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ABSTRACT

i>unnp shuniown ai vogue t'mi i on u.ut h m iom. nie iom oi utai ac power
and the Residual llea! Remm al hy stem iRllRM f ocusal mus h attention on the
need to evaluate splein pet tonnata e f ollowing sm h an es ent m hpin w ater re.n toi
(1.Wlu f acthites. 'lhe Rl: lap 5/MulD transient, non-cymhbnum sy stem pertoi-
in.m'.c code and an allemate methodology w eic used to n aluate Ilns w enano and
to investigate the ateident conseiluences and nientity ley phenomenoloph al and
sy stern behas iots i,halactriving these es entt To ms estigate thennat aint by drauln
behasior tollowing a loss of the RllRS. studies esalvated the use of the sicani
penciators as an alternalise for temm mp det a) heat f rom nud loop operatun
Adthhonal simbes insestigated the clin ts of deca 3 power and thanges m teat tot
wolant sptem tR( S) w ater les el on sptem behasior w ben attemptmp to use the
steam penclators f or heat temoval. Iimler these ahetnate heat remm al con htions.
analpes identified the tune to (oie unemery m the esent a nonle dam of tem-
porary thitable tube *. cal f ails. Other es aluations ilu luded asscump the !inp.h t of a
|ths of the NIINS witll the teachil seUcl litteirlals in pldee anti the llppet lle.id
temmed, l'ot some plant designs. the now restos tions through the uppet mienuls
ltlay illhlhil the dow flOow of w atet tiorli the actuel piiol (as ity to the ti'm durmp. ,

bothng, whh h muld least to the long term unt m eting of the luel. l.astly m the
event boihng occuis in an open RCS. th unpact of the addition of bosated w ate tor
estended periods of tune was imestigated to idenuty the potential f or botic atid y

precipitation.

l IN LlhWTek (nde: 1.1 oss of RilRS^
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i

EXECUTIVE SUMMARY

The loss of vital ac power and the Residual activities. Ilecause the primary sy stem will con-

lleat Removal Sy stem (RilRS) during shutdown tain nitrogen and air following opening of the pri-

at Vogtle Unit I has emphasired tiie need to eval. mary system mannays, the low of the RilRS at
uate system performance following such an this time presents tw o iny3ortant consideratiom to

event. 'Ihe Nuclear Regulatory Commission inci- recovenng f rom the esent. These considerations

dent investigation Team (IIT) reviewed the form the basis of the analpes contamed in this
Vogtle Unit i event in NURiiG-1410 and noted repon and ins tude:
that alternate methods of residual heat remmal,

If the integrity of the RCS temporarywhich would be required in the esent the RilRS *

failed, need to be identified and made available boundaries can be awured and the RCS vent

for core cooling. The llT also identi0ed the need paths and openings can be closed, use of the i

for emergency procedures to deal with an steam generators as an altemative means of |

extended loss of the RilRS. Ilecause there heat removal may be a desirable strategy !
'

remains a lack of understanding of thennal hy. because such action would preclude the

draulic behavior and nuclear steam supply system need to add water to the primary sy stem

perfonnance following loss of the RilRS. system once bull boiling begim

performance w as evaluated to identify the impor-
11 RCS integrity cannot be assured. then a*

tant phenomena characteriting these events.
source of injcction water will be needed to
pinent con uncomy in the mnt boihng

To evaluate system perfonnance followiup the in die core doelops. If boihng persists for
loss of the RilRS. transient calculations were per-

an e ended penod of dme, then the poten-
formed using RELAPS/ MOD 3 and an alternate nal for pn'cNanon of du bonc acid in dm
methodology to predict primary and secondary reactor u wel mA to be au>ided.
thennal hydraulic behavior for a range of cond;
tions during plant shutdown and refueling. Of g:or the first comideration, noncondensible
particular interest were the conditions durinF gnes in the primary system at low pressure
shutdown when the steam generators could be nhibit the condensation of steam in the steam
used as an alternate means of decay heat remmal generator primary tubes. Ilecause RCS pressure is
in the event the RilRS failed. 'n a closed sptem, soongly influenced by this condensation procew,
the steam generators could be used for decay heat an assenment of the resulting primary peak pres-
retnoval by condensation of primary steam, usu' rare is important, particularly for those plants
ally referred to as a renux coohng nule of heat viith noule dams or temporary thimble seals in
transfer. Other conditions investigated included a place. Nonle dams and temporary thimble seals
loss of the RilRS during refilling of the refueling are designed to accommodate peak pressures in
pool cavity in preparation for ren. oval of the 9. approximate range of 40 to 50 psia to.28 to
spent fuel- 0.34 MPa), as documented in NURl!G 1410.

