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Abstract

Two sets of MELCOR calculations have been completed studying the effects of air in-
gression on the consequences of various severe accident scenarios. One set of calculations
analyzed a station blackout with surge line failure prior to vessel breach, starting from
nominal operating conditions; the other set of calculations analyzed a station blackout
occurring during shutdown (refueling) conditions. Both sets of analyses were for the
Surry plant, a three-loop Westinghouse PWR. For both accident scenarios, a basecase

calculation was done, and then repeated with air inl_ression from containment into the
core region following core degradation and vessel failure.

In addition to the two sets of analyses done for this program, a similar air-ingression
sensitivity study was done as part of a low-power/shutdown PRA, with results summa-
rized here; that P RA study also analyzed a station blackout occurring during shutdown
(refueling) conditions, but for the Grand Gulf plant, a BWR/6 with Mark IIl contain-
ment.

These studies help quantify the amount of air that would have to enter the core
region to have a significant impact on the severe accident scenario, and demonstrate
that one effect of air ingression is substantial enhancement of ruthenium release. These
calculations also show that, while the core clad temperatures rise more quickly due to
oxidation with air rather than steam, the core also degrades and relocates more quickly,
so that no sustained, enhanced core heatup is predicted to occur with air ingression.
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1 Introduction

Most modelling of core degra,da.tion during severe nuclear reactor accidents has con-

sidered only steam oxidation of metals (Zircaloy, stainless steel a.tld lnconei)ill the core.

There are, how(,w:r, opportunities for _tir a,lso to elll,er tile core mid oxidize metals. Air

oxidation is quite clearly possible ill a,ccidellis under sllutdown col|rill, lolls when the rea,c-

tor coolant systenl is open to tile containnm|lt at,mosphere. Air ingressioll into tim rea,ctor

vessel also nlay occur during ol)erational accidents oll(:e seine portioll of the (legra(tit|g

('ore penetra,tes the rea.ctor vessel. A natural circulation of a,ir ',,llrough the rea,ctor core

can develop if there are breaks in the |'eactor coola, nt systeln a.s well as tim vessel. [1]

The effects of air on the course of core degradatior| tlave _lot be(m exte1_sively studied.

It is known that the air ()xida, tio|| of zirconium cladding or| the fi|el obeys different killetics

than does steam oxida, tion [2]. The rea,ction of oxygen with zirconit|r_t yields abol|t 850/o

more heat than does steam oxida,tio|l. (_iven the important role (:hernically-gene|'ated

heat, plays in the. progression of core damage in an a.cci(ter_t, tim ingression of a,ir might

be expected to profoundly a,ccelerate core deg|'ada, tion.

Canadian researchers [3, 4] and others [5] have sll()w_ tha.t air (:a,_ grea, tly enhance

the relea, se of radioactive rul,he||iu|n from fuel. In tile absence of strong oxi(ia, nts like

air, rutllenium is usually t)redicted to be released to a very s1,1a.li (<<1%)extent in

reactor accidents [6, 7]. Expe|'imental stlldies have sllown that ill air tllere is esserll, ially

quantitative, significant release of rutheniuln from hot fiiel. 'l'llese ('xperirnenta,1 studies,

however, have not considered competitive processes. (_lad oxidatioll |night consume
oxygen from the air before it could rea,ct with the ['uei. Or, clad oxidatioll cot|ld cruise

such rapid healing of the core that there wotlld be little time for rtrl, ll('ni|ll|t release to

take place be,fore tile core slunil)ed inlo the lower I)lenunl of tile re,actor vessel.

To explore the systen>wide inlplications of air' ingression dllring severe reactor acci-

dents, two series of reactor acci(leilt ca,l(;ulatiolls have I)e(,ll (:o11(lllcted using the M I';I,(',011

conli)uter code [8]. These calculations ha,v(' been of limited s('ot)e , to a,ssess tile nlagtli-
tude of air ingressioll that would be nec(:ssary to l)rodu('e a,ny sigllifi('a, tlt alteral, ioll of core

degra(latiorl or radionucli(te release. Tllese cal(:ulatioils constitl|te illil ial stel)s t()wa.rd the

definition of experimental conditions that n_igllt I)e eml)loye(l in the pla,_lne(l fifth test

of the Phebus-FP program [q] which is to involve air ingressio,l [10]. Because so little is

known about air oxidation (luring sev(:re re,toter acci(lents, only lignite(1 n_o(lit_i(:ations to

the MEI,C,()It code could be n m(te to treat the (if('"(t,s of air illg|'essioll. 'lt_"( (:tlang(-s in

reacl,ion kinetics of air" and Zircaloy, and tim entranced heai, of Zircaloy-air tea.el io||, wet(,
available in the sta, ndard MI!;I,COI{ 1.8.2 code versions. Mo(tifi(,atiolls n_a(le, for" these

calculations treated only the enhanced release of rutl|(.'niu_n fi'o_n fuel in air; effects air

could have on tim release and transl)ort characteristics of ott_er radiollucli(les were. not
modelled for these initial calculations.
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Section 2 briefly describes the models in the MELCOR code of particular application

for these air-ingression analyses.

Section 3 presents results from a set of calculations studying the effect of various

amounts of nir ingression into the core region during core degrada.tion, beginning im-

mediately after vessel breach, i:: tile Surry PWR for a station blackout accident under

mid-loop operation (i.e., plant operational states ill which the reactor coolant system

level is lowered to the nlid-plane of the hot leg) during refueling outages at low-power

and shutdown conditions. Section 4 gives results from a set of MELCOR calculations

examining the impa.ct from interaction of air with residual fuel R)llowing vessel rut)ture

in the Surry PWt{ for a station blackout at full power in which a surge line rupture has

occurred during the in-core damage phase of the accident.

Section ,5 describes results from calculations done to address concerns about air ox-

idation and the associated enhanced release of ruthenium expected to occur when ir-

radia.ted reactor fuel is heated in a,ir; those calculations were done as part of a sep-

a ra.te, ongoing program providing MH, COR. support calculations for the Grand Gulf

low-power/shutdown PRA [11]. While these Grand Gulf MEI, COR calculations were

not done as part of the a.ir ingression analysis effort reported on in this report, they

investigated t]le, same issues and evaluated the same accident consequences, and came to

tile same basic conclusions. Because those calculations will not be formally documented

ul_til the completion of tha.t Pt{A program, the NRC contract monitor for that program

has graciously agreed to allow us to include a brief summa, ry of those calculations and

results in l,his report,.

Section 6 summa.rizes the conclusions of these various a,ir-ingression studies.



2 MELCOR Code and Models

Ml':l+('+Oll [8] is a fully iltt+egt'ated, etlgitleeritlg-level cot111,_li,<'rcodr wllicll is l,_'+I_g

develol_ed at Sa+tldia Naticmal l,a.l)t)ratories for tile l+. ,q. NtJclear l;_egtllat,t)t'y (',otlltllissit)ll

(IISNI'_(',). 'l'lle progressiott of' severe accitletlt,s itt ligllt, wat,<'r react.or (I+,WI_)tltlclear l)Ow(,r

platlts, itlclttditlg reactor <:()olatlt systetn attd COtlt,a+itlttlellt, i ll<'rtltal/llydralllic t'espottse,

core h('atup, degt'atlatiotl a ttd t'elocat, iotl, atld [issiolt l)roduct, rel_,a.se awl(l (,t'atlsl_ort,, is

treated ill MEI+,(+OI:;titl a+utlili('d ['ralllew<.)rk for l)ot,ll l)oilillg wat('r rea.ctt)t's (l:IWl'_s) atl(l

pressttrized wa.ter rea('t,ors (I)WRs). Tile M i':I,('()I_ COltll)ttt,(,r (,()(l(, ]la,s be<'ll (]<'v¢,]Ol)<'(](,o
tile l)Oitlt, l,]]arl it, is now 1)eitlg successflllly a l)l)lied ill sew,re a ccideltt a tla,lyses, part, ictllarl.y

in l)robabilistic risk a+ss('ss_tt(,t_t,(I'I_A)studies (c..q., [6]).

The MI'3I,(',()I{ code does trot, ctn't'etlt,ly ittcltlde all (Ate l)llettottlellological tllt>(iels t,l_at.

would be tteeded to calcula.te t,ite pot,ettt,ial It>r, arid t_tagttit,ttde of, air illgressiot_ ittl,o t,lte

vessel at_d core regiott duritlg vat'iotts a.ccide_t scet_at'ios. A tt_o<:lelfor ilt-vrss_'l t_a.tt_ra,1
circttlatiott would be needed t,o tt_odel air itlgt'essiot_ dttritlg rel'uelittg or ot,ller sllt_tdowlt
accidents, to ca+lcttlate ltot, st,e+utt t_pflow l't'o_t_tl_e core t,o t,l_(, Upl)er ph;t_tttt_, l)t'obably

it+tt,l_e ('et_t,er of the core, a.n(l sitttt_lt, a+_l('ot_s(lo,,vt_ll()w of air ['ro_ tlm Ul)l)('r l)l('tlu_+ it_l.o

the ('ore r(,giot_, l)robably aro,_l<l t,l_c, l)eril>It(+r.y oi' the core r('giotl. Su(,ll a _nodel is

curretfl, ly ttt_<:Icwdew'lol)tt_et_t,, l)tli is t_t)t, yet+ tea,dr for use. A si_t_ila,r t_(;,¢l('l is tlee(l('tl

to predict air it_gt'essiott it_ a<::ci(h,_ts such as the stat, io_ bla,ckout, wi(,t_ stlrge lille I>rrak;

while MI+'+_I,(',()I_.cart ('alct_lat<," tt_e iltflow o1'gases ['r()tt_ t,lle ca vit,y ttl) (,[lougll t,l_e ('ore a_([

OUt, t,l_esurge lit_e break in sttclt a si(ttal, i()tl., it. pre(licl, s li(,tle or t_o oxyget_ l)r(,s(,t_i; it_ (,lit,
cavity sottr('e r(,giOtl (Ittritlg this period as tlm orig+lia] (,a.vil,y a,i_t_Osl)l_(,r(,is all (lisl)la('(+(l

l).y stt'a,_t_ a t_d t_o_l('()t_(l('t_sa,lfl(,sge_(,r;,-tled itt ('(Jt'('-('Ol'_('rel,e it_l,('t'a.(.'liot_s, l+_,i't+ll(,ra Sl>e¢'illc
code model for sittgle-t)l_ase cOUtlt;('rcttrr(,lll, {low or a tlo(lillg wit,l_ t_t_lt,il)l(, s_l>(livi(led

fl()w pa,ll_s with di|['eret_t elevat, iotl diil'eret_ces, fl()w a+rea,s at_(I loss co(,lficiel_t,s woultl !_,

tteeded to calcttla,te hot cavit, y gases tlowit_g uI) ittt,o t l_e (i<,)_lte(or out, it_(,o tl_e lmsett_e_tt)

sitnulta, ne()ttsly wit,lt (:older c()lfl+aitttttett(, at,_+_+t),,S:l)ltc't'(, llowil_g dowtl ]t_t,o i,]_e cavity; i,]lal,

noding tttodilicatiot_ was IlO[, tried for tile ('a.lt:ula.t.io+_sil_ tills stt_tly.

ltow('v('t', MI']IX'()R d()es itl('lt_(I(' thos(' ttto(l('ls _('('(1(,(1to ('al(,t_lat(, ill(' ('ot_s('(it_('l_('<'s(+f

va,riotts a,n_ot_tlt,s of air ]t_gt'essio_, ]1'tile ;,-tit"it_gressit)t+ is a,ssllt+ied a,llt] Sl_<'cifie(l <,xi)li(:il,l.y.

In partictllar, these air-ingt'essiot_ calcttlat, iotls regt_it'e t_lodels for tile oxi(lat, iot_ of Zircal().y
by air, a ud for t,he et_hattced release o1"rttt,hettium ['rotor I_eate(l fuel it_ a,t_air et_virotttttet_t,.

