3.0}

Total Core Gas 401 383 376 373
Inflow {kglhy)

Tetal Core Carbonie9.2 167.40 [65.7 165.2
Reacting {(kg/he}

pDZ gtr(b&r) LZRO0EL 210012096 2064
P {bhar) L0011 2099 .2088).1987
Ozw
Legend:
y = yate constant of Equation (1)
&E = yvertical distance, from sntry to bottom reflector post block,
at which all oxide is consumed
_pﬂ sir partial pressure of O, in coelant stream in pest block
7z = .
Pon w partial pressure of Op at coclant/graphite surface of post
2

block
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Table 5~2 Core Gas Inlet Flow and Total CGraphite Oxddation Rate for Best Estimate
Case, Case of Reduced Binary Diffusion, and Case of Helium-Alr
Mixture fEntevring {ore

Enargy
Release
due to
Graphite
Inlet Total Core Graphite Ozxidation
Time Gas Flow Oxidation Rata Fraction of (xygen ags Fraction
hr kg/he kg/hr Reacted of Dacay Heat
Reduced Adr Reduced Alr Reduced Alr
Base Diffusion Heliunm [Base Diffusion Helium {Rase Diffusior Helium Base
Case Coefficient MixtrurelCase Coefficient Mizture|GCase Coefficient Mimture Case
¢ 1688 294 246 112 20 38 <529 129 2396 LO13%
20 1376 402 £38 66 67 21 1.0 « 259 1.0 2070
40 [289 ap2 107 51 52 133 1.C 385 1.0 2063
80 240 248 BY 42 43 14 1.0 984 1.0 D60
120 {233 241 87 41 42 13 1.0 987 1.9 {365
160 [238 246 3] 42 43 L4 1.0 -G398 1.6 071
200 1248 257 9z : 43 45 14 1,0 995 1.0 078
% uging 6% decay heat at time zero




Alsc included in Table 5-2 is the raric of chemical snergy release from
graphite oxidation o {0 as fraction of the decay heat ar that tims. The con=
tribution from this chemical snergy releage vemaling arvund 6 Lo 8% of the de-
cay heat, and is, therafore, not a major effect, particelarly since the re-
sults of this subsection were obtained wsing a very conservative decay heat
function.

5.4 Conclusion

In case of a massive break in the coolsnt pressure boundary, such as the
cage of a double guillotine crose duct break, permitting externsl gas ingress
ints the core, The resulting natural convecticn flow through the core rewmains
limited by the 1ln-corve friction pressure drop in the coolant hole passages.
The flow is always laminar, with typical Revnolds numbers rvemaining well below
100.

With core temperatures riging deving the subsequent core heatup, any oxy-
gen enterisg the covre will be oxidized, and at the wprevailing core tempera-
tures virtually all of it will leave as £0. Thus, the graphite onidation rate
in case of such a masgsive fallure iz limited by the pogsible gas flow throwgh
the core and not by the chemlcal reactlvity or wmass transfer processes.

Tn an intact veactor bulldianpg some temporary lecal burning could oeceur,
with the G0 exiting from the primary loop reaciing with some of the remalining
air in the reactor building.

Az long as the toral alr avallablizs remalns limlied te the imitially
available air of the reacter and/er steam genevator cavity, its oxvgen would
be consumed withian a few hours, resuiting in a few husndred kg of graphite in
the lower portiona of the botriom reflecktor and core structure having been oxi-
dized. The msss of graphite ip the active core is about 2000 kg/m. Thus even
under these sevevs conditlons the fractlon of graphite reacted would remain im
the range of za few percent.

Culy 1f an unlimited air supply were available, for instsoce after de=
gtruction of the Resctor Buildisg, and the 60 kg/br oxidation rate were sus—
tained for days, would a significant loss of graphite and lsas of sirectural
integrity become a poesihility.

Thus, even wunder The zbove extreme assumpltions, suach an accident would
net lead to apy rapid destruction of the corve or to any significant additional
fission producit relgases.

As the lower plenuwn core support posts and the posi bkiocks and flow dis-
eribution blocks are made out of 2020 stack pole graphite, these results will
be reviewed using data for 2020 graphite in order to determine whether esny
preferential oxidsrion in the originally hot lower plenum tegion could he of
further cowncern. In particular, since the egposed surface arsa of graphice in
thig part of the reactor le small with regpect te the core, we do not gntici-
pate that there will be any sigaificent concern in this area.
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6. WATER TNCRESS SCENARTOS

Watey ingress scenariog in connection with dapressgurized ceore heatep tran-—
gients were considered briefly in connection with the SRDC~56 and 7 scenarios of
Chapter 15 of the P5ID. The move severe Bounding Fvent BSequence BES-4 remains
to be congidered in the future. The main emphasis was to determine whether sig-
nificant graphite oxidation cor the accumulation of combustrible gases would have
to be expected.

The computations were made with the THATCH/PFLOXY code, using the same
modelling ag described in Section 5 for the case of air ingress, except that
water pruperties and the waterfgraphite chemical reactions were applied here.

These accldent scenarioes include scram and desvessurizatfion early in the
transient, followed by a depressurized core heatup transieunt. The chemical
reaction beitween steam and graphite is endothermal, but ite energy consumption
remaing very small compared to the core decay heat, and the thermal transienr
wag asgsumed to proceed identical toe the basic depressurized core heabup tran-
gients of Chapter 3.

The in-core gas after depresgurization can dinclude significant concentra-
tious of H,0, since several fons of water were released into the primary loop
during SRIC-6 scemarios. For the curvent evaluation a mass fractien of 507 H,0
and 30% He was assumed, corresponding to 18 volume Z of Hy0C.

