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ABSTRACT I)ESCRIIrI'ION OF AP600 PASSIVE SAFETY FEATURES

Teas paper pn:_,ents the application of RELAP5 to the calculation of a The following ts a de._cripUon of the features _md hmc:t_on,ng
Lm'ge ,Break 21_% douNe-.ended rupture) Loss.of.Coolant..A_.dent of the passv,'e .safety systems, u Two Core. Makeup 'l.mks (C.",fTs_
(I.BLOC:A).atthereactorvesselinletfortheproposedWestinghouse repk;cethehighpressurei.n._tionsyste,n_,one In-c-_ntmmnent

,'kP_') design, A paramemc c.,'dculauon _as also performed to de_er- Refueling Water Storage Taak (IRWST) replaces the low prt,.ssure
mine effects of loss of a complete Ea_rgetx:y Core Cooling System injL_'tioo systam, at_d a fuU..pressure, lull deca), po_'er, Passive
(ECCS) train. These calculataons _e,re perfortr_d nscr the core Residual He.at Removal (PR.HR) system, _.tth a heat exchanger sub-
blowdown, refill, and retlood phases of the LBLOCA _d did not n,ng_d in the IRWST, replaces the decay beat remov_l s>stern.. [_o

address long term coohng. RE'I..AP5 was ;,hown to Ix _lequate for conventional, spherical _cumulators are present. Ali _ahes m the
sygtem respons,e cakutat_on over _e period of roterest. "_e passive salety system are check s.aives, fad.s_d¢ atr operated sa.h.es, or rnotor
safety system.s s_.e.repredicted to eITectweb, maugate the coa_qt_enc, operated valve_ supphod fr_a't redundant bunco' batiks. Dunng
es of LBL,_;As; the _:akutataons showed less severe themim re- nomud operation, the CM'Ts are venttua to the pressunzer, ttx: Safety

sportses th,m inr a cunent ge:t_e.r_taook_sstmzed Water Reactor InJection Actua_trn ("S") signal causes the olxntng of pres_,,ure
IPWR) plant. "l_e t_ o _nao' differences _tv,'ee._ the AP6_ equ,_lizatiot_ valves to Yent the CMTs to the cold ;egs m the loops

design arid a currem generation plant that affect LBLOCA response opposite _e pt_ssu:nzer. Tl_e "S' signal Mso opens m_)ectton v_es
are tlm lower core _emxal l._'er, _htch results in lower tesrg_r_- connecting the CMTs to the Passive S_ety In_ecuon S)stem _PSIS)

rares during the blov,down pb.a,se, and tlx 10rig duration _ccu,mulator hoes which mjex.t liquid d.tre_tly men _e reactor _.esscl do_,txomer.

m._eeuon, which pro_.ides ang, le core inventory makeup for final As th cIWr level _ha)ps, four stages .of the Autt:x'nat_cDepressunza-
qu_nctu,ng, t_on System lADS) 0nx imtlated in s_:cession to redt_ce Re:_ctor

Coolant Syst_ _RCS) pressure to a leYel v,hsch allo_s 1RWST

&'a.tnmg a_d long term cooling. Stag,e.s 1-3 _ent the pressunzer to

INTRODUCTION s,pa_gers subrmrged in the [RWST. Stage ,* _ents t2_cIo_.,_phot ltrgs
directly to fix containment. The _cctur_alators, ,is _ell as 1.heIRWST.

The U. S. NuOe;tr Regulator C om_mssaoo (USNRC) ts at_ con, riccati, to the PSIS trees by c,'xck va.he_. Actumula_or

performsng ex.plor'atoD _al,y.ses to evaluate tm _'ea'fmmr_e of tla,e myecuou occurs du,nng depressunza/aon, as tna convenuo_xal Prt:gsur-
propo_d We_Ungbouse Ad,,a.n£'ed P_sstve 600 MWe {AP600) reactor tzc0 Water Rea_tor d_WR). 'l't_e elevated, gr'avid-dram IRWST _s

des_,gn..,LPd_ _._a t_o-loop pregsttnzed water rtK'tof wt_ ot'_ hot a_.atlabM _.l_n RCS pressulle _'ops to _.ar thai of the cot_ta_runent.
leg, ot_e steam get_erato¢, two read;tor cool,mt ptm'_t. ,rod two cotd _ contanune, at it._l/ tt_lt_es a passive ccd)hog s_stem (the PC'CS)