With air or nitrogen in the RCS, peak pressures
The study was perfonned based on the condi- could approach and potentially exceed the design

oons achieved following a normal cooldown of hmits of these temporary boundaries.
the RCS and after the RCS inventory has been
reduced to very low levels. Operation with the in regard to the second consideration ebme,
RCS at low liquid inventory-where the liquio should there be imufficient time to close the RCS.
inventory is reduced to levels within the hot leg a source of injection water to the vessel would be

outlet piping-is commonly referred to as mid- required to prevent uncovery of the core once
loop operation. At mid loop conditions, the steam bull boiling in the core has begun. The necewity
generator manway entries can be removed in of a bora:ed water source to maintain core cool-
preparation fm the maintenance and refueling ing, when core boiling persists for an extended
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period of time, will result in the ast urnulation ot Consequenses ot a ladure of all ol the tem-*

bone acid in the seuel. If the RllRS is restored parary thimble tube seah
f ollow mp an extendeC weriod of bothng, use of

Consequences of a low of the RHRS u nh ithe RilRS could redute RCS flunt ten peratures e

below the precipitation temperature of sessel saf ety mico non hne open to the c ontammem

boric acid water misture, thereby precipnating f rom the dnt harge leg

the boric acid in the sewel and RilRS hues Res
foration of the RilRS under such conditum, may Consequene of a low of the RHb donnpe

I N I"S E'u "flot ensure long-term cotdity ear) be suit cojulls
teestabinhed and maintan$cd for an estended ''*!"'''"d""''""h"'P""!

period of time, because the actn ation of tius sy s-
. (.otnequentes of the addinon of borated

tem could cause precipitation in the RilRS lines
natet to teattor sessel follow mp the nuna-

pres enting its f urther use f or dec ay heat renan al. non ofIw hng.
-

To awew the primary and secondary response A sununary of the key resuhs and tonclusmns
following a loss of the RilRS. the REl.APS/ f rom these analpes n gn en as f ollow c
MOD 3 ude and an ahemate methodology were

Analpes of the low of the RilRS hum nud.used to simulate the RCS and secondary sptem .

thermal by diaulic behavior. The ahernate method loop operanon for PWR plants w nh I blube
consiued of a simphfied transient noneqmhbrium or once lluough stcain pencrators rescal
code that was used to provide an initial analpis to that the RCS can minese peak preuures m
identify key phenomenological behasiors the range ot 40 to (>0 psia (03 te n.11 MPai

warranting further investigations usmg the w hen a single steam generator is used f or

RIil. APS/ MOD 3 code. The alternate method. dnay heat renan at Whde RCS peak prev
ology also sened as a means to study separate sme is relatisely insenutne to decay heat
elfccts on the loss of the RilRS es ent and to les cl or the tune of low ot the RilRS tollow . ,

check the RiiLAP5/ MOD 3 code predn tions. ing shutdow n a steam rehet path with
Separate models for the prediction of bone acid esentual anullaty feedwater n needed on
concentration during bulk boiling m the s euel the secondary side of the steam generatoi to

were aho included in the alternate methodology maint.un a heat unk should boihng occur,

to assess the potential f or bouc acid precipitanon.
Addnional analy ses of the use of the steam

-

*

gwums f or duay kat wmos al Gow matThese methodologies were used to evaluate the
pea pwuurn appton h % psiaconsequences of the low of the RilRS m preuur-

outM R G waw M sized water reactors (PWRs) utilizing U tube and
ma n e dw top e ahon o e hot kg. Atonce-through steam generator designs. The stud-

ies were performed for the Westmphouse- gha wata les A tk Hunt npan.
"" *'"" F * " "I'" '' " '" bdesipi.ed 11.11. Robinson and the Osonec not lear
m hqu m pmnt way at wonnalplants built by Babcock and Wilcos (IMW).

untd pwouws wah % pda (o M Wai orThese analyses include ins estigations of the fol-
until suf ficient primary to secondary tem.lowing es ents:
perature ditferente is established Peak RCS
preuure may theref ore be sensitive to the

Use of the steam generators as an ahernate*
innial hqual les el at the time of loss of the

means of decay heat remos al in the esent gggq
the RHRS fails during mid loop operanon

Because RCS preuures near the designe

Consequences of a failute of a hat leg tondinons for n wie dams and temporioy*

noule dam when the steam generators are thunble seah can be achiescJ, the succew
used tor decay heat temosal f ul use of the steam generators asan,

NUREG/CR-5S20 sis
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i

attemative decay heat removal mechanism should not be used to infer time to twiling in
is not assured. The low of the RilRS with the vewel,

initial RCS water levels abose the top of the
hot leg funher suggests that use of the ste.un Should biiling in the RCS occur, the addi-*
generators as an alternate means of decay tion of borated water irdo the reactor vessel
heat removal could result in sulficient pres- to prevent core uncovery could result in the
sure to challenge the integrity of all of the precipitation of the boric acid in the RilRS
RCS temporary boundaries, lines preventing its f urther use for decay

1

heat removal. Precipitation followiag the
restoration of the RilRS after four or more ,

Analyses of the inventory loss due to the houn of boiling could occur when the i
e

failure of the RCS temporary boundaries refueling water storage tad is used as a
(i.e., thimble tube seals, noule dams, etc.) source of cooling. Precipitation as early as <

or openings in the RCS, such as the safety two hours into the esent could occur if a .