The MEI,(',OI/code curret_t, ly itl<:ludes t_o(lels for oxidatiot_ of Zit'caloy 16, l)oth 11:+O

att(l 02, a u(l o1"st,eel ])y st.ca,tit ottly, ca l('ttlated ttsitlg l)aral)oli( ' ],;i_('ti('s, wit, If a l)l)t'ol)riat,(,

rat,(+"(+:ottst.an(,exl)ressiot_s artl(! lit+_tite(lI)y gas('ot_s (li[['llSiOti ('o_lsi(l('rat+iotls i[' ll('c('ssar,y [l 2].

In g(meral, solid-state dif['usi¢)_ of ()x.yg('l_ (,l_t't)ttgl_a_ oxide lay('r t,o t_tl()xi(lize(l tt_(_t,a,lis

rel)r(;set_t('([ ]).y the l)ara].>oli(: ra.(,(' ('(l_ia.l,iotl

<-I(W:+)
dZ -- h'(7') (2.1)

where W is the tnass of tnetal oxidiz('(l per titbit, sttrfa(:(' a,r('a at_(l h'('/') is a rat,(' (:otl-

st,ant expressed as a.t_ ('Xl)Otl(.'ttl,ia.l fttn(:t,iot_ of surfa(:(+' l,et_+_p(,ral,ttr(, "/'; for tile Zit'caloy-02



rea, ction, the rate constant is evaJuated using constants from [2] to yield I

K(T) = 50.4ezp T (2.2)

For oxidation of Zircaloy in environments containing both I120 and 02, the maximum

oxidation ra,te calculated for 1;he two gases is used. There are two options for partitioning

l,]le oxidant coIIslznlption between the oxygen and the steam. The default option (used

ill all tllese air-illgression c_lculations) does not permit any consumption of steam until

all of the available oxygen has been consumed. This model i_ available in the released
version of MEI,COI/ 1.8.2.

'l'hree options are currently available in MELCOR [13] for modelling the release of

fission producl.s frolli core materials: the COIISOR, CORSOI1-M [14] or CORSOR-Booth

[15] models may I)e specified. For l,tlese air-ingression analyses, the fission product release

znodel in MI';I,C,OI{ was recently expanded to include an enhanced ruthenium (Class 6)

release ral,e explicitly dependent on the oxygen potential, using as the rate expression

d___f'dt= 79561'(02)LrSea'P 7' (1- F)s-' (2.3)

where P(O.2) is the oxyge_ partial pressure i_ atmospheres [16]. This modification will

el_]la.nce ruthenium release when air is present, and was used for all the MELCOR anal-

yses done in this air-ingression study. (Note that, if 02 in equilibrium with a mixture

of t|2 and l[20 were used in this expression, l,he release predicted would be similar to

l.hat calculated using the standard CORSOI_-M expression.) This enhanced ruthenium

release 1nodel wa.s inlplemented in the productio_l code with version 1.SNX, and is there-

fore not available in the released vei,'"slonof MEL('OR 1.8.2 (MELCOR 1.8NM). Releases

of all other classes were calculated using the standard C()RSOI/-M coetIicients available

in the code for in-vessel release, and ex-vessel releases were calculated using the standard

VANESA expressions for aJl radionuclide classes.

Note that one of the sensitivity study calculations described in Section 5 used an

all,ernate form of tt_e Class 6 ruthenium release rate expression (also given i_, [16]), which

is not explicitly dependeilt on the oxygen potenl, ial:

dl" [-17_,1001 _,d/, = 518_a,p 7 j (1 - b')s (2.4)

'1
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3 MELCOR Surry Midloop Calculations with Air

Ingression

A set of ca,lcula,tions has been completed studying tile effect of various amounts of

air ingression into the core region during core degradatioll, beginning immediately after

vessel breach, in tile Surry PWR for a station blackout a,ccident under mid-loop operation

during low-power and shutdown conditions. The intent of the calculation effort is to scope

the effects air intrusion might have on the core degradation and radionuclide release under
shutdown conditions.

A mid-loop configuration Surry deck used was obtained from Brian Holmes, BNI,

[17]. That deck was ba,sed upon our Surry TMLB' higl;-pressure short-terln station

blackout deck [18], but modified by BNL for mid-loop conditions in pla,nt operating state
6 (POS6) as part of a low-power/shutdown I:)RA study underway a,t Brookhaven. POS6

is a condition occurring during the early I)ortion of the refueling mode of operation, in

which the rea,ctor coolant system level is lowered to the mid-plane of tile hot leg duriIlg

refueling. This state is the PWl{ ana.logue of the POS6 configuration modelled for the

Grand Gulf low-power and shutdown air ingression analyses discussed in Section ,5. The

plant configura, tion during the low-power/shutdown period can vary widely dependillg
on the puri)ose of the outage. It was assumed tl_a.l.a.ll the loops were isolat, ed alid

that the safety valves were removed for maintenance, whicll provides a. vent pa,th fronl

the reactor coolant system to the containment. Containment spray availability was one

of the uncerta, inty parameters in the PRA study, wittl no spra,ys available in the base

case. Containment, while "closed" during mid-loop opera.tion at Surry, was a,ssumed

to leak during POS6, beta,use a. temporary restra,ining plug in the escape tunnel in the

containment equipment hatch has no overl)ressure caj)a.t)ility. [19, 20, 21]

We made two changes to the Surry mid-loop configuratio_l deck a.s receive(t from BNI,:

the decay heat was set to 24 hours after shutdown (the earliest the plant could possibly

be in POS6), and gravity feed from the refueling water storage tank (R\¥ST) t,() the cold

legs (being evaluated as a long-term cooling mechanisln) was set to zero. These changes
were me,de to get to core damage a,s quickly a.s possible.

A reference calcula, tion was done with no air ingression forced. A series of additionaJ

calculations wa,s done, with various amounts of air ingression. A flow path was defined

going from the cop.tainment dome to the core, and a consta,nt velocity flow was sl)edfie(l
to start immediately at vessel failure. Ttle conta, inm(:nt dome was used as the a,ir source

volume instead of the cavity beca, use the cavity air was quickly displaced by sl,eam and/or

hydrogen, while the containment dome atmosphere remained mostly _80%-N2/_20%-

02 with less dilution by steam, hydrogen and other nonconderlsables g('neral, ed t)y core-
concrete interaction. The velocity needed to obtain desired rllolar flows was estimated

based upon STP conditions, n, t adjusted for (:onta.inment, pressurization; sill(:e l,he air

ingression considered covered many orders of magnitude, the _20% increase, between tl_e

actual flow obtained using a velocity estimated based on STP conditions and the desired

air flow was considered negligible.



The MELCOR Surry core model [1.8] consists of 39 core cells divided into a radial

rings and 13 a,xial levels; Figure a.1 illustrates the reactor core noda,lization used. Axial

levels 4 through 13 rnake up the a.ctive core region, while levels 1 through 3 model the

lower plenum, including tile core support plate in level 3. Equa, l-height t_xial levels were

used in the a.cl,iw_' fuel region, a,bove 1,he core support plate. The three radial rings

were not equally subdivided in either radius or area; the innermost, high-powered ring

includes _15% of the core, the middle ring contains _-,60% of the core, and the outermost,

low-power ring includes the remaining _25% of the core.

Table 3.1 summa, rizes the state of the various ma, teria, ls in the core active fuel region,

core pla, te and lower pl_nume al, the time a lower head penet, r_l, ion first fails (i.e., at

vessel brea, ch); this state is collH_on to all the air ingression sensitivity study calculations

done, because the air ingression is specified to start al, vessel brea, ch. Masses of intact

component, s and of debris components are given for each region, together with average

temperatures for the debris in the lower plenum, and fract, ions of Zircaloy and steel

)tea.oh The fra,ction of debris molten in each region isoxidized by the time of vessel 1 ", .

estimated from the average debris tempera,ture, which in l,llis case resulted in assuming

thai, Zirca.loy,. st"e:el, steel oxide and control rod poison in the active fuel region and lower

plenum debris are molten and that l_lO_ a.ll(! ZrO2 in the debris are solid (i.e., neglecting

eul,eci,ics mixlures; this assumption is forced by the MELCOtl output available to the

analyst). Also given is the fraction of material relocated. This is generally larger than the

fl'act,ion molten beta,use inat, erial can melt, and relocale, a.nd then subsequently refreeze

or quenclv also, UO,2 fuel usually relocat,es as a solid, after clad collapse but before fuel
melt.

r--_ elh .. various mal,erials in the MELCOIt "fuel/clad" component just prior to vessel

failure, bol, tl any intact materials remairling in t}_eir original posil, ion and candled, re-

frozen c.ollglomcl""al,e debris mal,erials, are shown in Ii''lgures a.2 through a.4 for the three

radial rings in the MLL(,_OR. Surry core model, l_lgures 3.5 through a.7 show the ma-

terials ca.lcula,ted to be in the "part, iculate debris" component in the three core rings a,t

l,lle same l,ime, while the various mal erials in the MELCOR "other-structure" compo-

nent just prior to vessel failure, both any intact materials remaining in their original

position and candled, refl'ozen conglomera, te debris materials, are shown in Figures 3.8
• _a ,_ -through 3 10 for the three core rings in the MI,L(,Ot/. Surry core model. (Refer to [8] for

all explanal, iOll of these MLLCOI{ components, if necessary.) _he "elevation" used as
the oMinate ill Figures a.2 through a.10 is the same as the core, level elevations shown in

Figure a.t, with the core support plate at >am, the lower plenum between 0 and ~am,
and the a ctiw'_ fuel region from >am to _6.722m. The fraction of ea,ch core cell occupied

by any given ma,teria, l is shown, ttowever, recall thai, the core cells are not equal in the

tht'e'.(_,rings; the innermost, high-powered ring includes _ 1,50_ of the core, the middle ring

contains _60(K) of l,he (:ore, and the outermosl,, low-power ring includes the remaining
_257_, of the core.

The innermost ring has no intact structure in the act, ive fuel region at all at the time of
_'

vessel failure (I lgure 3.2), bul, there is a. substantial debris bed both in the lower plenum

and in tlle active fuel region above the core support plate in that first ring (Figure 3.5).

• _l .................................... ................. .................................. ___ ...... _



6.72197m

Level 13 6.35621m
Level 12

,, 5.99045m

Level 11 5.62469m

Level 10 5.25893m

Level 9 4.89317m

Level 8 4.52741m

Level 7 4.16165m

Level 6 3.79589m

Level 5 3.43013m
Level 4 3.06437m
Level 3 3.01992m

Level 2

1.74550m

Level 1

0

Ring 1 Ring 2 Ring 3

Figure 3.1. Reference MELC()R (',OR, Input Model for Surry Core



Table 3.1. Core State at Vessel Failure ill MELCOR Surry Midloop Calculations
with Air l),gression

Intact Debris

Active Fuel Region Masses (kg)
UO2 14,347 34,615
Zircaloy 6,559 1,947
Zirc Oxide 3,096 835
Steel 178 21
Steel Oxide 112 8

Cltl ) 808 1,084
Total 25,100 38,510

Core Plate Masses (kg)
UO2 94
Zircaloy 37
Zirc Oxide 13
Steel 225 54
Steel Oxide 9
C,RP 15

Total 225 222

I,ower Plenum Masses (kg)
UO2 31,656
Zircaloy 3,334
Zirc Oxide 1,721
Steel 0 87
Steel Oxide 0 51
CRP 92

Total 0 36,941

Average Debris Temperature (K)
Active Fuel Region "2300
C,ore Plate " 1000
Lower Plenum "2350

Fraction Debris Molten

Active Fuel Region "8%
Core Plate "0%
Lower Plenum "10%

Fraction Material Relocated "75%

Fraction Oxidized Zircaloy Steel
,-35.25% ,-25.67%
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Sonleit)tar()rlaterialrenlairlsinll_elower(ol•-"e levels in tire active fuel region in both the

secorrd and lhird rirlgs (Figlires 3.3 and 3.4), with those intact nlaterials together with

lhe core plat,e supporting one or more levels of parl, iculate debris held in the active fuel

region in bolll llle second and lhird rings (l"igures 3.6 and 3.7). The core plai.e itself is

('lear'iv x'isil)le in l"igures 3.8 tllrough 3.1(1 as the v('ry thin structure at, >_3m elevation; in

Figures 3.9 a11d 3.10 (,lie core plale is seerl lo lie Slll)porlir)g sotlm candled, refrozen ol lmr

s( rut'( ur'(', such as ('()1)Itel ro(l l)oison alld t hi, colli, r'ol re(1 guide tub(" nlaterial. Note that

, r • (()rlly _3.5(X ()["Ill(, Zlr(:al )y (atl(l 25-30(){, of 1,11esl,eel) llas been oxidized Ul) to this time,
(,il ll(,r iti ill(' )Ilia(')('lad or it| ill(' (M.'is tie(l: )nest of the Zir('aloy remains unoxidized in

i)oI ll ill(' r'rnlail)irlg il)la(l ('lad axl(! irl flu, (M)ris I)e(l a( (hi: tirrre of vessel failure and al,

ill(, slit,tilt('(! start of I l)(' assurlwd air itlgressiolt.