legs per loop. _ l'be rna l_r dtTYeret_c_be._l:oeo rh,tS_td typlc,fl PW'R aral a stnr_o va.l_e s)stem which returns hquld to ._e prututr3.,(oolaat
t_es_gns ts the passr, e n_mre of safety and _u,$_x_rtsystems. Convert- system. There ate other dtfferetxe.s betwexn AP_.X) and pre._nt
uonal _:cumulator_ ,_,_present; however, the remaander of the soleD' geaerauon PWRs. I_ch stei_ gem:rotor _d _ts as stx_ated p,_arof
mje,;;Uon, res|dual beat removal c_tatmaxnt coob.nH, contatarne.nt reactor coolant pumps are mteg,rated into a single su_cture This
s.pr_y, and, eme.rger_cy _entttatton systems rely _}el.)' _ gtav_ta_mnal design eRmttmtes tl_ primp sucuon loop _al a_'M_,.mlphf_esLhe
forces _elevatton-dn_en ttqu._ mlecttot_ _nd b_oyar_y-<lmen n,_tuxal support strocmre. Also, the pressunzer has been enlsrged to supply

: ctrculauon cooling). The IdahoN_tllOlaa.lEngtoe,_nrrg L_yoratory lena.ge makeup 'and to better withstand tnms,ents, h_ stm_nar_.

_L'qlEI.._ b,'_tsperformed Laz_ Break _2(_% double-et_d_ _pture) AP600 repre_nts a slgnd'tcam departure from c;.mxcntlonal .PWR
:- [..oss.of.C¢_)lant-Acc_&nlt (LBLOCA) c_culauons for the prepos_ design prm_'tly bocaus¢of gravtb-dnven enxrgem) _.ore o:,olm_

d_es_gn,using RELA.PS..'MOD2.5. The.se were be._t es,t_mate (BE) a_ ro)ect|on systen'_.
scopmg calcut_uons, lnterded to claara_te.nze _te response of AP600
to _hls classof a_._taenl a,_ldetenru¢_e o_er_ _y_tem pc_rformance.

"l'baspap¢.r pm_,ent'_.de:_cnpLteaSof tM.' AP600 passive ,_fet._' feature_ DLSCRIZrFION OF RELAP$ MODEL
, atxl of the REI,.AP5 mfxltel useM lO" the cakul.auon., a dt.wcu.ss_onof

tt_ LBLOCA _,cen,,_a'tott.se:Xt,,to tntcrpretauon of tt_ resuRs, _d tlae A prel.wm.raas7R.ELA,'P5 AP_O0 nx_del h_,s t_:cn de'_ch)l._:d

c otxlu_ons of the. study, v,h_ch represents ali 01 t/_e major pnnxa_.:, se_'ond,_, ax_i pa,..s_e
: ' safety s>stemtch,,npot_nts,'and is ._bown m FIgure l. IVe design

'Wo_rksupporl_xlb) tM U.S.Nu,;:l.e.._Regulatory (.oma'nsUo_LOffice datafortl_monel representsthe Ixst avatla_l,e m;'om'tauon cltect_,,e
of Nt_clea_ Re,_to.r ReguLal_on, u_de.r DOE Idaho Fie:ld Offi,_ August 1991, Both loop,s &t'eexpLicitly mc_t'led, m<ludmg _t_:hot
Cote,tract DiE-AC07-761D01570. leg, s'te,am get_erator, am.i _ t_¥o cold _egs :rod itssextated p._nnl)',.
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in the t_pper bead cooling splay bypass. Otbe_rbypass par.Itsam _ tLrn_tl_ accumulators are emp_. If not, Ihe remaining gravity-bead

guide thimb)e llow, core caviD, bypass, and reflector cooling flow. injecuon systeara may dot supply the drivtng bead requtred to achieve
The total bypass flow is representatis,e of the Wesc,mghouse design core liqmd penetrauon. For this reason, two calculations were
value. The passive safety features were modeled usmg available performed: the t'u'st was a base case, with normal ECCS fu_uoo,

Westmghouse design data for elevaboas, liq)aid voltatcs, and li_¢ and the second was with an entixe ECCS tram disabled, tn this way,
losses. No details of ADS piping losses are yet ava.tlable and the the effectiveness of the accumulators to retlood the core could be
REL.AP5 accunmlator mc._el does not presently mclu_ the capability shown.
for spherical georr_try.