injection line or reactor coolant pumps, high concentrated source of water is used,
demonstrate that core uncovery could occur such as the boric ac;d storage tanL *

from 15 to 90 minutes following the onen-
ing of the break

!!ased on the analyses presented in this repon, t
.

it is itnportant that studies be conducted on a

The analysis of the lou of the RilRS with plant specine basis to properly evaluate the elfec-e-

the vessel internals in place suggests that, tivenen of the proposed strategies and construct

without iritervention or recovery of heat procedures to eHuthely deal with a loss of

rernoval capability, a panial uncovery of the RilRS event. The analyses contained in this

core may occur for those Westinghouse- repon should therefore be used only as guidance

designed plants where the upper support to ident!fy those areas w here iudher, inore

plate flow holes have been sealed. With the detailed, plant-specific analyses are needed to

s essel internals in place, the restricted flow quantify the magnitude and timing of the !sey i

through the upper support plate inhibits behaWors eHuting a low of the RilRS event.

refueling pool cavity water How to the ves-
set upper plenum and core regions, w hich Also the cima suggests that given the conse-
cou!d result in the long term uncovery of quences of lon of RilRS, the use of the steam

- then of _the core in the event bo ling genesators as an ulteinate means of deuy heat
occus While core uncovery would not ini- remosal may not be assured, because peak pres-
tiate for several hours,1 3 potential for its sures can approach and exceed the desiin pres-

occurrence emphasizes the need for proce. sure of the temporary boundaries in the RCS In
dures and alternate strategies to present the unlikely event boiling occurs, the addition of
boiling under these particular circum. borated water to the RCS may casily eliminate the

'
stances, shon tenn potential for core uncovery: however,

the injection of borated water for extended peri-
ods of tmihng represents a mechanism that could

Analyses of the loss of the RilRS with the compromise decay heat removal and core cool-e

reactor vessel internals (in place for those ability during the long term. More importantly,
Westinghouse plants with the restricted flow these analyses strongly suggest inat specific pro-
through the upper support plate) also dem- cedures and strategies,in addition to careful
onstrate that the refueling pool cavity water atter. tion to the instrumentation used to monitor
temperature is not a valid indication of the the accident progression, are needed to succen- ,

!temperature in the core. Elecause the vessel fully deal with the range of potential conse--
coolant cannot readily circulate with the quences associated with a loss of the RilRS
pool water, pool cavity water temperature event.
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NOMENCL,- 1E

2 2stearn generator heat transfer area lni , ft ]A =q

boron concentration [w t4 ]C =

initial vessel boron concentration Iw14 )Co =

~

air specific heat | Joule /kgJC, litu/lb/F)Cp =

boron concentration of injection source [w t91Cs e

outside or imide tube diurneter |rn, it]do; =

decay heat fraction [dirnemionless)F(t) =

fr 1 tent heat of vaporization | Joule /kg, titu/lb)h =

enthalpy in region i w here i e i or 2h, =

2primary coefficient (W/rn /C,litu/hr ft2/F)h =p

2 2secondary coefficient [W/rn >C,litu/hr ft npjh, =

energy conversion factor i1.0, ft-lb/IllulJ =

wall conductivity |Whn> C, litu/hr ftJFlLw =

average tube length im, filL = '

total mass in region i where i = | or 2 [Lg,lblM, =

number of tubesN =

2total pressure (MI'a, Ib/in ]P =

initial core power IJoule/sec, litu/seelPo =

heat rate for region i, w here i = 1 or 2 | Joule /see, iltu/sec)Q, =

pas constant [ cal g rnole K ,it lb/ mole >R)R =

time [see]t =

i ternperature in region i where i = 1 or 2 IK,'FJT -= ,

secondary te;nperature [K, 'F]T.3 =

2 2overall her.t transfer coefficient [W/rn /C,13tu/hr-ft ^F)U =

internal energy in region i where i = 1 or 2 IJoule, tituiU; =
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m

!'

|

|

miting volume [m . ft ] .{3 3% =

lvolume in region i where 1 = 1 or 2 im? fi lVi =

i liquid flow into vessel |Lp/sec, IbAccl !Wn =

mass flow rate into or out of recion 1 ikgjsec,Ibhec}w6 =

mass fiaw rate of air into or out of region 2 (kg/sec. Ib/sec)wn =

condensation height [m, fij7 ,e =

Greek Symbols )
|
'

specific volume in region i where i = | or 2 [m%g, ft */lb)vi =

vesselliquid density ILg/m ,lb/l(3)3p =

Subscripts
i

lower liquid or steam liquid region1 m.

|
2 upper air region j=

i

region I or 2 indes ji =

flow related parameters for lower liquid region |k =

i

flow related parameters for upper air region (n =-

I
t
i

i
,

!

!
I
l

I

e

h

|
.