,_ _ " _' " el.'igllr'(, 3.11 I]lr_)ug]l 3.1.1 pr(,s(ull i+ll(' sl(,arl) rliirogetl, oxvg('rl and ]13,dtog n mole

fractions itl tile <'ore atlive fu('l regiotl ('olllrol v()ltllrle, res,t)e('tivel '3, res;liting front va,r-

ious arllourl( of air irigr(.ssio)l. Ill all ('as(,s. i)r'ior to v('ssel breach, the (:or(" a,t,n_osphere

os('illal(,s I)clw(,(,)) )))osllv sl(,al)l arl(l lll()sllv Ily(lr()g('l). After vessel t)r'('acll, tl_(:' resull.s

wilt_ _lrl_ol('/s air i_lgressi()n are g(ulerailv si_rlilar to ll_e r('sulls wil,h rio pres('rit)ed air

irlgressiorr Ill(' ('(it'(' a(ll_OSl,}_('t'(' is rtloslly slcarll, will_ so_ne s_r_all alllOUllt of N2 and 02
al)l)(,ari)lg s(,)i(' li)l_(, afl('r v(,ss(,I l)l'(,act_. '['tlc rrsulis v,'ilh higher air ingr'ession,, rates

(_l(h),:)lc/s al_(l _I _) art, all si_filar after vrss(,l t'ail_lr(', al_d qrlaliialiw'ly different fron_

ill_e r'(,s_llls ,,vii]) _ I irl()!('/s air ii_gn'ssior), a_)(l wil 1) lie l)rescril)'( d air ingression" the core

a( rllOSl)l)('l'(' is lilt)S| IV air. as s(.)(,))las air' i_gl'('ssio_) is slier)lied (o lit'gin, with some small

arll,,)ulll ( ,,,)/() (If sl('a_. Ill all <as('s. very little (<":')_/()tlydr'oger)is pr'eser)l after vessel

r_ll)l _r'(,.

Xlass-v,'('iglll('(! av(,ragr ('()r'(' ('la(l l('r_l)('ral_r'('s i)_ i}lese ('aic_llalions wil.h various air

illgr('ssi_)l) r'al(,s arc l)r'(,s(.l_(('(! i)_ l"i_)lr(" ;'1.15. ll) all cases willl ai_,,' amoun( of air ingres-

si()l_. (}it art,rag(, ('lad l(,))ll)(,r-ai_lr(,s after oxi,laliorl r_l_away ar'e star,liar and are visibly

]ligl)('r i]l,,).rl Ill(' t)as(,('as(, aIlal\'sis v,'ilh n()air i_gr'('ssio_v however, irl all (:ases with any

a_()_lrll (if air il_gr('ssi()ll, lt_(' ('lad s)ll)s('(t)u'nllv fails soorl('r (irl(li('ale(l t)y tl_e te_nl)era-

till'(' g(,irlg I()z('r(,) )flat) l)r('(]i(i('(l i_) ll_(' l)as('('as(" ar_alvsis wiih no air ingression. This

is t)('('a)ls(' ill)(, lligl_('r lal('-iir_(' l('_rli)('r'ai_lr(,s ill i l_.', :_nalvs('s wiil_ air i))gression (due to

ill,' I_iglwr ('r)ergy (if r(,a('ii())_ for Zir'cah)y ()xi(lalio)) witl) air r'aih('r tlla_ wilh steam)

cause (hi' ('or'(')_ai('r'ial I() r)_(,]i, r(,l(>('al(, al)(t I)(' l()sl Io Ihe ('avily s()oner (ban l)redicted

will) ))() air" i)_gr('ssi()r) i))l() i l)(" ('()r'('. l:ig_rr(' 3.1G giv(,s (t)(')))axin)u)r)('lad temperatures

l¢)r"I I_('se .q_r'r'x' )l,i,ll()()l) ('alC_llali())_s. will) at)it wit llt)lll air ingression, sl)owing (,hal the

l_axil)))l))_ (lad t('))ll)('r'ai_)'(, (]()('s ))()i ir)('r(,as(- .,:ig)_ifi('a))ilv as l.l)(' av('rage clad temper-
al))r(" irl('r'('as(,s: lt_(, illlacil Zir(al()v ('la(l always fails and relo(,al(,s whim iI r('aches )is

lilt'lit 1)()till (if :20!)Sl,_. ('Ill(' i)_(a('l fl_('l aw,rag(, a)_(] l))a'<irl)um ien),i)eraiure comparisons

art' v('rv sinlilar io l lit's(, irlia('i ('la(] av('rag(' all(1 rl)axil)_llr)_ (en)l)erature ('o))_I)arisons.)

"i.vl)i('al ('la(t l('llll)('ral_lr('s l)r('(licl('(] i))l}l('s(" ('al('_llalions art' gi',.'('ll in Figures 3.17

ar_(l :l. lS f(,r ('('lls ir_ II)(' )))i,l,ll(' ('()r(')'i)Ig. ill ill_(' low('r ('or(" a('liv(, fuel region (about

I)....(il)l a))()\(' l l)(' ('()r(' S_ll,l)()ri l)lai(') a_l(l ill ill(' _)",,(',')._,. ('or(' a('Iiv(' fuel region (about 2.0m

al)()v(' Ill(' ('_,r(' s)_l)l)()rl l)lal('), r('sl)('(I iv('Iv. 'll_(' lligl_(')"<'fail i(')l)l)('r'ai ures ,,filer oxidation

r)l_a',vav " ;ill air i)_r'(..,-_si())_a)_,t air oxi,lalio)l at'(, ('l('arly visil)i(' i)) (he lower (,or(", t)uil
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('alculaliol_s wit ll Air ll_gressio_l

2,1



allilosl, iudisiillg]lishal)le ill i.ll<'lll)l)er core.

Figtlre 3.19 deluotlst, rates t t_e ('[[¢'(Itr ()_ Val'iOIIS _'IIIIOlllll,S O[ _'lil' ill_l'('SSiOll OII t, 11(' lll_'l,t,('l'i_'i/

retentiotl iti-w'ssel _,s (,i(,('l, iOll |,o ('_-ivil,y. All caiculai, iolls siiow i,he saltle overall I_ellavior,
with the tllajority (_>.60%) of Lhe core llmlx,rial e.jeclx'<l illltlledia.l, ely tipoll Vesm'l [ailtlre,

and nlosl of t,he l'etllaillthu" (<,i()%) of flit, core tnalx, rial losl, lo i,iw cavil+y al'l,tu' solli<,

stlmll i,iill(' (h'la,s'. The sli_lllly liigll('r lal,e-l,iille l elliperai,tlr('s ill l,ll(,s(, uli<llool>-acci<h'lll,
caictilal, iotls with lisei'-st)ecifiedair illgression iliio l,h<'core, <111_'I,o ill(' iligll(,r eller_gyof
reactiolt for Zircaloy oxidal, iotl wil+hair ral,lier l,li+itl,,vii,ll si,<,altl,calls<, l+li<'rerilairlth+ror
t,lle core lllatx't'+al t+olii('It,, relocate ati(l lle lost+1,ot,li<,cavity sooli<'r i,ha,tl l)re<li('le(l itl ille
calclllat, ioti wiLh ilO liser-sp(,cifie(! air iilgt'em,w,i(;ulililo lli<' core.

Ma,ss-weigllled a.vera.gc, core del>l'is leliil)eral.iirc,.,.-; iii l llese ('alcllial+iolis wit.ll Val'iOtlS air

iligressioli raLes are llreselilx'd ili i;'igiire 3.70, wllile i;igurl' 3.71 gives llle illa×ilililill del:>ris
l+etlll)eral, nre,<-;[or Lliese _urry iliidlooll ('al('ulal.ioliS, willl ati(t wil, tloill, air illgr(,sSiOli, ili

all cases wiili a.iiy alllOlliil, of air illgl't',',;SiOli, l,lie average delli'is leliil)t'i'al, ul'('s llel.weeil

,---,l,_.,000s ali<! ,--.,17,500s are very siillilar ilil(i are sligllt.ly lower i,liali ill 1.tie I)asec;.-Ise

analysis wilh iio air iilgrl'sSiOll. Aftx'r lllOSl llla,l,l'i'ial 11;1,"4lleell gi<'<'i,ed[I'11111 l,lle vessel,

al, ,-,,,18,000s, I_oi.li l,lle awru'age a,ii(I iliaxiilllllii del_ris 1,eililll,l'al, ill'e.,-; <h,crease a.s l.lle air

iiigressioll i'ale ili('rea,<-;e,'slwil, ll ili<'reas('d air iligt'(,ssi()li l'ale,,-;, v('i'V Iiiile del_ri,,,; is left. ill

1,he vessel alld i,llal. residilal (l(,llris is I>eiii_ coole(i lly 1.lie ilicrea.se(I illii()lllil,s ()i' relalively

cold all" I)(,iilg ,<,.;()llrt'c'ditil,o 1,lie c()i'(' ali(I tlowiil_ llii't_li_ll l.lle Iow<,.v lli(,liliili ali(I o111 lli('

vessel t/reactl, as sll()wti itl l"iglirc. 11.'2'2. (Nol<' l,lial MI';I,('()Ii d<_e.'-;liol. calciilale _-i.lI.V

oxidal, ion o[ II()_ I)y air.) 1)el_ris letlil)eraliire Colili:,;irisotlS iii iii<livi<llial cells cl<_s<,lv
resetlll)le l.lic' av('ra.gc' ali(! lilaXiliiillii i<'liil)el'al ill'<' c()iiil)ai'i,<.;Oli,'-;.

'l'al_le 3.7 Sllilililarizc's i tie itl-vess_,l riil.ileliililii l'elea:,.;e l'ra<'l.iolls, liOl'lliaiizt,(I I(_ l li("

iiiil.ial iliv('lllory o[ class 6 r+i_liiJllilcli(h,.s (151.11,:_;ill ibis cas_'). 'l'li_' ill-v<'s,<.;('lr<,lease,,.;ill't,

stll>divi(led iliio releases ill l,ti<' '"('(it'(," +ltl<l "l<>v,'<'rl)l('tilllll '' regitJllS. 'l'll_' "ct_l'e" l'('gi()ll i,';

l,li<' aci.iw, [uel r(,gitlli; a.I)ov(, l.li<' c()i'e Siil)i)oi't. plat(,, all(! iliclli(h',<-; rel<';-ise,<.;i'r()lll t/ol li ilil.acl

ftlel and frolil +h,liris siill ,,-;ill)l)orl.<,(I liv inl+a.cl <'<ire coilll)Oll('iil,,<-; ()i" liv i+li<, cor<, Siilii>t)l'l

lila+t+e;lhe "lower l)l<,iililli +' rc,l<'.a.s<,is [l'Olii detlris ilia.i+ Ila,'-; I'all<ui ilirilii,.i.41i l+lie c(ll'<, .'-;ill)l)()i'l

llla.l.e a,tid i,s b('itlg lleld ill ill<' Im,v<,r i)!(,1111111(ill l+lle v_'.<.;.'.-;ellower lit'+i_'l lit'i,c)t• l(.i i>('itig I<>sl

to l,li(, cavii, y l.lirotigli a lower li<'a<l I'ailllr('.