As the HTS is lost, the wmain loop shutoff valve closes, thus restricting
flow between the steam generator and the reactor vessel, However, the valve 1=z
designed to permit a bypass flow of about J0% of the core flow during normal SC§
aperatrion. Thus; some flow through the stean generator must also be expected in
the current depressurized core heatup scenario, Scaling from SC8 operating
conditions, one finds thar the pressure drop luss coefficieni for the flow path
threugh steam gensrator and main loop valve should be shout 80 to 100 timee rhe
corresponding ceoefficient for the core. However, such scallng from forced flow
conditions tco natural flow counditions at about 3 orders Icwer flow rates is
guestionable. ¥Figure 6~1 gshows the in-core gas flows as Ffunctions of the MLSV
flow resistance. {This "equivalent flow resistance” has such high values, since
ir includes =a factor of flow cross section areas (dogre barrel/fvalve) s
which is very large for a nearly closed wvalve.} For an open MLSV (X squiv it
the vange from 16 to 100} the gas flow through the primary loop iz about 22
kg/hr at 20 hr inte the transient, and no flow reclrculation cecurs in the
cores AL Ky gquiv ™ 5 % 10% in~core recireulation begins, and the flow from
the steam generator decreases te a few kg/hr. Scaling from the flow distribu~
tions during 503 operation would result in a “"best estimate” equivalent X
vaiue of about 107. At that value, the gas flow from the steam gensrator 1is
about 1 kg/tr with an in-core up-flow of close to 3 kg/hr zad an in-core down-
flow of less than 2 kg/hr. TFor a bermetically sealed MLSY, one would obtain an
in-core natural cireulation flow of about 2 kg/hr.

Thus, even with an open MLEV, the in-core flow of helium gas mixture would
ba Lower than those encountersd during air ingress, primarily due to the lower
moleculsr mass., While it i3 not certain withouwt more detalled valve dats where
flow rates for closed MLSV would lie, they will be significantly lower, and can
be expected to be sbout an order of wmagnitude Iower than those with an open
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Actual gaz Iin-flow rates during the transients and the amount of graphite
oxidized are shown for the case of an open MLSYV in Figure 6-2, and for a closed
valve ian Figure 6~3. TFigure &-4 shows the in-core recirculation flows for the
hest estimate closed valve condirion. As in the case of alr ingress, it was
Found that except for the first few hours, all entering H,0 will react, forming
CC and H,, but that the actual amounts of graphite oxidized remain very small.
For the case of a closed valve, it smeounted to about 0.3 kg/hr, and even if the
MLSY were to remain open, the graphite oxidation rate amocunted to about 5 kg/hw
over most of rhe transient.

Cases of more massive tube breaks, such as BES~4, will be evaluated in the
future. However, since the gas flow rates after depressurizarion cannct be much
larger than the ones encountered here; it is not anticipated that this wiil lead
to much higher graphite oxidation rates.

The effect of the available steam on fuel kernel hydrolysis resuliting in

some additional fissiom product releases will also be incorporated into the
FLOXYI module, and will be evaluated later.
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7 CORE WPATUP ACCIDENT SCENARIOS WITHOUT FORCED COOLING AND WITHOUT SCRAM

If 211 forced cocling is lost, the reactor is to be scrammed and decay
heat is to be removed by the passive RCCS. In case of failure of the scram
system, the reserve shutdown system should he activated to cause neutronie
shut down, and to keep the reactocr suberitical.

This section evaluates accident scenarlos where, after loss of all foreced
clreulation, neirther of the twe scram systems succeeds in shutiing down the
veactors Mozt of this analysis waz deone for the =ase of the RCCS coperating
and with primary loop depressurization sarly in the accident scenario. An ex—
rengion to the corresponding accident without fFfonelionming RCCS, amd o the
cage of pressurized conduction cooldown, will be discussed gualitatively.

- 7.1 Reactor Kinetics and Xenon Decay

During conduction cooldown scenarios wilithout scram, the core will ind-
tially heat up, resulting in s rapid power decrease due to the negative
Doppler feedback. Additionally, the Xenon=13% concentrations will rise, and
the reactor will remain suberitical. After about two days the Xenon concen=
tration has decreased sufficiently that recriticality becomes possible, re-
sulting in power oscilliations with a period of about one per hour, decaylnog
to a fipal gquasi-steady level, whers positive reactivity, due to low =xenon
levels, just balances the negative reactivity, due to elevated fuel tempera-
ture.

To model ihese effects, a point kineties model with six delayed neutron
groups [Cheng, 1976] was adapted and {Incorporated into the THATCH code, to-
gether with a Xenon decay model [¥ndef, 1981}. Details of the model are mum-
marizsd io Appendix C.

7.2 Depressurized Core Heatup Transient with Functioning RCLCS

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

Asguming and Instantaneous loes of forced circulation at time zero and no
scram, the core begins to heat up, resulting in a negative reactiviiy inser-
tion and loes of power. Within 200s the neutronic power is rveduced to 1% of
full power level, with the total power belng produced dering this period cor—
responding te about 38 full power seconds. During this time the pesk active
core temperature rose by 46°C, while the average core temperature 1osz by
120°¢C, with the temperature rise being wmost proneunced in the colder upper
regicne of the core, where the ccoling by cold inlet helium was interruptad.
45 the xenon councentration increases with decreasing power, additional nega-
tive reactivity is iwserted. At 2008 this amounts to 20% of the total nega-
five reactivicy.