,
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Consequences of the Loss of the Residual Heat
Removal Systems in Pressurized Water Reactors

1. INTRODUCTION

'Ihis repon picsents the resuhs of the analpes pettonnan,c w ere u>mlucted to des clop a better
of the consequences 01 a low of the reudoal heat umler stamhnp of the unporiant phenomena
Nmos al systems in PWR sy stemt Separate anal- allet tmp tet m ery inwn ihrse es ents to mhhew
)ses were conducted tot phmts utth/inp |L ube these iunts trangent thennal by Jraube stu>hesl

steam pencrators and thme with om e-through on the (omcquem es of the loo of PilPS were
steam generator designs. liccause of the e ditlet- perlonned usmp the Rl:1 AP5/ NkilH mic with
ing steam penerator destpos splem behas ior u dl the obiet tis e of auessmp the pinnar y ami
dif fer following a loss of RilRS esent secondary sy stem thermal and bydraulic -

pei t onnance.
This section contains the introductory and

background inf ormation, a descophon of the
ty pcs of events analy/ed, and the method of anab ()1 p.uncular unportame r the need ni auess
pis. Section 2 cont uns a detailed deu ripuon of RUS preuure and 'cmperature respome it the
the Rl! LAP 5/ MOD 3 model tollow ed by an steam generators are used as an ahernate means of
esplanation of the results foi cach of the esents decay heat remos al f rom nud loop operation b

Section 3 presents a description of the desel"P- Tim meam RUS heat removal n of miciest fob
ment of an alternate methodology that w as used low mg a hiss of RilR because f rom this mode of
to provide a pteliminary im estigation mto the ke) plant operatmn, the RUS contair.s a noncondene
phenomenological behaviot pm erning sut h an ible pas. liceause RUS prewnte w di mercase once
es ent in addition to piouding a o het k for some 01 boihng mitiates f ollowing a loss of the RilRS and
the REL AP5/ MOD 3 code results. Section 4 there may also be tempmary boumiaries main-
bnetly discusses the review of test data pertment tanung RCS integnty 0.c., no//le d uns, tempo-
to the phenornenological behaviors espected in a r ary thunble seals), aweument ol the thermal and 3
PWR following a low of the RllRS. and hydrauhc behas mr in the RUS is needed to iden- \

Section 5 presents eonclusions . rom this study- t[1) the peak pressure achieved during such "

cvents. Itecause RCS prewure can approach and
1.1 Background pon ntially exceed the deugn pressure of these

temporary boundaries, additional analpes were
The low of sital ac power and the Residual perf ormed to imestigate the comequences of

lleat Removal Sy stem (RilRS) Junng shutdow n their f ailure. Evaluations of the mmequentes ot
at Vogtle I has emphasized the need to evaluate the loss of the RilRS with the sessel internals in
system perionnance f ollow ing such an es ent. 'l he place w as also perfonned. These anal)ses wcre
NRC incident Investigation Team (llT) published used, because for some WestingSouse designs,
tr "ndmgs regarding the Vogtle l' nit I event in the restocted flow through the upper internals

,a.4 14101 and noted that ahemate methods wohl pretlude cooling w ater in the reluchng cae*

.I residual heat remova! need to be identified and ity pool from entering the core, resulting in core
trah as ailable for core coolmg in the event 01 uncovery tollowing boiling in the RCS.1.astly, m
RllicS failure. The ilT also ident fied the need for the esent the steam genciators cannot be med for

emergency procedures to deal wnh an extended decay heat removal and borated w ater is added to

loss of the RilRS. Because there remaim a lack of the RCS following boding, the potential for boric
understanding af thennal hydrauhe behasior and acid precipitation w as also imestigated. A more
nuclear steam supply system performance thorough description of these es ents and methals
following low of the RilRS, analyses of sy stem is presented in the following vetion.

I NUREG/CR-5820
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1.2 Types of Events Analyzed a two-phase miuure. The succew of this strategy
also requires a closed RCS and the assurance that

Transient calculations were perfonoed to pie- the temporary RCS boundaries will not fail as a

dict primary and secondary thermal hydtaulie result of the pressutiration. In this condition, the
nonle dano, are awuined to has e been installed in

behavmr following a loss of RilR event in a PWR
system for plants utilizing U-tube and once. the hot and cold leg penetralians to all but one

ma gennator. To maximize the cait lated RCSt$ rough steam genciators designs. The eve"ts
inebk pressure response, only a single steam generator

is used to rem (' a decay heat following a low of
the RIIRS. Should a loss of the RI1RS occur, the

Evaluation m 15e use of one steam generator*

to remose decay heat followine a loss of peak pressure and temperature reached in the

RilRS event troin mid-loop operation reactor coolant syuem is significant because the
nonle dams and othet temporary boundaries

. must be able to withstand these conditions to
Detennination of the tune to core uncosery ~

e
prevent a loss of coolant accident Failure of a hot

in the event of failure of all of the temporary
- leg nonle dam, f or example, w ould create a

thimble seals in the instrument tubes w hile a direct path from the RCS to the containmer .
steam generator is bemy used to remose h or u m b b

ay heat analysis, air was assumed present in all ponions
of the primary system above the liquid level