RESULTS

TRANSIENT DESCRIPTION

Non'na/ ECCS Function Ibase case2
The bre._k loc_ttJon was at the point where orc loop cold leg

attaches to the leactor _'essel inlet nozzle, lt ts ).be most severe The calculated chronological sequence of events is shown in

localaon for a large-break LOCA in a current ger_eration PWR be. Table 1. After the brea_: opened, the calculauonal results showed
cause a flow sl2tgnalion occurs til the core within _ Ftr,stfew sec.

deals of the transient. This ts brought abom by the reversal of fluid Table- 1.......Chronology of Events_".........

flow direction i,a t/_ downcotner which causes a relatively low _-_...._n_.tt _,_
pressure regmn tta the core. Steam expands upward mid the upper Scf 'm., trip RC'Ps, Isolate SGs 1.5
core reg|on as the upper plenum iluid ea_pties into rbe. loop hot legs, S, .'.uards Signal 2.3

and downward into the lower core region ns the core liquid drains. Bcg,.mAccumulator Injection 10,
"Thissteam blanketing, or tlow stagnauon, occurs dttrmg the. redistri- Begin Core Retlood 28.
buuon of fuel stored energy and resul.ts in a cladding temperature Complete Fuel Quenching 60.

excursmn. Liquid dramback from the upper bead provides temporary End Accumulator Injection 116.
: core coo_ing and a parhal or complete core re.wet. A second temper- =.__-----.- --_ ._

antre excttrslon follows the end of dramback, and is driven by core rapid depressurization to the reactor scram setpoint. The turbme stop
decay heat. Successful response of the e.n'mrgeocy core cooling
systerm cECCS) ;s necess_ to replemsh vessel liquid inventory and +aires ++cre closed +rodthe ma.m feedwater flow was temunated upon

reestablish core cooling in order to mitigate this second the.m_ reactor scram, and the Reactor Coolant Pumps (RC'Ps) were tripped.
excursion. In AP600, the acctamdators represent the key safety The Safeguards "S" signal then occurred, which opens the valves in
system for rrul_gatm8 a large break, Because of the absence of the CMT presst_re balance _d injection lines to trigger the actuation

of the passive safety systems. The pressurizer was essentially emp-
pumped Low Pressure Safety In)ectton (LPSI), the system hydraulic

tied m the first six seconds. By this time, as shown by Figure 3,response must achieve core reflood and fuel bunctle quenching by the
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Figure 3. Prt.ssurtzer and Upper Plenum Pressure Responses.
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syltenapressurewu down to-6.9ldl:_(1000psia);itre_hed v_Ittesign_catglyloawea'thaa'_fortheearlyhc_tup.As shown,the
accumulatorpressatmby -10 seconds.Accumulatormjectaoncaused lowerhalfof thecorewas qL_enchedat45 s,thehotplzaeat5? s,

increa_ldecompressionrate;sysmm pressurewas down tothatof and thehighestaxiallevelat60 s.
contaJnn_ntand breakflowwas essentiallystor)_dat-22 seconds,
thusendingtheblowdown phaseofthetransient. The calculationswereendedwhen theaccu.mnlatorswere

depleted,Thereweretwo reasonsforthis,bothrelatedtoRELAP5

The drainingofthecom and lowerpler_umand therefilland performance.First,thecodeencountersa numencalfailurewhen the
refloodare_hown by thecore.andlowerplenumcollapsedliquid pressmizmggasexitstheaecurtmlator.Thus,theeffectsofnitrogen

les'e|responses,Figure_. The cotewas essentiallyemptiedby -7 pressunzationon thedowncoEr_"cannotbe simulated.Secondly,
seconds.-['besrral.llevelrecover).'shown between7 and ).2seconds condensationeffectsassociau_dwiththeCMTs axeoverptedicted,
was due to liquid drainin_ from guide tubes and upper head, The thus distorting the pressure distnbuuons in the system. When CMT
lower plenum refill began at 23 seconds and core retlood started at injection begins, condensation occurs ta the top of each CMT, which
28 seconds. Core quench was corapleted by 60 seconds. Final core i_ connected to a loop cold leg and pressure-equalized with it. The
level was stabilized at -3 m _9,8 ft) below the bor leg centerlite, overprediction arises frem a known weakness of RELAP5, i.e. each

resulting in a core collapsed liquid level of about 70% of core height, phase present in a volurt_ is representedby a single temlw,rature.
Accumulator injecuon was completed at -_116 seconds. Temperature gradients established within the phases, wtuch should

limit subsequent condemaUon, are not represented. As a result, the

Cladding temperature response, ghown by Figure 5, indicates condensation calculated by the code is overpredicted because the tem-
the two heamp periods previously discussed. The early heatup began perature difference is too high. The effect is large oscittauons, or
at about 3 seconds into _e transient; it was predicted to occur only at spikes, in the pressure solution, thus distorting the avatable driving
the first and second axiaJ level (.the lowest third of the core), and head for CMT flow. Therefore, the transient calculation was ended

resulted in a maximum cladding temperature of 598K (617'F). prior to the long term cooling phase of the transient.