The =enon concentration pesks at 10 hr; reaching about four times the
full power equilibriuom level. At about 40 hr rthe xenon conceniration drops
below its fell power eqeilibrium velue, while the average active core tempsra-
tuyres have nearly reached thelr peak walues and are relatively coustant =t
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1030 “¢. As the zenoun concentration decreages further, the net reactiviry he-
comes poesitive at abour 4% hy, resulting in the onset of power oscillations,
with the first four peaks as listed below:

Pesk Time Powey
Ho [hrl [ W]
i 49 .8 16.9
2 50.9 8.7
3 51.7 5.7
4 52.2 fad

Necay heat and total power for this peried sre shown in Figure 7-1. As
the osciilations subside, a quasi-steady level is reached, where the power
Just keeps the senon level at a walue to balance the negative reactivity dus
to elevated fuel temperatures. After this state is estahlished, the reactor
temperatures remain virtually constant with a peak active core temperature of
1760°C being reached at about 25 hr., The core average temperature remains
about constant at 1315°C.

Typical results for this transient are shown In Flgure 7-2 to 7-3. Up to
about 530 hr the transient proceeds simllar to the case with scram, except
that, due to power Input of the first few mincies, the effective initial tem
peratures are about 120°C higher. At about 50 hr, as peak core temperatures
are being approached, the power oscillations begin {In the 50 to &0 hr range,
the plot points supplied in Figure 1-3 were too eoarse to produce the correct
oscillations, which are shown correctly, however, In the expanded scale of
Figure 7-13. Subsequent to the powsy oscillaticons, the total core powver
gertlaa at about Z2.8MW at S7Vhr, decaying slowly to abkout 2.1 MW at 100 hr, re-
maining roughly constant thereafter.

Due to rthis increased coTe power, core tamperatures begin to risge again
at 4% hr and veach thelr final plateau at sbout 100 hr, with psak and average
core temperatures of 1760°C and 1310°C respectively. 1In 18%2 of the core the
temperatures sxceed 1600°C. The reactor vessel temperatures reach the ASME
code limit valuwe of 480°C {900°C) at 75 hr and remain close to 330°C beyond
130 hr. The ROLS can successziully absorb the heat lcad of 2.1 MW with an air
exit temperature of 165°C. As the temperatures in the cove exceed 1600°C be-
vond 60 hr, remalning indefinicively at thiz level, additional long term f£lg-
sion product releases, after maybe 100 hr, from the fuel to the reactor vessel
atmosphere would have to be anticipated. However, with little or no gag ex-
pansion in the primary loop, not much of this release would be expected o 25—
cape from the reactor.

4s the indicated peak vessel temperatures exceed the projecied ASME code
limit of 480°C, & re—use of the reactor vessel, subsequent to the accident,
weuld be precluded.

Without geram the above accldent temperatures would persist indefinitely
and a successTul scram would be rTequired to iniciate a final core cocldown.

The final core temperature level during this accident scenarics is die-

tated by s balance between negative fuel temperature ccoefficients,positive
reactivity from moderator and reflector, and reduced xenon concentrations.

o5 B
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All these values depend on the total reactor temperature field, as well as on
the microscepic Xemon-135% cross section and the macroscopic flssion ¢ross sec—
tions. BRest estimates of these wglues were used here. However, t¢ establish
more confidence in the guantitetive results, a further sensitivity study is
planned in order to Ldentify any possible uncertaintries in the resuiting peak
fuel temperatures. Thisz iz egsential, since the peak fuel temperatures atre
strongly dependent on the Doppler feedback coefficient.

Initial variations indicate that uwsing 2 lower Xenon wicroscopic eross
section of 1.4 x lﬁeb {(flux weighted valus, typicalag uged in LWE applica-
¢ions}, rather than the “Barn-book” value of 2.65 x 10° b, results in recriti-
cality occurring about 41 hr, i.ea. about 8 br esriier tham in the Base Case.

7.3 Extension to Pressurized Core Heatup Translent Without Scram

This case has not been evaluated yet, but future evaluaticnas are
planned. With the above mechanlisam for core heatup transients withour scram,
one can anticipate that the transient will proceed very simllarily to the de=
presgurized case, although with siightly lower peak core temperatures.

This case 1s particulariy Jdmpovtant, since it could lead to the only
nechanistis zccldent gcenario with significant fuel failurves, sven though its
probability may be vanishingly small.

&ssume loss of all forced circulation and no scram. The system remain
pressurized and decay heat removal via RCCS begins. Recriticality occurs
around 50 br. Fuel failure temperatures are reached at 60 hr, with peak fuel
temperatures above 1700°C lasting for days. The expected peak vessel tempera—
rures, ahove 500°C, are well beyonmd the design limits for an extended period
of time. Ultimately vessel failure and depressurization would have 2o bz ex-
pected, for instance at 120 hr. The primary cooclant them released to the at-
mosphere would have a much higher fission product concentration than those of
the ckher accident scenarics considered so far. Whille this scenaris may have
an extremely small probability, these considerations Indicate the desirability
cf scram systems of high reliability and redundamcy.

7.4 Extension tfo Core Heatup Transients Without Seram and Without Fenctiondng
RCCS

This rase has not bheen evaluated wyet, but future evzluations are
planned. Qualitvatively, we can again expect a tramslent very similar to the
transient with functioning RCCS, most likely with very similar peak core tem—
peratures and slightly higher long term wvessel temperatures, due to the Iless
efficient vessel to cavity heat transfer comditions. For the fivst L00 hr the
transient should proceed very close to the corresponding case with RCCS.

BT



8. REDUCTION IN REACTOR CAVITY HEAT TRANZFER DUE TO Ez0 AND/OR CO,
ACCUMULATION

Water wapor, carhon dioxide and, to a lesser extant, also carbon monoxide
ave gases which absorb radiation at certain wave lengths. Tungress of such
gases into the teactor cavity could therefore reduce the predominantly radiant
heat transfer from the reactor vessel to the RCCS panels and raise the pezk
veggel temperature. But 1t would have only a very minor effsct on the peak
fuerl temperatureg. The absovpiion of radiant heat transfer 1s strongly depen—
dent on the partial pregsure of the gaess.