Determination of the time to core uncovery located at the centerline elevation of the hot and*

following noule dam failute (blowout) in cold lees.
the hot leg connected to the steam generator

'

(with the manway removed from inlG ple~ 1.2.2 Fallu o r ' the Temporary Thimble
num during mid-loop operation) Tube Seals ' v 1 Mid-loop Operailon. Use

of the steam generators to remove decay heat
Determination of the time to core uncovery from the RCS could result in peak RCS prewutes*

assuming loss of RilRS with a check valve sufficient to cause tailure of the temporary
assumed to be removed from a safety injec- thimble tube seals used to isolate the instrument
tion hne tubes. These thimble tube seals are used dunng

plant outages while instrument maint. .unce is
"

Analysis of the consequences of loss of perfonned A bounding analysis was performed*

RIIRS with the upper core support plate to determine the time to core unemery awuming

assumed to be in position during flooding of all of the temporary thimble seals fail,

the refuehng cavity 1.2.3 Failure of a Hot Leg t zzle Dam
.

from Mid-loop Operation. The .ime to core
Analysis of the rate of boric acid accumula- uncovery due to the overpressure failure of the

e

tion in the reactor vessel as a result of using hot leg noule dam with the manway removed
borated water for core cooling should bod- hom the steam generator inlet plenurr us identi-

[ ing initiate. fied. Nonle dam failure is arbitrarily assumed to
'

occur once the RCS pressure reached 40 p,ia
1.2.1 Use of the Steam Generators for tR28 MPa). For these conditions the reactor ves-
Decay Heat Removal. The abilits to remove sel head is anumed to be in posinnn with cJr in r!l
deca) heat through one steam generator follow portions of the pnmary sy stem atme the center-
ing a loss of RilRS event during reduced inven- hoe of the hot and cold legs.
wry conditions, including mid-loop operation,
represents an alternate means of decay heat ' 4 Loss of the RHF.S with a Check Valve.

removal which, if successful, would not require Removed from the fil Line, As in the case of

water addition to maintain the core covered with nonle dam faihire, t'ie time to cort unem ery

NUREG/CR-5820 2
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introduction

assuming loss of the RilRS dnring the mainte- will accumulate in the vessel. The subsequent
nance of a safety injection line check valve was restoration of tbc RilRS could cause the boric
also evaluated to identify the time that plant per- acid to precipitate in the RHRS piping, prevent-
sonnel have to restore cooling before core dam- ing its further use for decay heat removal.
age occurs with an open penetration in the cold
leg piping. Again, the reactor head has not been 1.3 Method of Analysis
removed and air is assumed to be in all portions of
the primary system above the centerline of the hot This section discusses the methods used to
and cold legs. All of the steam g. rators were sale the consequences of the loss of the
assumed isolated with nozzle dams. AS events discussed in the previous sechn.

l 3'l RELAP5/ MOD 3 Computer Program.1.2.5 Loss of the RHRS with VesselInter-
T|rans.n nt thennal hydraube analyses of the low of

nals in Place. The cor, sequences of the loss of
the RHRS with the vessel internals in place were were pedmmed using the RELAP5/ MOD 3

2
analyzed. Such conditions would occur, for ersmn $m5) computer program executed on a

DECstation 5(XX)/Model 200 RISC Workstation.example, during the Hooding of the refueling pool
cavity in preparation for the fuel reloading. This The RELAP5 code was used to assess perfor-

event is important because of the possibility of mance for the R R RoNnwn plant M2),'

core uncovery, should boiling occur after the which is a three-hiop Westinghouse PWR with a

RilRS is lost. Tiu potential for water holdup at thennal power rating of 2300 MW(t), and the

the support plate by the core decay heat generated Oconee 2568 MWO) plant, which utilizes a once-

steam could prevent the downflow of water to the Ihrough steam generator design. I hese plants
f.onned the basis for the RELA P5/ MOD 3 analyses| core needed to maintain the core covered with a

emd in Secdon 2.two-phase mixture. The total flow area through
the upper core support plate, which represents the 1.3.2 Alternate Methodology. Independent
only path for communication of the refueling pool

transient analyses were performed utilizing the
cavity water with the upper plenum and core, is g, g gg wg7 g
approximately 2.3 ft? (0.21 m-) for some

analyses, a nan equilibrium transient system per,
Westmghouse plant designs. With this very small

formance code was developed to simulate the
flow area, once bulk boiling in the reactor vessel

RCS and secondary system thermal hydraulic
imtiates following a loss of the RilRS, the steam

behavior following a loss of the RHRS with air in
vehicities through the plate may be sufhcient to

tk pm. These calculations served as an alter-
limit the downflow of water from the refueling

nate t ethod to analyze and provide early insights
pool. In these circumstances, core uncovery could into the consequences of a loss of the R$ HRS and
occur resulting in the heatup and oxidation of

a check of some the RELAP5/ MOD 3 code pre-
the fuel. While temperatures are not expected

dictions. As part of these altemate methods, cen-
to esceed 2200 F (1477 K), the potential for

densation models were also developed with the
the long-term uncovery of the core suggests

capability of assessing the degradation of steam
that strategies and procedures be developed to

condensation due to the noncondensible gas as
deal with the loss of the RHRS under these

the steam-air mixture enters the primary steam
conditions.

generator tubes.