Wii+li IiO a.ir iligrc.sSiOll, oiiI.v l.t'a('(, +illl()lllll+S (1t" riil.liC, l_iiilil are i'<'le;.is('d. N(JI(, l.li+il al+

().()32k_/s (_lilloh'/s)of air iilgre,<.;sit)ti., l+liere is ,w,(>liiC,sll_lli ('lillali<'('lii('iil ()t" rillii('liiilili

rel<'a+<.;e,altllo,,.,;l a+ll l'rlilli <l<,llris ill l+iie Im,v(,r lileliiilil, llel;-il, iv('lv ,'-;liiall l'al,c,,<-;()1"air ili Kr<',<.;.'..;i()ii

(t)elw,p<,ti _'L-'llllol<,/saiid _lliillol<'/s) ('il.ilSO a (lliarlil+aiive clialig;(' ill ill<, ,w,()ill'('(,l<u'ili, witll

eiilialiC('(! riil, tl('iliillil reh'ase ill i+ll(, acl ire I'tiel r<'t4it)li <l()lliili;.ll ili_ l'(,l(';i,,..;(,I'rt)lll <h'l_ri,'-;ill l ll_'

lower l)](,lilitli. "l'liere is a sigliilicanl, iliCi'('a,'-;<,iti rillii('liiilill r<'l<'a,,-;(';.is l+li<,air ili_l'('.'-;.'..;i()ll

is i_,'r<,as,,d t'ro_t_(i.:lTlq4/s (_++__0,,,<,l,,/s)t,, :l.'+k_/s(_llil)_<,l,,/s), wii+l_.-..,Si)</_+<,1tl_,,
release ili i.lle cor<' a('l, ive t'li('l t'('g;i(lii ati(I "-'211<_,I't'(_ili <i<,l_ris ill i.li<, I<_v,'<,rlll(,lttlltl. I"_+t'

air iligressioil r+l.i.es:121q4/s(_ii,:_--t_<>l,_'/s),+lltllo,'..;i.all ill<' class (l r;_<li<,_'li<h, illv_'l_it,t'v
i,"; releas<'(! ili-V(','..;,'..;el. 'l'lie:..;(' r(','.;lill,s (llialii.it'y lti<' aliiolllil ()1' air ill_r(',<.;.'-;i<lii l liar w()lil+l

i)(' re(tliire(! Io ,,-;igliilicalll, I), eliilallCe rlilli('liitilil I'(,l('as<, (llli'ilig l.ti(, ill vt's.'-;t,I Ct)l't, (I;llliilt4<,

l)llas(,,, 011(' tlia.ior <,tr+,<.t, or 111(. flit, ill_l,(.,,.,;si()ll.

........ t-it ............. ii ................... ii .......... IIilN'IIIIII......................... m_+.i , .,,v++
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Figure 3.20. ('or(, Av(.rag(. I)(,I,ris 'l'(,llli)(,ratlir(.s i,i MI",I,('()I{ Sl.rry Nli(ll(.(,I,
(',l('lllati(,lls wiill Air I,l_r(,,_si()ll
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Figure 3.21. ('o,'_, Nlaxi111,l.I l)_,hris 'l'_'llll,¢'ral,lr¢,s il_ NII'_I,('OI{ Sllrry Midloop
('al_',llatiol,s will, Air ll,_r_,ssioll
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_ "ITable 3.2. In-Vessel Flulhe))ium Release in MLLCOR Surry Midloop Calculations

wiih Air lllgression

Air Ingression In-Vessel Release
Rate (% Initial Inventory)

(kg/s) (mole/s) (,or( Ix)wer Plerlum 1btal
0 0 1.3x10 -a 1.92x10 -s 2x10 -s

0.0:12 __1 0.07 3.67 3.74
0.32 __10 !t.2,1 1.44 10.68

3.2 __100 71.64 .003 78.64

32 .-e_1,000 78.64 15.31 93.95

320 __10,000 7.(t.17 19.57 98.7,1
3200 __100,000 79.23 20.54 99.77

\:ery lilile of lhe oxygen sourced inlo liw (,ore as part of the air ingression is consumed

ill Zir('al()v oxidalion. 'l'al)le 3.3 l)r(,sellts tim lotal a.lll()unl, of oxygen in the air ingression,

l lJ(' ai11ounts of oxyge|| and sl('atl| (,onsu1_ed in-core l)y oxidation reactions, tl_e amount of

hydrogen 1)rodu('ed ill-vess(,l (tllrollgh reel,a/r(,action witll steam), and the total oxidation

('||ergy. The sl('am collsunll)tion and hy(troge|l t)roduction drop only slightly (<_5%)

over a wi(le rallg(' of air ingr('ssioTl rates. As wouM be expected, the oxidation energy

rises a:" tllore ox.vgell is ('o|ls||I1w(t, 1)ecause of tlw enhanced heat generation from the

Zr+()_ reaciion vs r('a('lioll wilh slean_, bul tlw increase is not w_ry great because so

litlle of l,h(• injected ()xyg(,11 is collsume(t. Note that the amount of steanl consumed

in oxidalio_|, i he a111oulll of hy(h'ogel| l)|'od||ced and lhe total oxidation energy include

Zirt ah)y oxi(lalioll willl st(,aln l)rior io lh(' specilied air ingression (in addition to Zircaloy

r('a('tio, with oxygen during air ir|gressiot|), as well as oxidation of core and lower plenu_n

si ru('turai steel with stea_n tl_roughoul the trat_sielil period (al(.... ulatx (1;there is currently

no t),.'ovisi()_l i_l M I';IA'()I{ to e(lit the Zir(,aloy a_(l sle('! oxidation rea('l.ions separately.

The ass_w(t air i_|g|'essi(_|_ has l lw greatesl eff(,(:t on the rutheniun_ release, but also
a s_nali (,ffe('ion lh(, r(.h'ase fi)r other radio|_uclid(,s. Table 3.4 ives the in-vessel xel_a, es

g , " •" S "

as a 1)('r('('||lag(' of inil iel i_ve_lorv., pr('se_l, ('al('_lated for ol.her radionuclide (.]as,ts."• -s _-

Nole ihal, will_ lhe ('()I/S()I{-M ot)ii()_ use(l, ther(' is no i_-vess('l release of (',lass 7

(lh(' ('arlv I ra_siii()_ (,i(q_(,_Is. |'('t)res('|_l('(! l)v Mo). ('.lass 9 (lh(, I rivale_ts, r(,l)r(,se||te(t

l,y l,a) or ('lass I1 (lt_(' _()r(' volaiil(, n_ai_ group elv.|||(,||ts, |'(,l)res(,||le(t t)y ('d). As

11_('ral(' of air i_,"essi(m ass_('(t is i||('|'('as('(l, lh('r(' is v(,ry lilll(' ('l_a|_ge in tim reh,ase

fra('li_,_s of 11_("volalih's (i._ l.]w _lol)ie gases, ll_e alkali _n(,lals |(,l)r(,se||l(.(l l)y C s and

ll_(' l_alog('_s l'('l)l'('s('||l('(t I)y 1). ']']j('|'(' is also v('v3 lilll(" ('ha_ge i_ lh(' release fractio_

()f l t_(, (']_alt'oge_s. rel)r(,s(,||te(t by Te, a_(l al_l)ar(,_ily very iitlle t_ol(lul) i_ u|_()xidize(l

Zir('ah,y ('lad i_ a_U case. S_all in('reas(,s i_l |'('h'ase fracl.ion are s(,e_ for the alkali|le

earths, r(,l)r(,s(,_,,ie(l I_3" !la, a_(t ih(. less x'olal i](' _lai_ group (,](m_(,_is, rel)rese_te(l by Sn;
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these two classes are interlllediale in release (_ 1(54,)between tile volatiles (< 100% release)

and the refractories (<<1% release), and the snlall incr(.'ases ill release probably reflect

tile entlanced clad/fuel heal.up from the Zr+()_ reaction. In contrast, lllere is a decrease

ilJ tile trace al_()ullls of r(,fractories released; [or bol Ii llle tetravaleifl.s rel)rt's('nte(l t)3' C('

and for uranium, ill ltle ('al('lllatioIIs v¢il ll air illgressiorl assulll('(l; fills is l)rol)al_ly (111('1o

the cooling effect of the air iIlgr(.ssion oil tile ('or(' (lebvis. 'l'llere may 1)r oll_er t'h_l_gt's ill

fission product release with air ingression, if otll('r species are also s('nsilive Io lilt' oxyg('ll

poteniial as is rul, he)liunl; however, any sllch aclditiollal eff(,cl.s air could llax'(' ())l (lie
release and transporl characierisii('s of otller ra.dioilu(,lides were II()t rllo(lt'lled for thes('

initial calculations. (For insla11('(', w(' (,Xl)(,('( tile [I releast,s 1)r('di('te(l r(,l_laitl v(,.r¥ stl_all

l)ecau.,;e the reactio_ U()2 + 1/2 ()2 --_ lv():5(.q) was Not _od('ll('(l; sin('(' l l_is r(,a('tio_

generates a gaseous ura1_i_l_ oxi(t(' for_. it wo_ld ol)viously gr(,ally i_('r_,as(, tl_e release

of !; fro,_ lhe fuel.)



Table 3.3. Irl-Vessel 0xidatioli in MI,IX,()II Surry Midloop Calculations with Air

IugressioN

Air Ingression Constttned in Oxidation l_roduced in Oxidation

Flow RaJ,e 'lk)l,al 02 Oxygen Steatll l lydrog¢,l Energy

(n,ole/s) (kg) (kg) (kg) (kg) (M J)

O_ 0 0.2044 1864 208.6 29,936

ll 42.66 :i.404 1823 204.0 29,257
c,, '2 99 374_-,10_f 426.1 9.338 181 202.8 ,..,

_-'100_ ,1,307 46.02 180,1 201.8 30,519

__l,O00t A9 '_8,_,,,,,,< _, 111.8 17!)1 200.4 32,428

10,000 + 355,500 81.73 1791 200.'1 31,396

lrun Lo 25,000s

{t'lln l,o 2,1,,.,,.,')92s,,1,o code ['ailttt'e

Table 3.4. In-k,'cssel l/a¢liotltwlide Release itl MI",I/',()I{ Burry Midloof (_alculal, iotls

vvitll Air INgrrssioll

A i r Ingressioll Ii1-Vrss¢,l l{rl¢,a,sc

(t_olc/s) (% l,_iiial ltivelll,ot'y)

(llass 1 (Xe) (!lass '2 ((:s) (lass:l (1) (:lass 5 (To)
0 80.95 80 < '..)8 80.9.1 79.05

I S I.40 81.,12 81.38 79.65

"_ 1(i 81.2,1 81.27 81.25 79.4 7

"-'100 80 99 8() _ ' ' ( '....... )8 80.38 79.14

1,000 8().S:1 8(I.8:1 80.81 78.95

10.00(1 80.5!) 80.5.1 8l)..>7+_ _,_S.t_l_"

('lass :1 (l_a) (',lass g (('e) ('.lass l(i (IT) (',lass 12 (Sty)
() 0.'217 8 2,t I x 1()-+; I 786 x 10-3 2.(i46