Ingress of U0, or CO into the reactor cavity could only occur after a
gignificant ingress of alr or water into the primary loop has taken placae.
And even then a theoretical upper limit for the C0, pariial pressure would be
.21 atmospheres, if all 0, were replaced by CO,, with no other gases like
helium remaining. The probability of such am event would have to be minute.
Howevey, Hy0 could enter the reactor cavity withocut any chemical reactivns in
the core, just dus to some massive steam side break, for dinstance in the steam
generator cavliy. And at the prevailing rveactor cavity temperatuzes, H,0
could enist &t a partial pressurse of 1.0 atmoespheres. Water 1ugress is,
therefore, the scenaric of more concerm.

Radiant heat transfer across H,0 and C0y is strongly "banded”, L.e., ab-
sorpticn only occmrs over cerfain wave lengths. The temperature range in the
reactor cavity of 100 to 500°C is significantly lower than the avea of wmost
interest in gas radiation, and the commonly used emittance data are konown to
be inaccurate in the low temperature range [Sparrow and Cess, 1966]. There-
fore, the spectral mnature of the {0, and H,0 absorption should be considered
in any accurste assessment of the effect of these gases on the reactor cavity
heat transfer.

At this time, an isitial estimate of thig effect was wade by using the
band approximacion model suggestad by Sparrow and Cess, 1966. TDetails of the
nodel are given in Appendizx D. The resulis obtained there indicaie that the
effect of replacing a1l air in the cavity with water vapor would reduce the
radiative heat transfer by about 32Z. Currently, vessel and RCES panel emig-
sivities of ¢ = (.8 are used in our THATCH models as best estimate values,
correspondiag to an overall resctor cavity emmissivity €1,2 = 0.69. To
similate this reduction im heat transfer of 32% in our corrent THATCE model,
the ahove component emissivities were lowered from 0.8 to 0.81 yielding an
overall value €, 5 = 0.470. THATCH runs with such reduced emissivities re-
sulted in a Beak "vessel temperature of 465°C, i.e., 435°C above the hest egii-
mate values of Section 3. As peointed out in Sectiom 3, the effect of reduced
emissivities on the fuel temperatures vemains very minor.

1f mormal steady state operatlon wers maintained during such a scenarig
of water ingress into the reactor cavity, a vessel tempevature lucrease of
ahout 40°C from 220°C to 260°C would be encountered.

It szhould be emphasized that these are initial estimstes, and thai more
detalled evaluztions should be performed. However, it can slso be noted that
the current estimates include some conservatism. 1§ the cavity were to fill
with wabter vapor, the convegtive heat transfer, which currently conitributes
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only 5~10% of the total heat zransfer would be enhanced, possibly even includ-
ing some condensarion #nd vaporization on the ROCS panelg. Furthermore, the
estimation of heat transfer redoction in Appendix I assumed black surfaces,
and the fractional reduction for grey surfaces would be expected to be slight-

1y lower.

At this time, indicatfons are that the peak vessel temperatures under

such a scenatiec would increase measurably, yet remaln below the permissible

values of 480°C {(or 540°CY).

by



9. TEMPERATURE TRANSIENTS SUBSEQUENT TO A& COLLAPSE Of TRE CORE SUPPORT
STRUCTURE

Az the core geowetry subsequent to a collapee of the core gupport struc—
ture is not defined, the evalwation of =much sceacarios remains rather uncer-
tain. However, some gqualitstive features can be pointed cut. The curvent
analysis considered here is ooly a preliminary step, and more comprehensive
avaluations of further scenarios should be conducied at a later cime.

In the hypotherical event of a complete collapse of the core support
structure, the fuel and reflector elements could fall and £il11 up some of the
bottom plenum space. Figure 9-1 (Figure 4.3-6 of the PSIB) shows the lecation
of the active feel elements, surrounded by layers of reflector elements oan all
sides. The Figure clearly shows that even if such a coliapse of the core sup-
port structure were to occcur, it would be extremely unlikely that any fuel
elements could fimd thelr way te the vessel walls. Hevertheless, the current
analvsis evaluates the ranges of fuel and vessel temperatures to he expscted
if individual fuel elements should rest next to the vessel wall.

The fuel elements, hexagonal prisms, can pever touch the eylindrical er
spherical vessel walls at all of their surface, i.2.;, gaps must remain between
fuel elementa and the vessel surface, except st local points. With these un~-
certainties in mind, several simplified geomeiric configurations with eimpli-
fied fusl elemest, vesszel and gap geometyy were Investigated. The fuel ele-
ment wag modelied as a cylinder having about the same velume and thickness as
an actual fuel element, as well as the same dacay heat power denslity. The
elameni was considered to be surrsunded by veflector elements, except for its
bottor face, which was facing elther the steel vessel surface, or a concrelLe
surface. The outer surface of the steel vessel faced an air gap of 2m and
then thermal insulation, and shielding, with concrete below these layers,
typical of the bhottom reglon of the reactor building.

In the Base {ase, zseguming a collapse of the core structure as initiator
of the accident, a2 hot fuel element of Z00°C average temperaiure 1ls assumed to
rest against the vesse! walls with an average gap width of 2 cm. The vessel
is initially at 220°C, and the surroundlng reflecrtor blocks are at 700°C. The
maximus and average tempevatures for this case are shown in Figures 9~2Z and
9-3, Initlally, the inner secticns of the Ffuel element experiencs a slight
temparature rise, peaking after 17 uninutes at 835°C and then decreasing to
about 690°0, while the fuel element average teumperature decreases from the be-
ginning, sertling after aboutr 5 hr at about 670°C.