- 1.2.6 Consorguerices of Borated Walor m d'veloping the alternam meihod, the tran. i

Addition Following Bolling;The injection of sient nuid behavior in the primary and secondary
borated water into the RCS would be necessary to systems was computed based on a mass and
maintain vessel inventory should boiling occur energy balance for these regions. In treating the
for conditions where the RCS cannot be sealed in behavior of the air-steam-water transient system
a timely manner. Because borated water would behavior two phenomenological models were
be injected to prevent core uncovery, boric acid considered and included the following:

3 NUREG/CR-5820
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Introductiott

Steam Compresses Air-Upon boiling, the mid-loop operation with air in the RCS. This*

steam is assumed to compress the air until conclusion is based on an evaluation of several
the volume of the air was decreased to that pertinent esperiments that are discussed in more
necessary for steam to enter the primary detail in Section 3,'These experiments show that
tubes. A condensation height was computed with a noncondensible pas above a steam-water
with the condensation coemeient on the pii- mixture, the production of steam released from
mary side based on pure steam flowing in the two-phase mixture region acts as a piston

- the primary tubes. This model is referred to compressing the air into the upper portions of the
as the piston modeli 9 tem. RELAP5 analyses of the loss of RilRS

hom mid-loop operation demonstrated that the
Steam Mixes with Air-Upon boilmg, the code calculated behavior was consistent with thee

steam mixes uniformly with the air. The piston matel. This behavior and the results of the
resulting mass fraction of air was then used RELAP5/ MOD 3 predictions using the steam

compute the effective condensatic7 heat generators as an alternate means of decay heat -

transfer coefficient in the steam generator removal from mid-loop operation are discussed
primary tubes. This model includes a further in Section 2.1.
methodology to compute the degradation in
condensation heat transfer with a non- The models and resulting analyses for the pre-
condensible gas present, diction of boric acid concentration during bulk

boiling m the vessel were also based on the work
The air compression or piston model is consi- of Ward.3 Section 2.6 provides a description of

*dered more appropriate for assessing the the models used to evaluate the potential for
consequences of a loss of the Rl!PS event from boron precipitation.

-

.

a

$
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2. RESULTS OF THE LOSS OF RHRS ANALYSIS

The results of the application of RELAPS/ piping was separated into two parallel compo-
MOD 3 and the alternate methods to the loss of nents as shown in Figure 4 This nodalizations

RnRS for the events descriled in Section i are was chosen to prevent the unrealistic accumula-
presented in this section. tion of water in the steam generator active tube

region caused by excessive entrainment by the
it should be emphasized that the analyss pres- steam penetrating the hot leg from the reactor

ented in this section were perfonned to identify vessel. The high interfacial drag between steam
some of the key phenomenological behaviors and and water predicted by RELAP5 m the hot leg
plant hardware characteristics influencinF the expelled unrealistically high amoums of water
RCS and secondary transient thenna! and hydrau- Irom this region toward the steam generators in
lic performance following a loss of the RilRS. the active loop, w hile also limiting the drainage of
Hecause of the wide variation in plant conditions condensed and deentrained water toward the ves-
during the shutdown modes of operation and sei from the steam generator tubes and mlet ple-
given the multitude of equipment differences, num. 'lo more appropnately model this behavior,
these analyses should not be used directly to the hot leg and inlet plenum to the active steam
develop plant specific procedures. While the ther- generator was divided into two parallel compo-
mal hydraulic phenomena identified in this study nents to allow drainage of the liquid from the
are pertinent to understanding the general behav- steam generator and inlet plenurn to the vessel
ior for a range ofloss for RIIRS events, the timing upper plenum in the lower half of the hot leg,
and magnitude of the calculated system response while steam exits the sessel toward the steam
parameters are expected to differ significantly generator along % upper half. This choice of,

among the various plant designs. The results of partitioning only nmits the steam-water interac-
these analyses should therefore be used only as tion and entrainment behavior to the upper por-
general guidance for identifying some of the areas tion of the hot leg piping. As discussed by
and range of initial conditions wananting further FletcherJ' this modeling approach is considered
plant-specific analyses to support development of appropriate for the Duid behavior expected from ;

plant-specific guidelines and procedures. mid k>op operation with the liquid ievels hicated
at or below the hot leg centerline elevation. The

2.1 Use of Steam Generators work by Fletcher demonstrated that entrainment

for Decay Heat Removal and carryover of the liquid in the hot legs would
not be expected under these conditions shouhl a

2.1.1 Model Description. The RELAP5/ Im of the RilRS occur no earlier than one day

MOD 3 model used to assess the consequences of f flowing shutdown from mid loop operation.