-- • _) (._'1 0.269 1 8,10x l0 -+; 1 1151x 10-:+ 3.-iS

_1() 0.2(;9 1 836x 10-+; 1 348× 1()-:_ 3.213
__100 0.265 1 791 x 10-+; 1 319x l(i -+; 3.17:i

1,000 0.2(7.1 l 7,",;7× I()-_; 1 316 × 1()-(_ 3. ! 6<1
I0,()00 0.262 1 7S4 × 10--_; l 311 × 10-3 3.144

:H



4 MELCOR Surry TMLB' Calculations with Surge

Line Break and Air Ingression

4_A S<,'tof trVi'O MI,IX',()I/ calc'ttlal,iolln Ilas I)(','ll cotlll)l('l('d exa=lli=lillg lilt' iW1=l)aCtI'rolll

iuteraciioti of air witll t'enidual ft=el t'ollowillg _+'c'_'l t't=l_tt=r<'if= llle Hurry I'\VI'_ fi,r a,
station blacl,:otii scetlat'k) itl wllicll a mt=t'gt,litl<' t'ttl)tt=r¢' llas occt=rre, l ,l==t'ill&tl=_' +ll-c_>t'_'

datnage l>ltase of tlle ac<:idetlt. '.l'll¢' stir'go. [ilte t'UlY(tlr_' is eXl+_'ci+etlto create a "cllitIiti<'y-

like" flow of air into tile' <:ore t'egiotl fullowitlg ve:-++t,ll+t'eacll [I]. \Vllile MEI+('()I¢ <'all

calcttlate the itlflow of gases ft'otll file cavity til> i+l=o=i_l_ill<, cor_' ++tt=¢lotit tlt<' .'-;tit'g_+' lille

break iu _ttcll a sit,ualioti., it. l_t'_'_li¢'t+slittl_, ov tlo oxyg<,t_ l>r+.'s,,tit itl tlle cavity Holll'('('

regiotl durittg tllis l>eriod as l lle ot'igi=tal cavity a ltltOsl>liet'e is all _lisl>lace<l lO' st<'aI:l atl([

tlottcotldettsables gelterated ill cot'e-cotl<:r('l,e illlt+'t'a+cliOtlS, l']illl<'r a Sl_<'<'ili¢"<x+_h'rllotlt,l for

sitlgle-l+llase coutlt.erctlrrettt. [low or a lloditig willl ttitiltil>l<, slll,_livitl_'d flow lmtlls v,'iill
tliffel'etit, ('l(_'Vaf.riOiidiffereilces, flow a,r('+l,,-;ali¢l loss co<'(licietll+sw<>lll<lI_<'ll<'<'<h'_lto caiclliai ,'

ilol cavity gases ttowitt_ il l) ilito l,lie +.]Ollie (or <;)nliliio llie ]JaSelli<'iil ) .'-+iililillali_'oii,'-;iy wiili

colder ('Oill, aiilili(,tit al>lilOSl)ll<,r<:, (]owilig (lOWll iiilo l.]l_' cavil) +', ']'llal li<J(]iil_ illo+lificat it)ii

wa,,-; not tried for the <:'aicllialiOllS ill fills +l+il<:ly. ]iislea(I, air \.'+';-i++<-;oill'c(,<l illlO ill<' ('<it'('

t'e_iOll ])egilitiiilg iliitlietlialeiy aft<'r Ves,_('] faiiilrc', al a rate (]('l.ei'iliilie<l fr()ill i.]it' ,<.+<'lisiliviiy
studies <_1, <:ill)< <;l itl i i ) , ,es" "" ' Beci.ioi 3 for ii i+l-l<>ol <'alcillaiioil._ willi air iligi'_'ssit;:lii

'l'lie d<'ck ti_ed wa+ otii" _tatl<lar+[ _tlrry 'l'Ml+l_i" <l<'<'k[1_]. ,,\ ]li_ll-])l'(',<-;Slli'<' +l+alitJli
l)lackout+ s('011_rt/'io\_,'_-/srtiii willi i,tie ill().'-;l r<;'('elil.('t)d<;'versioli, atlt[ lilt' \'e._+ellower ]i<'atl

calculai,ed t'ailure iiliW delertliille_l to lie 1I,,I2LL_. st siir_e-Iiil<'-tlt<,ak Iluw lialll was l ii('ll

aLdde<tl,o l he deck, ali([ tile valve colitt'oller +l><'<'ifi<,<lto ol)ell ille a.'..;,<-;tlllie<[+lli'_'-]ilie I>r<'ak
at. 10,500s, l lie tiilie sel<'ct<,<lii._+lDillill I_efort' v<,sse]failttr<' ill l lie lli_4]l-i>re._stil'<,,'-;t'('llal'i<l.

At. tllis titile, tile core i,_ lliO,'<l I,V llliC_)Vt'l'e<[ ailcl i.lie cot'<' t)iit h'l lelill>+'ral iii'(' alibi lil(J+'-;l of

Ill<' clad it'llll>('ralut't's tit'<' >127:iN. ('l'l_is is sitlii]_ll' l<.)111(" alJl)r+,l+l(']i lak('ll ill I)l'<'ViOli_

_ I1!]1+('()1/ atia.iy+<:,s of a _tlrry +<.+lalioil ])]aCkolil wiill stlr<_<, ]ilit', raiitlr< +,d<,,<+<'ril_<,<lili ili<lre

<letail iti ['2'2].)

+,\referetice caictilal ioli was dolie wiil_ Ill<, siir_e ]ill<+I_real,:alibi will_ i_o air ill_i'¢,ssi<Jll

forced, _tti<:[ aliOl.liel' (;al<.'tilali<.)ii was (l()lle witii "10(illlOl<+/s all" itigl'l',<-;,w,iOll: I>_Jili ('alCll-

]aliOl/S were rtlil to ?i0,00()s. 111tile latter ¢'+i_(', a tluw l>alli was _l<'t+ilie_! _l;)ill_ ['roili ill+<'

C()lll.aitllil(+'lil (lOlll( + l()ill+' <'or<',+lil(I _-I('()ll,<.+la.ill velocity Ilow was +1><'('i[i+'<1to Sl._it'l ilillll('(li-

ately ai \'essel faiitlrt'. 'I'll<' ('()lllaiillii('lll <l<.)lil<, wa,,-; lis<,(l a.+ llle air ,w,()llr((, volilliie ili+l(,a<i

of the cavity I;,e<;'ati+eill<, cavity air was <luicl,:ly di+lilace_l I>y ,w,lealli all(l/or ]IV<]I'O_('II,

while tile ('Olll _'/ilII11('1l|,(lOlll(' _'lllilO.";])llt'l't' rt'illaiilt)([ ilioMiV '--,_0<_ - NT/,-,_0'_,-O. 2 wit.ll It's+
(tilut.ioti t)y ,,..;l.('alli+ tlyclro_eli ailcI ol her tiC)liCt)iicieil+aiJit,.,.; <_t'ilet'ale+l I)\' ct)re-t'()li(_i'("l(" ilil.('l'-

a<;'li()li. 'l'lie velocity ii<'<'<.]e+<llo oldaili _lesit'e_l lllo]ttr tluws wa_ <>,_iiliil-iI_,_t llas('_lill>Oil S'I'I _

conditiolis, liOt a<ljusl.<'<l ('ot' Colll,_-iilillieiil ])l'(,,,-;,_llrizal i<+Jll;t.li<, ,-+,701,_l,ili('l'(,_l_(;, ]/elw(,t,li t.]te

acitla] [[OW old, ailie<l li,'..;ili_ a \'elocily <:'+'-+lilll+ll<,+[I>ased ()II S'I'I' c+.Jll+]iliOliS a.li_l l.]le <l<',<+ir<'d
air flow (_10()lilol('/s) was ('()lisi(l('r(,(l ll('_ligil,l('.

Tiler(' was ot)vi(Jtisl\' liO (']iali_(' ill i lie 1,raliSi(,lil s(,(lileli('(, iii i ll(,_(, l lit(,(, (:al('lllali(_lis

prior Io i,lie _tll'_O lille failtire. ]liilialiii_ t,tie ,'.4111"_+.+']itie I)l'eak ililt,t't'lil>l_,(I 1lie core lieal,-ll I)
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and degradation process, with core level swell and enhanced sl,eam cooling telnporarily

driving most of the core back to saturation temperatures. The heatup then resumed,

and the vessel lower head failed at 14,5,5,5s, _<lhr later than in the lligh-pressure scenario.

trigure ,1.1 shows the swollen and collapsed liquid levels in the core for l,ilese three cMcula,-

t,iolis, while leigure 4.2 shows the clad tenlperatures in a cell in the inner core ring, about

1.3m above the core support plate and about 0.3m below l,he core midplane, _ typica,1

response. (The location of that core ('ell ca,n be t'ound by referring to the MEI,COI{, Surry

core nodalization preseilted in leigure 3.1.)

l},esults for the two calctllations with the surge line break, with a,nd without user-

specified air ingression into tim core, (:ontiilued 1,oremain identical until the air iIlgression
specified began at l,lle l,ilne of w_ssel failure. Ta.ble ,I. 1 sunlnm.rizes the sl,ttte of the various

nlateriMs in the core active fuel region, core plate a,nd lower plenum at the time a lower

head penetration first fMIs (z.c., at w,'ssel breach); this sta,te is common to the st|rge

line break cMculations done with and witllollt a,ir ingression, because the air ingress|oil is

specified io start at vessel breacll. Masses of iIitact components and of debris components

are given for ettch region, togel,}J('r with average temperatur('s for i,]le debris in the lower

l)ienunl, and fracl, hms of Zircaloy an(! sl,e(,l oxidized t).y l,tle l,illle of v(,ssel t)re&(:)l. Tile

fraction of debris molten in ('a(,h regioli is estillmte(] fr()In t]i(' a,verage (le|)ris teIllperature,

which in l.his case result(,(:! ill assunfing that t11osl,of the Zir('aloy, ste('l, sl,eel oxide a.ll(l

control rod poison ill l,lle (t('bris are 111olterl and that !]()2 alJ(I ZrO2 in the (lebris are

solid (/.r., neglecting eul, e(:ti('s nlixl, lires; this assllllll)l,i()ll is ('()r('('(l ])y tile MI']I,(:OI{

olll, l)ut available to tile analyst). Also given is l,[J(' fraction ()f llial.erial r('lo('ate(l. _rhis

is generally larger thall tile fraction niolten l)('calise illal,('ria,1 can nlell, alid r('local, e, all(l

l.hen subsequently refreeze or (llmll(:tl; also, MEI,(:()I{ usually relocates l]()_ t'llel as a

solid, after clad collal)se t)lil, before t'lwl illell,.

(Note l,lial, the tol, al lllal,('rial nlass(,s l)rese|il, iii tile core as sh()wli iil t/iis l.a,l_[(,a,il(l ill

the various l)lots in tills section (lifter frolii th(, (:orr('sl)onding r('sult,s ill for the Ini(lloo I)
('&lculatiolis with air ingr(,ssion 1)r(_sente(l in S('('l.iOli 3, t)(,('allse ill l,Ila,t input nlo([('l

tile -,_30xl0:ikg ()[' lower l)lelililil sl,rucl, ura] six,el was lilo(]('lie(l using ]lea,l, sl,ru(:l,ures,

wliich CallllOt oxidize, llle]l, or relo(,a,te, while ill tilese TMI,it' c_l,[('tliati()liS wil, li surge lin('

riii)tllre a.lld air iligressioll tllal, h)wer t)[('llUlll strll(,l, ilra] s{('('] was iri(,lu(le(l ili l, tie ('ore

package rno(leililig a,s illal,eria] that colll(l oxidize, lli('ll, a,n(I relo('al;('.)