The vassel maximum and average temperatures rise to thelr vespeciive peak
values of 665°C and 645°C over a pericd of about 25 hr, and remain virtually
constant thereafiar up to 100 hr.

The fuel Eemperatures in this case do not come anywhevre near the values
of 1300 to 1400°C, which ars encountered im the core heatup accident scenarilos
dlscussed in Chaprter 3. The local vessel temperatures e.g., under the fuel
element , get much hotter than in core heatup scenarlins, and one might have to
congider whether at these temperatures the vessel (locally} could continue Eo
hold the load that it is subjecied to.
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Figure %9-4 shows thz heat flows for this secenario. The degay beat and

heat fTaw of the fuel elewent remsin closely wmatched afisr the {fivet Tew
hours, rasuliing In a wirtuwally constant fuel element fempsvaturs. For e
vea%@iﬁ the "cross over point”, where hest less fo the concrels excesds hent

35}
gain fyom the fuel and reflector elements, iz only reachad after 83 hr. The
figure also shows that the decay heai of a siagle fuel element corvespon
that of a 3 to 4 KW heater, which 15 & velatively small load.

Gaveras} parameivie variations of this cass are sumparized in Yable 971,
The resultz Indicate that the averaged gap size between the wessel surface and
the fuel elemegnt has wirtually noe affect on the pesk fuel or vesgel tempera-
tures, indlicsting that rediztion heat transfer is dominant {Case Ne. 23, If
rhe fuel elewment were insulated from the reflector elements, i.e., ail heat
ware transfervaed divsetly from the fuel element o the vessel, abour 80°C
higher peak fuel temperatures and about 160°C highey psak vesszel tesperstures
ave pogeiblie {CTases 3 and 4). The availability of more veflector surface arsa
arpuad the fuel element hardly affected fuel or vessel temperatures {Case 5).
Tn simulate a core suppert siructure failure at aboun 30 hr initoc & core heatup
groident, when core temperatures ave close to thelr peak, a case with coryve-
sponding doitiz! temperatures was runs This time the fuel slement bhavdly awx-
ceaded its temperature at the time of Tailure and begiog te enel down, whils
the pesk vessel towperaturs reached a wmuch higher value of 254°C (Osse 6).

The case of 2 fuel element resting on conerete, surroundsd by the game
hlocks of reflecior material, was also evaluated. In this case, 2 paak fuel
enperature of B33%0 was reached after 20 minstes, while the peak concrebe
cemparvatures of 650°0 were vesched after absut ¥ 1/Z hr, with a slow deoresss

io pespevaturss thereasfter.

The above cases assume ne ROO8 cooling o be available after the cate-

strophic core sspoeri svstewm collapss. And they alse assume thab the fuael
alement naxt to fhe Jeasel or concrete surface ig sufficiently ¥far awsy frowm
hae resh the corse tn noi be beatad from the back., In 2 vum applying heat-

&
ng of the Tuel element by large wasszes of other fuel elements, sigunificantly
highar fuel and veggel temperatures were obtazined At meaximom fuel tempeva-

ures of 1360°(C, representing z tyvplcal peak fuel temperarure during core
heatup %Cﬂﬂa}LL the peak tempervaturz In the fuel aslement adiacent to the
vessel reached ?’”?, and the peak vessel tempersture was 1288°%°C. At such
temperatares, voessel dntegeity could noet be assured. MHowaver, additiomal fusi

Fallures would still not be expected. Alge, such g scenario of 2 single o a
Few fuel elswenls resting againgt the vessel and a hest spurce corvesponding
Lo oan lutact cors behind them is an Incredible, L aot lmposzible, scenaric.

The current conelusion from these evalustlons s that 2 coilapse of the
internal core geomebry cannot lead to fuel tempsratures higher than those
found in an intact core geamairy. For every physically possible resyvangeoment
of fuel elements thelr ovarzll volume can only inecresse, resulting in a lower
ovarall power density and lavger extevior heat transfer avea of the caore
snvelope.  Roth factors lead to lower pealk fuel temperature. WHowevey, ft is
possible Lo conceive highly iwmprobable but physically notr impossidle scevravi-
on, where fuel elemente touching the vemsel cam causs local vessael hob spots
wieinh might dnduece forther structural failures of the wveasel.
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16.6  Heduclion 1o Beactor Oavity Hear Transfer due o HLO &ndigr {30k

Accumiil atton

s
C

ection # constitutes a preliminary and approx-
f. Whiie the probability of sigeificant 0
coneentrations ls extremely small, water vapoy ingress inte the reactor caviny
is a much more likely event, zavd is, therefore, the move Impoviant scenaric
for which the analvsis should be refined.

The cutrreni paod wmodsl o
Imare evgluestion of thig off

s

s

3

Our current estimstee of the effect of such gases on the vessel tempera-—
tures agvees with those of @4, but this is wosi likely fortuitious, ag our
evaluations are indeed preliminary. At liesast for the case of ¥, bhetier
modeiling remains fo be done.

& move apnsropriaste band model, suwming the heatr transfer over the three
essential HgO radiation bande and the heat transfer across tranaparent gas lor
the remainder of the specirum, has hesn oatlined bub was nob yel programmed.
Inplementation of this moedel would provide o significauntly higher confidence
than that given by our survent rescits, which indiecate 40 to 3092 highor peak
vessel tswperatures due o water vapor acommnlation In the reactor cavity,

Ltz Lubsequent fo g Collapse of the Uore Support

Even though it is anticipated that peak {uel temperaturas for such an
event will vemsin balow these for an intact cove geomebry, soms rvuns with
sgsumes albzrved corve goomelvy should be made, particularly since such a hyp
thetical event could lead to dincveased peak vessel femneratures.