a loss of RilRS event for the IlllR-2 plant, which
utilizes U-tube sttam generators, is presented in The nodalization for the reactor vessel, primary

Figures I through 3. This one-loop model con. hmp, pressuriiers and steam generators for the

- taining the pressuriier and surge line was once-through steam generator analyses based on

constructed by eliminating two of the three loops the Oconee Plant, is presented in Figures 5
to simulate isolation of these components throuch through 8.

the use of no/71e dams m the hot arW cald leg pip-
ing. This elimination is made on the premise that Initial conditions for the loss of RilR analysis
only one steam generator is available for decay for the 11. IL Robinson and Oconee plants are
heat removal in the event the RilRS fails. The presented in Tables I and 2, respectively,
noule dams are also assumed to be installed at
the entrance and exit to the steam generator inlet 2.1.2 Analysis Results. This section presents
and outlet plenums. Also note that the hot leg the results of the analyses of the use of the steam

5 NUREG/CR-5820
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: Loss of RHRS Results

Table 1. Initial conditions for loss of Ril'c - Table 2.- Initial conditions for loss of Ril!(
analysis (11. B. Robinson Plant)._ analysis (Oconee Plant).

^'" * #'#' " "#
Parameter - Value -

Plant power 2568 htW(t)

Power _ 2300 MW(t) & heat fraction 0.5% (24 hours,

after shutdown)
Decay heat fraction 0.5% (24 hours

after shutdown) Number of available steam I

generators
_

Number of available steam 1
RCS liquid temperature 40*F (305 K)

generators

Secondary liquid 90^F (305 K)
RCS liquid temperature 90~'F (30510 temperature

. Secondary liquid level 'iop of active
Secondary h. quid 90*F (305 K) tu b
temperature

Secondary pressure 14.7 psia

Secondary liquid level Top of active (0.101 MPa)
tubes

RCS liquid level Center line of -
I*"#* I#E'Secondary pressure 14.7 psia

(0.101 MPa) RCS pressure 14.7 psia

(0.101 MPa)
RCS liquid level Center line of

,,
,

hot / cold legs RCS air temperature 9(FF(305 K)

*
RCS pressure 14.7 psia

(0.101 MPa)

2.1.2.1 HBR 2, U-Tube Steam Generator
RCS air temperature 90'F (305 K) Results. In evaluating the use of the steam gen-

erators for decay heat removal following a loss of

e_ H, mm m op optration and other
RCS air humidity 100S

reduced inventory conditions for the HBR-2e
plant, four cases were considered and include as
follows:

generators to remove decay heat following a loss
of the RilRS for the HBR-2 and Oconee phtnts. Case 1-The RCS is at mid-loop conditions*-

Analyses were perfomted for each of these plant with a water temperature of 90'F (305 K)
types to investigate the impact of the different and a liquid level at the hot leg centerline

- steam generator designs on transient thermal elevation. Air at 90'F (305 K) and 100%
hydraulic behavior following a loss of the RIIRS relative humidity is present in all volumes
fiom mid-loop operation. -- above the centerline of the hot and cold legs.

NUREG/CR-5820 - 6
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Loss of RHRS Results -

The decay heat power lesel corresponding _ reached at the tinie that the . vater temperature
to one day afur.shutdownjs assumed (tempf) in the steam generator secor,dary reaches
(0.5% power or 11.5 MWO)]. saturation tsattemp), shown in Figure 10.

,

. Case 2-ldentical to Case 1 except that Table 3 presents the distribution of air in the
*

the decay heat power level corresponding RCS as a function of time.These results show
- to one week after shutdown is assumed tbt tM air is predicted to be displaced from the
(0.3% power or 7.13 MW(t)]. venel, hot leg piping, and steam generator inlet

.. plenum and accumulated in the steam generator
* Case 3-Idenucal to Case 1 except that im- active tubes and outlet plenum volumes, pressur-

tial RCS bqmd level is at the top elevatmn iter and suction leg piping by the steam generated
of the hot and cold legs. '

- . . .

in the core. Boiling in the core regm.n is imuated
at about 1250 seconds after loss of RilRS as

* . Case 4-Identical to Case I except the . .nu-
.. "" ' "" "P #" # E- tial RCS level is at the elevation of the reae. . " " " "

und m the upper plenum and top portion of the
tor vessel Hange.

core regions achieve saturation hattemp), ind.e
cawd by the water temperature (tempf)in theIt should be mentioned that decay heat at one

day following shutdown was choset$ as an upper "I*"" "#"# ""# U

limit for the analyses. More importantly, mid.
loop operation would not be expected to occur Following the initiation of bulk boiling in the >

until at least 48 hours following shutdown. vessel, a condensing surface is normed once the
steam has compressed the air in the RCS to a