Tile variOllS nial, eria, ls ili 1,lie Mt']I,(',()li "fuel/clad" (:Ollll)Oll('lit .]ilSl, prior to vessel

failure, t)otll &ll'y illta('t inal.eria, ls r('lllaillillg in their ()rigilla] l_osil, i()n an(l (:all(lie(I, r('-

{'roz('n ('Ollgl()lller;-i.te (l('t)ris illal,oriais, a,re SilOWll ill i:ig_ir(,s 4.3 l,[ir()ll<f_ll 4.5 i'()r tile till'('('

radial rillgS ill the MEI,(',()I/ _llrrv core li_o(l('l, l'_igures 4.6 tilrOllgll "i._ SIIow l.lle ilia-

i.erials ca.lclila.l.ed io be ili l.lie "l)ai'l.iclllate del)i'is" COlill)onenl, in ttle l,tiree core i'iligS a.t
l,]le saltqe t,iille, w'tlile tile varioils niaterials iii the MI!]I,(',()ii "otiier-stru(,tiir(," (:ollil)()-
llell|, .ilisl, l)rior l,o v(,ss(>ifailllr<'_ IJol,]l illl, act rlla,terlals alld (:an(lie(l, refrozell (,Ollgi()llll'rate

(t('tlris lllal,('l'iais, g-l,l'(" Sll()Wli ill Ii'iglll'(;s 4.() l, tirollg]l 4.11 ['or tile l,hr(,(' ('ore riligs ill the
*'ll'71,COIi _ilrr,'y" core ili()(l(']. (l/et'er I,o [8] for all exl)laiial, ioli of l,hese MiTI,('Oli ('Olii-

t)olienl,s> if lle('('ssary.) 'I'll(' "('leval, i()li" lis('(! a,sl,lie or(iiria.te ill l"igures ,1.3 tllrougli ,1.I1

is the Sa,llle as t|ie (,()re I('v('l (']eval, i()lis sliowri ill ]:iglir(_ 3.1,witti l,li(' ('ore Sill)l)ort t)late
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Table 4.1. (!or(, Sial(' a( \;'('ss(,I Paillir(' ill MEI,(!()II SliI'r,v 'I'MI,1t' (lai('llial.iolls wil, ll

,_ill'g(' l,iliC ]eailiir( ' ali([ Air [iigr("ssi()n

llila("l l)('l))'is

A('iiv(' l"ii('l l(('gi()ll _la.<.i,'-i(,s(kg)
1T()_ ,13,1S5 I,()18
Zir¢,al()y 9,77,1 '11
Zirc ()xi(l¢' 301 99

St('(,1 2!)5 0
Sl,(,(,l Oxi(lc 17 0

(',Ill > 1,672 0

Total 55,244 I, 158

('o)'(' l)]al( ' Masses (kg)

IT0 2 9d6

Zircalo.$" 51
Zirc ()xi(l(' 86

Si('('l 1,815 1
Sl,('('l ()xi(l(' {} 2

(',111) 0

'1'()Ial 1,815 1,086

I,ow(,r l)l('illllii Ma,_sc,s(kg)
I _()._ 35,r)(i:T

Zircaloy 4,0:lO

Zir(" Oxid(" 2,,15:1

SIeel :/2,(i(i:l !)3
Sl('(q ()xi(l(' 20 ,16

('1/! > 3:1,1

'l'c)ial :i2,(;8:i ,I'7,519

A v(-'rag(' I)('l)l'is 'l'('illl)("ral llr(, (N)
A('i,iv(, l"u('l ll('gioil ,-_23,10
('or(' l)lai( • "-,2200

I_()w('r l)]('ilillll ".'2.020

l;'ra('iiotl l)(,I)ris Molt('li

At'i iv(, l"tic,[ ll('gioii ,--.,3'_>
(!ore l)lai,( , ,--,5%

l,owc'r l)[(,illiin ,_,1%

l"rac(ioll Mai('rial lic,l()ca((,(l ,-,..15%

l"raci.ioli ()xidiz('d Zircalo,y S(,c('l
-IS.:I% --0.265
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tile' Zircaloy is lwirl_ oxi+liz<'d 1)refi,r<,1_tially wil+ll ttw oxyg:,tl inl,roduced. The increase in
Zircaloy _xi_lali<_l+witll air ilJ/cr<,,ssiolliJlto l,he cot'<, is riot, slist, aine<l or sigtlificant because

o1' Ill<, rl_(_r+,rapid loss of Zin'aloy fro111 tim w,ssel t,o l,lw cavity in the surge-litw:brea+k

calculali_)tl wilh _iser-,,Slwcitie<l air ingressiotl illt,o the core, discussed abow'.

'l'al)le ,i.:l i)t'<'st'l_ts the i,oi,al atll()tltll, of ()xygetl in the air it_gt'ession, l,lw a,moutlts

(_t"oxygetl a11tl sl_'aul ('on,'-;ll_t'd i_-core l,y oxi<ialiot_ reacl, iOli,,.;, t.h<" at_l()ut/l, of hydrogen

l)ro¢luc('<l i_-vessel ll_ro_gh t_wlal reacliot_ will_ st(,att_, a_(l tl_e l,ol,al oxidat, ior_ energy.

(N_)te Ileal tile at_lo_t of sl,eat_ ('ot_su_ed it_ oxi_lai, io_, l,he att_ott/it of hydrogen l)rodu(:ed

a_<l I I_' total _)xi¢la+l,iot_ <'twrg.v it_<'lu(h' Zircaloy oxidatiotl wit,h SI.Oa.ltlprior to t,htr specified

air ittgt'<'ssi_)_, iit athliiion t,o Zit'caloy react+i(m ;vilh oxyg<,_l, as well as oxidation of core

atl+l Io,,v<,rl)i<'tttl_tl ,,-;l,rllcl ttral slx'el wil,h st_ea_ttthrot_g|_oul, l;it<'transhmt period calculated;
t<l_<,reis currt'_l+ly tto l+rovisio_ ill MI"+I,('()I_ i,(:, edit l,h<' Zircaloy aL_tdsteel oxh:la,ti(m

t'(,act iotJs St,l_arately. )

()v¢'rall, al)oltl+ l._<.){of lit<' total oxygett .".;OltF('('dilllo [h(, <'or<,as part. of the +tit"in-

gt'essi()tt I)('t v,:e<,ti> 1,l,._OOsa_<i 30,O00s is (,otl,+tlt]_ed itt Zir(aloy ()xidai,iot_;however, since
t_l()st of tit(' itt-',,,(,ss('l oxidal iott ()c( tits ow,ta t|t_l(,tt stJorter t,itt_<+l)eri()(1 (,-, 14,O00s-16,000s),

t l_' act _ta[ fractiot_ of" oxygett availal_h, durittg that period t.llal was cot_su_rt d ine metal-

oxi,lat iot_ r<'act ion.,-;is t_tt('l_ gt'<'ater (>75%). As wotlld I)¢,exp<,cte(l, th<, steaJn consU_nl)-
t ic,t_ atld It.+,'_Iroget_prodtlctiot_ drop and the oxidatiot_ +.t_ergy rises as IllOr( _' oxygen is
('(+t_s_It_¢'(l,l>e('atls<' of t l_, ¢,_hauced heal, g¢,tteration froth tl_<, Zr-F()2 t'eactio_ <,.sreact, iort

'l'tte asstttlt(+<l air it_gre.s.,.;iot_has the grea, test+ fie(t oil t_e • tile r_tthetlitlt release, but. alto() a

st_aller ell+'('ctoil t.l_(, release for other radiottttclides. Table ,1.4 gives the iu-vessel releases

as a l)¢,t'(,etttage oi"ittil ial ittve_ttory l)res<mt,, calculat, ed for otller radiontlclide classes. Note

t liar, with tim ('()l'tSOl{-M Ol)tio_ used, there is rio in-vessel release of Class 7 (tilt+'early

lt'atl,'-¢itiolt elelltt,tlts, t'epresettt,e(l by Mo), (".lass .¢+(the t+riva+h,t_ts, t+el)resentc, d by l,a,) or

('lass 11 (ti_¢+_ot'e volatile tttait+ groui) eh,t_leut, s, t'epres<,t_l,e(! by (',d). As t,he rat,e o[" air

ittgre,s,'-;ioi_as.'Sttltl<,(lis it_ct'eased, tltet'e is a, sttta, ll increase (_.,3(_) in the release fract, iotts of

tlt(' volatil(','.+(i.,'., tl_+'tt()t)le gases, tire alkali nlet+als I'el)res(mted t)y (+s and the ha.logetls

t't'l)t'<'settt.ed by I); there is also a sinfilar small iucrease in tile r<,lea,se fractiott of the

cllalcoge_ts, rel)t'esettt.ed by if, at_d apparetfl, ly w,ry litt, h_ holdul)in unoxidized Zlrcaloy

clad i_ a.t_._,'cas(,. 'l'hese sit,all it_('reases in t'elease, prolmbly r(,[h,.t:t l,he enhanced clatl/fu(.'l
l_(,atltl) frot_ t l_(, Zr+()2 r_.a('tio_. I_l cot_trast, snmli decr('as(,s ilt release fract, iot_ at(+ s('+(+'_l

ft)r the alkalitle (,artl_s, rel)rt's('uted by l_la, and the less volatile t_min grou I) ele_n(mts,

r¢,l)re,,s<,ttt.e<:ll)y Sty, l:,otl_ of whiclt aLl'('+itfl,¢,rt_l<,diat.ein r(,leas<, (,---,I%) l)ei.v,.,e¢mtlt<, volat, iles

(_ l()()(_+release) att<l t.Ite rel'ra<'t,ories (._<_1%release'), as well as itl t.l_e <,race alllOUlll,,s O1"

r<'fra('tor+es r(,It,a.,-+e(l,for botlt ill(, l tqra+valet+its rel)res(mt, e(l l)y (t_, a+tt(lfor tll'a+llitllll, ill Lilt+'

calculatious wit,t_air illgt't,,'-;,";iOlt a ssut_led; tl_is is probably (lt_e t,o tl_c' coolillg effect+ of t,he
air ittgressi(m ot_ 1,t_ecot't, (lel>t'is.
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Table 4.2 In-Vessel llutheniuln l/elea, se in MI_IJ(,()I_ Surry TMI_B' (.,alculatiorls
with Surge lane l}reak and Air l)lgressioll

Air Ingression 111-V(:....¢1 Release
Ibm." (% lnitia, l lnw.ntory)

Co,,,. 'rot  i
0 0 0 0 0

3.. _100 9.8 40.1 49.9

Table 4.3. In-Vessel Oxidal,ioll in MI'21_COt/ Surry 'I'MI_H' (lalculations willl Sllrge
Line Break and Air lngressioll

Air Ingression (',onsumed in Oxidalioll t)rodllced ill ()xidatioll

Flow Rate Total ()2 Oxygen Stemn lly,Jrog_'l_ l'hlergy
(mole/s) (kg) (kg) (kg) (kg) (M.I)

0 0 ls.,.l :1. 5.2 2, ,13
__100 5,8:13 813.1 231!) 25.().,1 40288

. - _ "_ t tTable 4.4. In-Vessel tladiorltlclide Rel('ase in MI,IA,()I{, S_lrry 'I'MI,I'I' (,alclllalioIis
with Surge l_ineBreak and Air' IrJgr_,ssioll

Air lngr(_,.slorl ln-Vr'ssd l:{elea,s_,
(mole/s) (% Initial lnv,,,_tory)

Class 1 (Xo) Class 2 ((Is) (.tlass 4 (I) Class 5 (T+,)
0 46.12 ,1_;.1o 46.o_) 45.!)3

_1 O0 ,4,9.1,I ,!If).13 ,1[).l 1 ,1,"-;.97

('lass 3 (]'_a) (',lass 8 ((',e) (.',lass 10 (if) ('.lass 12 (S_)
0 0.6125 2.544 x 10-4 2.568 x 1()-2 1.939

'-'100 0.1488 1.817x 10-_ 3.0:}1x 10-:_ 0._..1NS'
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5 MELCOR Grand Gulf Low-Power/Shutdown Cal-

culations with Air Ingression

As i)ar(, of a, s('l)aral(', oilg()illg l)rogra,)ll I)rovitli)lg MI",I_(',()I( ,_nl)l)or(, (:al(:ula(,iowls l'or

(,ll(' (:rall,I (IiiIl' Iow-l)()w('r/slltlt(towll I)I(A [11], two ('al('ulali()tls w('r(" do)l(' to a,ddr(,,_,_

(,o11('(,rIl,_a l)ollt air ()xi(latioll alld (,lie a,ss()('iai('(i ('_llla11('e(!r(,l(,ase of rutheniu_ll eXl)('(_l,(,(i
i.o o('t,llr wllell irra(liate(I r('a('tor l'll('l is Ileat(,d ill air. I)l I)otll, til(' efF(;('l, of oxi(la(,ioll

wi(,ll fr('(: oxyg('ll in addil, ioll to (,h(' oxyg('ll ill St('aIll WaS ill('lll(l('(l iI_ tile c()clo; in otle

('al('lllali(,ll a ('()ll.'.;tallt r('l('_s(' rat_: ('o('ili('i('lll, w_s _s('(l for (',lass 6 (I(_), grea,t('r tl_a)_

tl_(' (l('l'a_ll. ('()I(S()I(-M valise (i'3(i. 2.,1 i)l S_,(,l,i())l 2), wl)ile tile ()tiler ('aJ('_latio_) used a

varial)l(' (,o('I[i('i(,lli, (1('1)('_(1('_11,o_1(,h(_ l)arlial l)res,_r( • of oxygell i_ tile ('ore (!!i(I. 2.3 i_

,";('(,(io_ 2).