0.8 @ag and Figsion Trodust Transport through the Resctor Building

faring and suhsaoquenl to any depressuvizstion, primary coolant and othev
gases are {lowing Lonrough tha varicus cavities of the reactor building, in-
cluding pas exchange with the outgide eunvironment and heat exchangs between
the gases and the reactor buillding structures and eguipment. With these gas
flows, Pission products are carvied through the building and to the outside.

Owy gurzent oode capabilitiss dnclude the usse of RATSAM, which has been
extensively used and modifled at BNI during the spurce term study [droeger st
al., 1982 snd Bew et al., 198%]. This cods g particularvly well suited for
vapld blowdows translents and iz the onlvy HTGR code thar can treai  the
prassure waves of a8 Tapid blowdowi. 1t provides for veprasentation of the
iocal time warying shear forces in each wnode for uwse in fission product
lift—off evaluations duriung blowdown transients. Thus, this code parmite the
estimation of fission product release from ciremlating inventory and plate
out . & RATHAM wmadel of the METLE shouwld be gset up amd execoted fo obtain
eatimates of the fiseslon product relesses during blowdown transients and of
the pressuvre forces hetween varicus sections of the primavy looep. A&z new data
and/or covrelations for plate ocut distvibutions ang 11§t off become available,
these should he dncorporvated into our simularions.

For the long teww reactor bullding transients subsequont o blowdown, tha

ATMOS code hasg bheen applied in gome sample calculatlions to arne of the eavly
METOR configuracions [Krocegzy, 1886). The gas and figgion product ewchangs

-
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gobad by the heating and cooling of the wvaricus cavitiss, znd will include
ex of inflow from the atmoesphere into ths reactor builiding. It dis a
glatively miner effort te revise the curvent MEHTCE wmodel 1in ATMOS o
correaspond to fhe current reacktor buillding design. Therssfier, we would have
the capabilizdes to evaluate the amticipated gas ewchange between the warious
parts of the building and the savironment.

The wmodeliing that remaing te be ioncluded iz the figsion product frans-~
porvt during this long time transisat, which is potentizlly affected by smuch
phenomena &3 radicactive decay, plate out and deposition, ss well as asrazol
settling. ©GA currently uses the B0RS cede for this analysis. It is suggested
to include models for the mozt important fission producis and their transport
phensmena inio & module of the ATMOE code inm order to obtain gn indepandent
capabllizy o assess the filsslon product releags for wvarious sacoident
soepnaricos. Az further dats and coreslations for f£ission product tfrsnspori
become available from the Hegulatory Technslegy Development Prograw, these
should be factored inte the code to improve ouy prediciive capabiliciss.

P by
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APPENDIE B

RCOE PEEFORMANCE EVALUATION

Most of tha RCOCS geowmetry is described in sufficient detail in Section
5.5 of the PEID

Tha up ficw channel of the BRCCS coataing lnterunal fins sz shown achemati-
cally {n Figure B-~1. The heat arviving from the resclor wessal ar che R20E
front pansl is disivibnted by conduction and radiation fo the ianside surface
of the front panel, the fins, and the back panel. ¥From all inside surfaces it
is then transferved by oeovection to the upward flowing alr.

The PASCOL code, which evaluates the performance of such passive alr

coglaed decay hest resoval avetsms, can {(optionally) aplve for simeltanecus

aduction snd radiation in this fioned chavnel, aor can employ 2 user providaed
overall fin effectiveness factor &, which is definmed azz

Donvective Heat Flow to Alr
va Heat Flow to At trom Unfinned Front Panel

Parametric svalvarions were made o establish this fin effectivencss face
tor (FEF) as funciien of rescior vesgsel sarface Lemparature, BUCS aiv e

ture, mass flow of alr and chennel dismensicons. &8 indicated in Figure B~2, i
wag Foonmd that the FEF was very ingenaltive to aly tempevatures and rescfor
vessel Cemperatures. Further results arve, therefore, only shown for a vepre-

<
b

gentutive alr tempsrature of I00%C and a vessel temparature of 35070,

Figurs B3 szhows the effect of changing fin pilgch and £is thickness.
Closar fip spacing and thicker fing incresse performance at 2 pglvan mass
flow. Howewgr, the wmain smphasis of rthis Figure is that ¢he FEF of 4.5, used
in DOF evaluastions, is veadily schievable with 2 base fin plitch of 2 in and s
fie thicknese of (.25 in. Higher valuves would alro be possible, din pavticulary

by reducing the fin pltch.

Ag st of parametrle svaluations of steady state BOLE psvformancs  wag
wade, using a8 base values an &Y eLage rearkor vessel Lemperabturse of 213%¢, an
sir inler tewperatnre of 21°C, an effective astark helight of 27.5% wm. With the
toertucus fnler and sutlet patbhs of the aly dueting, rhe Inlet and exit lusses
pra Faivly high, ssztiwated at sbout ten velocity heads each, {(hased on actual
ring eroass mﬁﬁﬁiﬁﬁ areas). A8 there are uncertaiaties fo these asiimsres
inler and sxlt loss coefficiants were usunally treated as lodependent vari-

in shess perfovmence avaluvations.

Figure B4 shows alr flow, 2ir temperatuvre risse and tobal beat removal az
fanciion of Ioss cosfilcients, evaluated for the fin thicknessey. While
Figunve B-3 showed that fovr a given mpass flow pevformance would inecresse with
preasbter £in thickuess, ihe vesults bere show, that for the ROLCS system, under
stharwisze coustent condiiions, sn focrease in fin thickness dows wvaisn the air
tegpersteye rise.  Howsver, it alse Increaser the flow resistanes, and rhoes
inwere the mass flow. Therefove, the nat ffece om the totul emergy heiag re-

fl B
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movaed fg an optimum at 2 fin thickness of § = 3.2% in.