Heatup was prevented ta the upper core region by liquid from the
guide tubes. This liquid cooled the upper core rather than being ECCS Tram Failure
swept out the broken loop hot leg because CMT injection flow, start-

ing at 2.3 seconds, caused condensation in _e downcon_..r and The difference in maximum cladding temperature responses
reduced the local pressure. This pressure reduction reduced the between the case with ECCS f_lm'e and the base case are shown in

dynamac head responsible for the core flow stagnation and permitted Figure 6. "/'lie early heatup was pre_.cted as more severe and result-
the entry of cooling liqu/d from above, A total core, fewer occurred ed in a maximum cladding te.tnperatute of 657K (723°F). The
at about 9 seconds due to cooling from liquid supplied by the guide autximum occurred at the thLrd axial level from the bottom of l_e
tubes and upper bead. The second beatup began at 17 seconds, at core (immediately below the core nudplane); this heat structure

which litre core and vessel inventory was nearly depleted, anti showed no excursion in the base case. "['he difference stems from
resulted in a maximal cladding temperature of 569K (565°F3, a reduced CMT injection in tlie fast few seconds of the transient. The
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Figure 5, Cladding Suxface Temperature Responses.
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dowtx:=omercotKlensation due to liquid from a single Cl_ff' was 5. W.H.. GRUSH, et al, "Results 'and Predictions of Scaled,
significantly less compared to the base case; the pressm'e in the Nuclear Large Break Loss-of-Coolant Experiments," ASME Techni-
downcomer remained higher, mad the dynamic head in the core did cal Paper 80-WA/HT.49, Proceedings of the ASME Winter Annual
not decrease as quickly. This caused less driving bead for liquid M____, November 16-21, 1980, Chicago, Ul.
flow from the guide tubes into the core, and the cooling flow did not

penetrate below the core rmdplane, Therefore the fuel beatup region 6. P.D. BAYLESS and J.M. DIVI2qE, .Experiment Data Re._P_B_
was more widespread, and extended to a region with higher heat flux. for LObT Large Break Loss-of-Coolant Experiment L2.5,

NUREG/CR.2826, EGG-2210, August 1982.
The differences seen in cladding temperature responses during

the late heatup were directly related to the core inventory difference. 7. EG&G Idaho, Inc., u._lUfv_ Reactor Saferh, Mar_ins:
Nevertheless, with the single accumulator ava,lable, there was suffi- Aoplicatio n of_C_gde_Scalin_, Ao0licability, and UncertainW Evalua-
cient inventory makeup to produce a successful core quench, The lion Methodolou,¢ to a ..LargerBreak._t.L_Loss-of-CoolantAccident,
nutxirntun cladding temperature was 655K (719°F3, and occurred at NUREG/CR-5249, EGG-2552 R4, December 1989.
the fifth axial level (first level above the core hot plane),

DISCUSSION AND CONCLUSIONS

There are two major differences between this LBLOCA
•calculation and the behavior expected of currenl generation PWRs, as
deterrmned from calculations and from the LOFT Loss-of-Coolant

Experiments. _'6 First, significantly reduced peak cladding tempera-
t_re values are calculated. For a current ge,eration 3400 MWt PWR,
the cladding temperature peak during blowdown is in the neighbor. .,
hood of 870K (II00°F37 Because the dominant phenomenon affect-
ing the magnittude of this excursion is fuel stored energy, the lower
temperatures are directly attributable to the lower thermal power in
AP600. ,-

The second nmjor difference, com0ared to the behavior of a
current generation PWR, is that the duration of accumulator injection
is substantially longer in AP600, in a current generation PWR,
accumulators are depleted well before core quenching is completed.

As noted, the accumulators are critical to the saiccessful mitigation of
the LBLOCA in A.P600, bc"ause of the absence of pumped injection
systems. As indicated by the results of the stmulation, the accumula-
tors provide adequate inventory replacement to accomplish core
reflood, even with reduced ECCS availability.

R'ELAP5 adequately predicted the system response for the
blowdown, ret-dl, and reflood portions of the LBLOCA. Long term
cooling calculations are beyond the present capabilities of the code,
The results of the calculations substantiate mitig_on of the
LBI.OCA transient in the AP600 design, which is attributed to the
stzing of core thermal power and the inventory, makeup capability of
the passive safety systems.
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