(Wllil(' (,1_('._,(_,ratl(l (l_lt" N'II,;I,(',()I( ('al<'_llal,ioll,_ were Ilol, (toll(' a,s part of the a,ir

i_l,_l'(,_io_l a_lalynis e[l'ort rel)<)rt(,d ())_i[) ll_is rep()rt, tll('y ir_v('nl,i_ated tile sa))_e iss_es and

II(,('a_s(, i,ll()s(, ('a,l('l_latio)_ will llot I)(, t'or_nally (Io('(al_e)_i,e(I ut_i,il tl_e co_pl(_i,i()n of i,]_a(,

I)I{A l)rograi_, ill(' NI((' ('()l_(ra('(, _o_iior for i,]_ai, l)rogra)_ l_a,,-;graciously a,gree(l to

allow _ls to i)lclu(l(' a 1)ri(,t' s_l_)l_l_a.ryo1"i.l_o:,e ('al(:_laii()_ls a_(l r(,.'-;ull,._i_ i,]_i,sr(,t)ort. )

(,o)_(lili()ll o('('_rri_lg (l_lri_lg tile early 1)()rti()ll of i,h(' refla('li)_4 n_od(' of Ol)e.ratio)_. Tt_is

_(al(, is tl_e ItWl¢ a I_alo_.,;_l(,of llle I)()S(; _i(I-loo I) ol)(,ratio)_ )_o(l(,ll('(! for tile Surry low-

1)ower a_l_l _]l_(dov,,)l air i_)gr_,s_ioll a(,(:id(,))ls a)la,lyz(,(l i)l ,'-;('('(io)_3. li'()r a I'IWR, P()S 6

I)('_i_,_ wl_('tl tl_(' v('sn(,l Ii('ad is d('ta('l_('(l at_(l (,lids wl_ell (,l_(,_l)l)('r r('a('i.or cavity l_a,s been

filled wiitl wai('t'. 'l'}le ('arli(',_t, (1_(' I)lat_( ('ll(,('rs tills t_()<l(' of (>l)(,ratio_ is tyl)i('a, lly four

(lay,_ al'((,_' sl_l,_l()wIi, l)l (l_i_ l)O,"-; t)<)tl_ ttle (lrywell t_('a(I a,))(I ill(, vess(,1 })_'a(1tlav_, been

r('l_lov('(l a.)_(l (,l_e(,ol_(.ai)l_l(,ll(. Ilal('ll a_l(l l)('l'_o)_el loci,:.,-;a r(' ()l)('i_; tl_(' (lrywell e(lUil)n_e)_(,

Ila(('l_ al,,-;()i_ ()i)(,_1. 'l'tl_l_, I)oi.Ii flle v(,._._ela_l(I l lie (lrywell ('()l)_u_ui('a.te (lir(,'(:tly wi(,ll tile

()i)(,_ to (,l_(,a_xiliary I)_il(li_. I)l_ri_g (.l_is 1)()% tl_(' si,('a)_ dryers are re, proved au(l the

sl('al_l li_t',_ C_r_"(' I)111_4_4('(1.'!'1_('SUl)l)r('ssio_l !)ool (:a_ I)(, ei(ller at its _lorn_al Ol)era.tit_g

I('\,el, l)ariially (Irai)_('(l or (:()i_ll)l(,l('ly (,l_lt)ty. l:_trth('r)_()r(,, tile s_l)l)r(,ssiou pool _)_fl<eup

s),'._(.(,)))}l;_s I>('(')l i_()lal('(I; tl)(,ret'or(" tile ,_ll)l)r(,s._io)_ i)()ol ca_l)lot 1)(' _ls('(tas a co)l(,inuou,_

, SUl)l)lY of water for (,it,l,(,r (:()r(• cooli_g or (,l_(,('o)_tain_+_(,)+(,,sl)ray,,.;. [23+ 24]

'1'1_++(;t'ai_(t (;t_lt' l()w-l)(Jwer/,_l_tat(t()w_ ('a,l<+t_la(io)_,_(Iotle l)r('(licl+ )_ooxy_ett to t)e (lrawt_

itl(,o tl_(, ('()r(, _l_(il la(.(' i_l (11(,tral_si(,tlt, a t't('r l,t_('('or(, _at(:'rial I_as fall<:_l it_(,o th(' cavity.

'1'o i)l'_'(,_li,_at(, (,ll(, i))ll>a(i'l ()F air o×idal, io)) a)l(t (')l]laIl(,ecl r_ll,]le)li)l))l relea.se, we )la,(i to

('xl(,rilally i_l(ro(l_lc(' oxyg('_l (lir(,cl, ly il_(,o ill(' ('ore c()lltrol volume. A (,oial of 28,6()8kg of

()u (file a_()_)ll (llal w()lll(I I,(, re(l_ir(,(l 1o oxi(lize all ll_(, (:lad il_ tl_e (:ore.), was a(tded

i_lo (t1_' ('()r(, c()_ltrol v()l_)i_(, _tarl, i)l_ wl_er_ tl_(' ('(_re li(l_i(l l('_vel (lrol)s below the top of

1.lie a('(ive t'_a(,Il_(,il a. lower l_ea_l i)e_l(,l.raiio_l lirs(, fails (i._'., t'ro)_ 13.04hr t() 18.761_r);

111('()x5'_4('))wa,,_added a(, a _a))il'()I')t_ra(,(" of .-_I .4kg/s wlli('ll is _-.4,'In_ole/s.

(;:)



Table 5.1. Oxidation Masses for Grand Gulf l_ow-Power/Slmtdown Calculations with
Air Ingression

Material _ibtal Mass(,s at End of Tra,1Ment (kg)

No Air-Ox Constant Coeff. P(O2) C,oeff.

(l::q. 2.4) (J!:q. 2.3)

In C()R Package

Zirc aloy 12356 2,1551 68.18
Zirc Oxide 7211 7890 8784

Stainless Steel 35299 35875 33650

Steel Oxide 1809 1688 3658

Steanl Consumed 8750 3078 5738

Oxygen Consunled - 4862 6291 L

In C AV Package

Metal Layer 83959 77,16 87965

(Light) Oxide Layer 5911150 413250 618710

Hyd rogen
Produced in Vessel 1001 3,14 6,12

Produced in C,avity 1280 1019 1159
Total Produced 2281 1363 18011

There is no difference in timing on any ewmts before the extra oxygen is first sourced

in. The gap release and the failure of the lower head penetrations in the various rings

are predicted to occur somewhat earlier, because of the slightly accelerated core hea.tup

due to more clad oxidation. There are no major differences observable in primary an(l

containment systems pressure histories, or core inventory boiloff. Clad temperature his-

tories in the core level just below the active fuel nli(ll)la|m in olin of the six (:()re rings

are presented in Figure 5.1, as representative of the overall core response. Th('. two air-

oxidation sensitivity study ca lculatio:'., bott_ show more rapid clad heatup due to the

increased degree of (exothermic) clad oxidation, resulting in earlier nmlt, relocation and
lower head failure.

The masses of Zircaloy and ZrO2, stainless stec,l mid steel oxide, steam and oxygen

consumed and hydrogen generated by the end of these transient calculations are presented

for these air-oxidation sensitivity studies in Table 5.1. With l,he fi'ee oxygen source, 10-

20% more Zircaloy and 100% more steel is oxidized in-vessel. Becallse 30-60% less steam
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Figure 5.1. l_('v('l !) (',la(I rl'(,llll,(',at,ir,'._ r(,r (;,.a,,(I (:,ill" I_()w-l)ow(_r/Hll,ll,(l()wll
(*,aJ('lllal.i()llHwil.II Air [ll_l'('H,";i()li
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is collsumod, 30-600/(,, less tlydrogoll is gonoratod in-vess('l; with 10-20(_, less Iiydrogot,
general, ed in the (:avii,y, l,lle l,oi,al aillouilt ot" llydrogeli g<'llol'al,ed is 2()-d(ltZ, l(,ss iil tile
two air oxidalioli soiisil, ivily sl,iidies. 'l'ho low'or _t,lllOlllll,S O[ liydrogoil prodlice(! ill l, ll(' air

oxidation s_,ilsil,ivil,y studies are l)riilla,rily a ro,,;illt, ()t' siiarl) difh'relices (llll'ilig 1,lie tiill('

period l,lle t'ree oxygell is I)eiilg added, IIOI,gra(lllaJ divergeiic(,s 1,tlrollgllolll, l lie l'('lllaill(i('r
of l,lie i, railSiOill,. (Most, of llle oxygeli SOllrCl,(] illlu 1,]i(' core Colll, rol VOllllll(, 1,1i<'i'<,[or<,

escal)OS (:ltil, l,]lrOllgii i,lie iilJp('r liead ali(] vessel br(,acti, 1,ol,ll_' colllailililelil, a li<l l,lieii ill(,

ellVir<)lllllOli|,> witlloul. I)oilig COllSilllle(l ili oxi(la.t,ioli iJro('('sses.)

Table 5.7 ('ollll)a_ros llle liiasses o[ raxlioilliclides releas<,d ili i,llis sol <)1"M i';I_(!()I/
('alcnla.tiolis, Wliel/ a lower }loa(I |)('li('l,l'il|,i(,lll first fails all(1 al, tile eiid of ill(' calcllla.l.ioli
(i.e., wli('ii 1,lie cavity is pre(licie+l l o I'II|)t, III'O), noi'illalize(I Ix)l, lie illitial lllilss('s o[ ('it(,1/
cla,ss. 'l'ho l)rililai'y (lif['erolice is l,lie (as exp<'clx'(I) __l()11<2frelease of rlll.li(,llililil ill-VeSSel

ill the lwo a.ir-oxi(lal, ion seiisilivil,y sl, il(l.,y a,lialysos, l)olll lisillg a colisl,alil, release ral,(_

coofliciellt all(I using a variai)l_, coofficielil, (leliell(lelll ()li i.tie i)arl.ial i)l'(,SSlll'(, of ox.v_(,ll ill

ttie core. l:_iut l tlore are ol,lier differellces. (Ireal,er alil()ulils (;if"l,li(, lliOre ret'racl.ory classes
(Ba,, C,e, IJ and _11) _-/,rc rol('ased l)rior 1,ow"ssel lireacll in 1,lie lWO air-oxi(lal.ioil s('ilsil, ivil.y

study ca,lcnlai,iolis; unoxl)ect,odly , wliil<, ll/or(" of l,lle lliOl'(' volatile classes (X(', (Is, 1 all([
"l'e) are released lisiiig a. COllsl,alil, Jill rel(,ase ral,e coellicielll,, sliglll.ly I('ss are re!ca.sod
USili,g a_va,riable l/.u release coofficieill, (lel)('li(l_'lil, Oil l, lie l)arl, ial l)resslli'(, i:)[ oxyg,(,li ili l,ll(,

core tiia.n predicted wii, ti lio air oxidal, ioli al all.