Considering the cese of optimom fin thickwess § = .25 in, an incresse in
ducting lossas from 1 oto 15 wveleelfy heads in zach, ¢he injet and ewit duching
{ie0e a fotal change from Z bo 30 veloeity beads), resulis in s decrease of
the air £inow by only 16%. AQ the zame tise the iy Comperature Tise lncrasases
by 14.8%, with a sweall ast loss in enargy removed of 2.5%. Thies tendeney of
BOOCS sveitem parformance, of belog rather insensitive o stack and duciing
parasmetar changes, srevailed over wost parameivic variatioos.

The stack wuses 3 “sscondary chimney desizn” deoseribed in the PREID o pe-
duce sensitivity of ROCE alr Tlow to extervior wind effects. Intuitlively this
design appears to be well sulred to such an applicaticon. Howover, itsg pevfor-
mance undor scobual opersting conditicns should be subjscted to field testing.
In the curreni design the lower stack inletfeutlet peorts are sbout 17.5 wm
ahove the top of the ROOR ceoling pauels, and the tep poris zre 27.5 » above
the teop of the cooling paneis. While the previsus evaluations asgumed full
drvaft contvibunion o

om this upper stack section, thig Base Jsge is being come
pared in Figure B-5 to a Case of a stack height of 7.5 » only, i.8. completa-
Ty disregarding the upper stack sectien. The resuliting loese in steady state
performance zmouats ko abaut 11¥% less alr flow, about 107 incraased alr teme
perature rige, with & nat Yoss im energy removal of aboutr 2.6%. Alse included
in Figure B-3 arve the PEID pevrformance prediciions for normal fwll power
operation. The PSR dara generally tend towsrd siightlvy higher alr flows and
gifghtly lower alr temperature vises, vesulting in wivtually identicsl energy
removel rates.

fready gtate perlormance is a very strong funciicn of reactor vessel fem-—
perature, and an fucreszse of only 6°2 form 2189°C o 225°0 increased the HOCS
gnergy vTemoval by mors than 5%.  This means that under normal power opervatiom
any variations in flow rvesistance would he ecompensated for by minor adjust-
wents in rhe wvossel temparaiure. AR wae also uointed out in the acsident
analysis of Scction 3, the t2acior vegsal and ROUE panel rhermal emissivity
are sgasential for good performance.  An facrease fvom e = O.8 to only .83 in
the reactor cavity rvesultad in 6% higher energy removal. While amissivities
of this order are readily achievable for steel surfaces, the surface emisslivie-
tiess ought to bhs controlled hy techalcal svecilications to aveid, fov
instance, inadvertent painting or pelishing of these surfiaces.

Based on tha ahove pavametric evaluations, an effective stack height of

Ed
22:5 m, a fin effectivenese facfor of & = 4.4, a theramal emissivity of (.8,
and a sct of loss ceoefflcients kg, = 16 and ka.y = 12 was generally wuzed in
ot THATCH accident transglents. {Teast rvuns were alzo made with intarnally
computed FEFs. However, values remained close o the above chosen level, and

efficient to use a prescribed value of 4043,

it wag clrarly wore
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APPERDIX &

REACTOR XINETIOH AND XENUN-135 MOUEL FOR CORE HEATUF ACUIDENTS WLTHOLT SURAM

To model the neutvoulos and Hesnor-l35 concenitrations during cores hestup
acelidents without seram the following point kinetics model [Cheng, 1876] and
Yeuon~i35 depletion wmodeal [¥nief, I[%81! were ifncorporaced {nors the THATCH
CodRe

The teactor point kineflcs ave modelled as follows using

roeix delayed
naulron Sroups:

dP-EW:B N i

TR S R (o-1)
dCi Bi . o
E-_EM = ‘E.”{ P - }Lici LA l,é kC""}f}

where P = P[Py = HfHg, with P the veactor powexr, P, the steady state
full power level, N the neutvon Fluw awmd H, the nectron fiuz at steady state
full power, and O3 = C(/H,.

Further
& = peachor Power
C;= delaysd precursor concaniratiens of gyrowp i

hg= decay censtant of group i

Be= delayed newrron fractiom of gwoup i

# = total delaysd neutren fraction
p = total reaciivity
¢* = prowpi memiron generatlon Cime
At Initial steady stata, P = 1 aund p = o, with
« By

ﬁ*Ri

The delayed group zoncenirations and dacay timez as well as the prompt nseiron
1ife time were tsken from [G4, 1987-01] as fnliows

s T



g% = 4.0 x 10~7g%

Delay Group By
i 2.140 » 1077
2 1,424 x 1978
3 1,273 = 1073
4 2.567 x 1?
5 7-470 = 10~%
6 2.73% % w0

The Fepon-135 concentration is ghtained

ﬂ% -y ® PR it
and

§§‘= v b - A1 - xefe - A™x
whers

i I-15%% concentration

pid ¥e-13% concentration

i.1%40

3.061

1,135

2876

et
i
emly

1t

From the tws fellowing (iFs:

e af Te-13%)
yx figsgion vield of Xenon—135
E & the fission rate {fiﬁSiOHfm3S]

£

I oox . . -1
LA fodine znd Henon decay constante fs™°)
oi microscepic Xenon—13% ¢rpss section [m

2]

fission yield of tellurium or iodine {due to short halfwlife

The steady state Tall power concentration of fodine and xenon follow fyom the

aboye eguaticons as

Te

s} >lI {E¢@}o

e
Il
g

& o

©r

3

o gpparent bypographical errov in [GA, 1987-02]

{C-6)



and

A ®
A g,

2

£

(Ef@)g

Ueing these to scale eguationsz 4 and 5, one ghtains

dr
ar
and
ax
dg
whars
¥ o
P o=
And
G =
where
e is

xj (P ~ 13}

Ei%e,

E W E;" ic

B/Po = zfaf(zf@}@

TP+ X

the macroscoplic filssion cross seckion, P, the steady state,

power, power density and F the eusrgy per fisgion.

The valuass used

e

Tha

4

i

li

g

(3.036

200 ¥e¥/ifission

are

o

»

5.96 MM/

2.9 w0

macroscopic
1887-037 for a single group thermal orces section as follows:

fission

1{3’.’

ifs

= (.03

3.2042 x 1071 p/fission

A¥ = 2,1 % 107°  1/e

crogg section data were estimated hy G4

w3 e

EUN
3
t
R
Tt

{C-83

full
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= 0.00251 = (hegin of cycle)

LN

by

= (300215

{ead of evela)

[akit)

The covresponding itobal macroscopic cross sections wora glven as
i B g

Z = GLO0427 {hegin of cycle}
v
= 8L.D0380 {end of cyeled

Yor the wicroscopdc a?ﬁorpiion eross sectlion of Xenon a value of 2.65 x 10°
barg (=2.6% % i07°° m™Y was wsod for the hase pase csliculsticns. The total
change in rvesctivity is compoved of the comiributbticas from

fuel temperature change
modetator temperaivre changs
raflector tempevstove change
wenan concaniration change

L)

and can be sxpressad a

dp = 25805401 + 90 derator (610}

toepdBuatiesror + €xdR

The eorg bemperaturs coefiiclents were given in Cnzpter 4 of the PEIR and sre
tabitlated in integrated form from a hase cold bemperature im [GA, 1%387-027.
The Xenon eoufficient is

where the sbove 20C values were used for } .

Fer typlcal ATWE itramsients., in particelar in LWRs, trangient analyses
ara extanded over velatiwvely shorlt time =pans. In contrast, fTor the core
heatup accidents, fo be considersed beve, several hundred hours of a transient
‘st be considered. For such loog time applicatlons the typlical implicit
finlte difference sclution o the above set of nine siwwltaneous ODEs were
found te be tow time consuming and the DOREAR ODE solver of the IMSL libravy
was employad. 4 the reactiviiy increases typieally remained smell, further
sigplificarions of the currently vsed point kinsties equations could most
ikely D2 smpioved. This has not hesun done at thiz time,



APPROZIMATION HMODEL FOM ERACTIOR CAVITY ZANYOACTIVE
HESPER IW THE PHESENCE OF PASTVICIPATING GASES

abtain an iniltiasl estimate of the effeci of participating gages Like
Hy on the vadigiion hear tvansfer foom The redctor vessel to the ROLE
Lhc Band Apyraximataan Wiodael, as desevibad by Spsycow

"

pointed nub by Spsrrow and Gess, this model although ovude ot best,
i ; approach” fowasrds radiative hast

e
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e
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For vy of this method, the user nust chooss vhe band wideh of Che vari-
Sﬁartcw and fess give in Spction 1.3 iotegraved band abe
Both HeD and C0p; and the approwimats Lowperaliovs and pras-
tha%c datub Culy the vesulis for H.0 will be gives hers,

Tha bend widihe were dtevatively adiosted heve such that over the [smper-
ature vangs of &30 e BO0 L rhe toval abgsovprien of all bands wmatched the
b Planck abeorpcion coefficlsnits as well ass possibls. The final band
gidih selecred in thie way wave:

ey
{4
'i

Bend i: §.|} Y A3 20

Lower Limit {wl 350 5,00 23
Hpner Llmit (p) 3.50 F.00 S35

Tie 1.38 and 3.87 p bands wece Incleded in the evaivatin el theis con-
rribations ware Tound to be segligible in the cugrenl tows vange. Wit

hove chosen hend width the everaged absovpiion ceefficients ¢ were com-

compsrad to the Flapek wmegn sbsovpitiow coeffieclent « . in Table

Undng thess values, the radlative heat flux hevwesn two black surfaces of

prascribad temperatures was avaluated, parasetrically varving the hot suvface
{yeactor vessel) from 450 X to 10060 K, bet keeping the oold surfsce ab 331 %,
rapresantative of ROTS panel tempecratures. {(Variaztions of (he ¢old surface

temperabuvs were elso applied and yielded abost the same wesuliz.) Table !
givas the vesuliting optical thicknegs ¢ = I L, where 1t fa the cavity gap
wideh. It also givss che dimenaionlesgs radiant heat Flux § which Is the ratio

of actuzl hest Flux to heab Tlox acyoes & transparvent gas.

1t i3 seen that the gag is optically thiek (¢ ¥» 1}. TPurthergore, the
digengiontess hest flow remaing falely constent over & wide tempovatars riogs,

. ' X . i
"Mote that by definition the zvevage ahisorprion
than the Pianck cesfficient.

must he laygaer




angd even Lf gur values of ¢ wuere fggeocurvafe, fhiz would nov affecet the resun!
gigaificantly, as shown by Including walueg of § evaluated for 7 = 8§ and |

Thue, the Bacd Approximstion Model indicates that rhe partiecipating gas
HoO) dn £he reactor cavity will weduce tho radiant hesl Lranafav by showt 3
4

g = Actnal Radisnt Heat Plux . 6,58
- P M - Pt EXe 5y
Tranaparent Mediuw Radiant Feat Flux

This fs the result te be apelisd in Section B,

e
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