Tllo (;oilll>a, ris()ll of relea,sed ra.diolliicli(l<,s I>y i.lie 1,ilii(' Or cavil.v rill)l, lli'(' is liior(, coii-

fused. 'l'he l,lireo cla.ssos witli idelili(:ally-zcro ill-Vessel releases all sliow i,l_(' greal,osl
release fraci, iori for l,tie air-oxidal, ioli selisil.ivily sllidy iisilig a, COllSl,alil. release coeflicielil

for Class 6; the other Ilior(" l'o[raclx)ry classes (lla, (',o, l i all(I _11) sllow lliglier rel('as(, ill

l,ho calculal.ion wil, li a variat)le lili i'oleas_'cooIlicielli del)('il(le!ll Oil ille l)ai'l.ia.I 1)l'(,SSlll'(,Of

oxygen; i,lie vola.tiles (Xe, (',s, I a,iid rl'e) all show 90-100_ rel('a.ses wil.li ilo clear l)al,lx'rli
of varial, ioil.

'l'lio radioacl, ivo inassos release(l t'r(Jiil Ill(, fu('l ail(1 (lel)ris t'or ('a('tl (,lass, ali(I 1,1i('

alllourll; relea.se(t I,o tho olivirolilii(,ill, t)y ill(' l,iill(' (7[ ca.vii.y i'lll)l, ili'(' (giv('ii iii l,('riliS of

tho irlii, ia,l ii'iveiil, ory)a/so a.r(, siilliiliarize(l ill 'l'al)le 5.2. M(>si (>5(/(7,)of t.lie ,,-,10()_Z,
rul, liel-iiUlii rolca,sed iii l,lio two air-oxidalioli seilsil, ivil.y slil<ly allalys('s escal)e,'-,; i,o tll_'

enviroriiilelil, (in l, lle al)selico of ally a.ddilioilal i'('l,('iit, ioli ili i,ti(' allxiliary IJllildiiig, iiol+

inclu(t('(:l in l ties(, (:al(,lllal;ioris).
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rlhble 5.2. l"issio1_ l)ro(lllrt l{elea,s(' Masses for (',ra.nd (lull l,()w-l'()w('r/Sllllt(IOWli

(',al('l_la,tiol_s witl_ Air 111gr('ssioll

I{a(Iion uelides !{el(,a.se(I

(% ()I' l.itial lnw, ntory)

('.lass lh,for(, Vessel l_r('a('lD ll(,l'or(, (',a.vity l{ul)tUr(_

No Air (',()llsl. (',o('ff. l)((),_) (',_(,[I'. N() Air (',onst. (',oeff. P(O.,_) (',oefl'.

( !",(I. 2.,1 ) ( l",q. 2.3) (1';(I. 2.4 ) (Eq. 2.3)

1 (X(,) _ I .3 93.2 79.5 100.0 97.7 100.0

2 ((Is) S 1.7 93.3 79.9 100.0 97.9 100.0

3 (l_a) 2.3_ _.(i5 22. I ,12.0 ,12.7 47.1

4 (1) _ 1.0 ,()3.I 79.2 !)5.5 ,();{.,1 89.0
.5 ('l'(') 72.5 92.6 76.3 !)5.2 .()5._ ,()2._

6 ( l{ u ) 0.00002 99.9 100.0 0.0070 I00.0 100.0

7 (M()) 0.0 0.0 0.() 1.61 3.23 1.405

((',(,) 0.000003 0.0074 O. 1ls(i ().0()37 ().0(),_2 O. 1276

9 (l,a) 0.0 0.0 0.() 0.2170 0.(i(i6 ().35_

10 ((I) (),00156 0.520 4.5 t) 1.(i_ 0,522 5.10

11 (('(I) 0.0 0.0 ().0 ().()3S5 ().OS()S 0.07(i3

12 (S_) 2.s(i6 19.3 2s.O 22.5 20.7 34.8

('lass i{(,leas('(I ll(,for(, ('av-]{.l[ l)l, II ['(! l",s(:a.I)(,(! to Envi r(), Inent

N() Air (k)nst. (',o('lI'. !)(O2) (lo(,tl'. No Air (',onst. (',()('if'. !)(()_) (',()eft.

(1';(I. 2.,1) (!",_1. 2.:3) (l",(i. 2.,1) (F,(I. 2.3)

I (X(,) 100.0 97.7 100.() 100.0 97.5 100.0

2 (('s) 100.0 !)7.!) IO0.O 67.6 62.6 60.7

3 (l_a) ,t2.0 ,12.7 ,17.1 21.3 21.8 16.9
,I (1) !)5.5 93.,1 ,_!).0 !)5.5 9:{.4 8_.,()

5 ('1'(') !)5.2 !)5._ .()2.,_ 62.3 60.6 47.0

(i ( I{,J ) ().0070 1()0.() 100.0 0.0045 62.2 5,1.6

7 (M_)) 1.61 3.23 1.,105 O.(H2 !.26 0.487
s ( ( ,(, ) ().()0:_7 O.()OS2 (). 1276 0.0()215 ().()(),1(;7 0.0259

9 (I,a) ().2 ; 7(1 O.(iIi(i ().35,_,_ O. 1024 ().3(i5 O. I ti_

10 (([) 1.62 0.522 5.10 0.212 0.305 1.20

11 (('d) 0.0;1_5 ().()sOs ().()7(;;{ 0.()1_;9 ().03_;_ 0.040

12 (,q_) 22.5 20.7 3,1.S 15.5 12.5 14.3
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6 Conclusions

Two sets of MEI_C()I( ca.i('ulatioiis have be(ui cOnil_leted stlidyillg ill(" ('[Fe('ts of air ill-

gression on the co_lse(luences of various severe a(,('i(Ml! scenarios. One s('t of cal('ula.tiolls

analyzed a station bla.ckout witll surge lille failure l)rior to vessel I:)reactl, startillg l¥()lll

nominal ot)eratillg conditiolls; the otller set of calculations a,lla,lyz('d a statiOll blackout

occurring (luring sllutdown (refueling) con(titiolls. Both sets ()f analyses were for tlle

Surry plant, a three-loop Westingliouse I)\VI(. For l)oth a.cci(l('Tlt scellarios, a I)asecase

ca,lcula.tion wa,s done, and tilen ret)eatcd witll air ingressioll fr()lll ('OId,a.iIllll(ult illl,O l,h(_

core region following core (l(;grada.l.ion and vessel fa,ilur(,.

In a.ddition to the two sets of analvses (l()lJe for this l)rogranl, a siIl_ilar air-ingr(,ssioll

sensitivity study was (lolle as part (,f a low-power/shutdowll l)llA, witll r(,slllts SlalliIlla-

rized here; that PRA study also analyzed a stalion blackout oc('urrillg (lliri_g sl_ut(Iowll

(refueling) conditions, but for the (;rand (lulf planl, a lIWt(/(i with Mark I11 (,o_ta, i_l-
ment.

All three studies lead to tile _a_e co_('lusio_s. For tt_(' two major [)t_('[_o_ue_a (tel)e_l-

dent on air ingression:

1. There is a signi[i(,al_t in('rea.se in rutl_el_iu_lT releas(' in-vessel, to 0,,50-800_, of i_litia/

inventory, _ssuming n_oderate a,ir il_gression rates of _-,lO-lOOl_ole/s; wil llOtlt ;t.lly
a.ir ingression, only trace aTn()ul_ts of rul.heniu_l_ are relea.se(l.

2. There is so,he in<_'r<.'a,sei_ <_,ladoxi<lati<)_ degree a I_<!e_(,rgy, ])Ill, ollly _-,10-2()%;

n_ost of the oxyg(u_ ,sou_(((l"' ' into tl_e core regiol_ escal)('s b('l'or(, it, is <'olls_]l_e(l.

The enhanced r_theniu_n release with air il_gression was exl)('(,ted. 'I'll(' r(,latively si_mll

cha,nges in core ten_l)era.tures , hydrogen t)roductio_ a_([ sl,ea,l_ ('o_sun_t)tiol_ , al_(i oxida.-

tion energy were not expected. The greater oxidation e_ergy due to reactiol_ of Zircaloy

witl_ oxygen does ca.use core te_peral, ures I,o rise n_ore (It_ickly tl_ai_ for oxi(latiol_ ()T_ly

witt_ steam, but those higl_er tenq)eratures l,l_(.l_('ause the re_ai_der of tl_e ('or(' _l_a,l.('rial

to Inelt, relocate and be lost to the (:avily sooner tl_all l)re(li(,_ed with _o air i_gression

into the core. Oxidation of Zircaloy with air rat, l_(,r l,llal_ witl_ stea_i_ for tl_(.' relatively

short period of time that the clad remail_s i_-vessel does Hol. signili(:a,_lly aft'eel, tl_e over-

all steam consumption a_(] hydrogen pro(lu(:tio_, and the l.ola] oxidation e_ergy, be(:ause

these are dominated by the long-tcrn_ oxi(latiol_ of sl,ruci, llra] siainless steel irl the core
and especially in the lower plenu_n.

The a,ssumed air i_gressiol_ does not sigl_ifi(a_tly af[_ct _()st of tl_e a(:ci(le_t s('(u_a,rio.

There are some sm,dl effects on fission i)ro(luct relee_ses ill gtu_eral:

1. _n-.re is very little ci_ange in the. _(l as( of tl_e volatile Sl)('(:i(;s, i _: nol)l(' gases,

Cs, 1 and Te, which _re t'el(a,"s'ed a.t lower te.l_f)(,t a tu_(s"(7' < 2000I';) ; most ()1'l,]_eir

initial inventory l_as been released 1)efore vessel 1)rea(,h a,n(! air il_gression.
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'2. In 11lost cases, tlmre is a snlall increase in the releases of those species, i.e., l!t_ _nd

Sn, requiring somewhat higher te|nperM, ures (200()K < '/' < 2500K) for release,

probably reflecting tim i llcreased oxi,!ation energies _nd teml)er_tures from ZircMoy

reacting with air.

3. 'l'h_,re is uslla, lly a decrease ill the release of refractory spc.'cies, i.e., Ce and U, which

are released only at very tligh telnlmratures ('/' > 2500-3000K), possibly due to the

coolillg effect of sollrcillg relatiwqy cool containnmnt air into the core region.

'l'll,,se l)re(li(:ted challge, s in radiollu(,li(l(.' release ret'lect only the effe,(:ts of air ingression

(,llallging the calculated core temperatures and relocatioil history. There may be other,

larger changes in fission produ(:t release with air ingressio11, if other species are also

sensitive to the oxygen potential as is ruthellium; however, any such additional effects air

(:()llld have on the release and transport characteristics of other radionuclides were not
modelled for these initial (:a.lculatiolls.

These studies help quantify tlw anlouIlt of air that would haw_ to enter the core

regio)) to have a significant ilnpact ()ll tile severe accident sceIlario. These cMculettions

de_)lonstral,e tlw potential of air ingression to substantially enhance ruthenium release.

Tllese mlalyses in(licate Ilo sui)sl;aIltiw', iilcreases in limxinmnl core, temperatures, albeit

witll nlodesl acceleration of the core degradation process, (Ill(' to the increased heat of

reactio_ ot" Zircaloy oxidized by air rather t,lm,_ by stean_.
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