For all of the cases, the secondary side of the volume less than that of the steam generator active

steam generator was initialized with water at a tube region. As a result, the primary heat transfer;

temperature of 90'F (305 K) and upon the initia rate increases and secondary side boiling is
lion of secondary boiling, a vent path was achieved. Once secondary side boihng occurs and

assumed to be available to maintain secondary the secondary temperature stabilizes. the primary
f pressure and temperature near atmospherie condi- system pressure stabilizes at about T(XK) seconds

tions. Also, after secondary boiling initiates, the into the event. At this time condensatigm in the
eventual addition of auxiliary or emergency feed. generator occurs primarily in the first tube volume

water will also be necessary to prevent loss of the above the tube sheet, with some condensation also

secondary as a heat sink and an uncontrolled pres. occurring in the next active tube volume. Fig-
surization of the RCS. ure 12 presents the vapor void fraction in the first

two volumes of the steam generator primary tubes

In comparing Cases 1 and 2, the insensitivity of (408-01 and 408-02) just above the tube sheet;
RCS peak _ pressure to the time of loss of decay Figures 13 and 14 present the heat flux in these
heat removal following shutdown is illustrated, steam generator primary tube regions. The pri-
while comparison of Cases 1,3, and 4 retlect the mary side heat transfer coefficients for these vol-
sensitivity of peak RCS pressure to the initial u_mes are presented in Figures 15 and 16. Because

RCS water level. A discussion of the resuhs of- of the low decay heat fraction and the limited mix-

each case is presented below, ing of the air and steam in these first two steam
generator active tube volumes above the tube

2.L2,1.1 Case.1-Loss of the RHRS sheet, primary pressure stabilizes because the con-
2: at One Day-Figure 9 presents the pressure densation coefficient of about 528 BTU /hr-ft > F

2(300() W/m -K) after 7000 seconds is sufficient to- transient in the primary side of the steam genera-
tor when the RiiRS is lost at one day following remove decay heat at the primary to secondary

_

shutdown.-The peak pressure of about 41 psia temperature difference of about 35 F (19 K),
(0.28 MPa) was achieved at about 700(J seconds which develops during the later portion of the tran-
after the loss of RHRS. The peak pressure is sient (See Figure 14). The primary to secondary

7 NUREG/CR-5820
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Loss of RilRS Results-

f dTabie 3, - Distribution of air in the RCS for RELAP5/h10D3 Case 1 (use of steam generators or ecay
heat removal).

h1 ass of air

(lb)

Component - 3NX1 _7200 9(XX)

. s)((emp) initial (s) (s)

Downcomer 7,7 12.4 10.7 10.3

(emp 100)

Downcomer 2.6 8.5 13.7 13.4

: (emp 102)

Downcomer 0.0 6.6 10.5 10.4

(emp 104)

Downcomer - 0.0 4.8 12.4 14.7

(cmp 106)

Upper plenum 8.8 <0.1 <0.1 <0.1

(cmp 120);

Upper plenum 34.0 1.9 <0.1 <0.1

- (emp 122)-

Upper head . 35.2 44.2 <0.1 0.03

:(emp 126)-

' flot leg piping 6.0 <0.1 <0.1 <0.1

(cmp 4(M,405,5(M,505)

Steam generator mlet plenum 7.8 <0.1 <0.1 <0.1

(cmp 406,506)

Steam generator tubes 5.6 1.1 <0.1 - <0.1

(cmp 408-0l)

Steam generator tubes 5.6 7.7 5.9 6.7

(cmp 408-02) '

' Steam generator tubes 33.9 50.4 61 4 62.5.

(cmp 408-03 to 408 08)
1 -

;; Steam generator outlet plenum 7.9 -13.0 7.1 - 6.7

(cmp 410)'

i

Pressurizer / surge line 91.4 87.9 85.5 63.9 |

-(emp 340. 341,343)

- Cold leg piping 16.8 25.5 58.4 56.9

(cmp 412,414,416,418,420)

NUREG/CR-5820 - 8
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Loss of RHRS Results

temperature difference is illustrated in Figure 17. failure conditions, the oscillatory pressure behav- t

At 7(00 seconds imo the transient, the mass now ior yhould they persist with time, may be suffi-
toward the steam generator in the upper portion of cient alone to esentually diskicate a dam. If such

- the hot leg pipe is balanced by an equal amount of - conditions are realistic, the success of reflus boil-

downDow from the steam generator toward the ing to mitigate the consequences of lou of the
- vessel in the lower part of the hot leg Figure 18 RilRS may not tv judged on peak RCS pressure
illustrates the establishment of this quasi-steady alone but on the amplitude and period of the peak

- state mass now in the upper and lower portions of pressure oscillations that could result later in the

the hot leg.The high maw now rates are attrib- event.

uted to the high hot leg steam schicities (which
entrain the water in the upper portion of the pipe. 2,7.2.1.2 Case 2-Loss of the RHRS
while deentrainedj and condensed water accumu' at Seven Days-Figure 21 presents the pres-

- lated in the steam generator inlet plenum and sure response in the RCS w hen the RilRS is lost
tubes Dows back toward the vessel in the lower seven days following shutdown. The peak pres-
section. sure of about 38 psia (0.26 MPa)is reached at

about 12,000 seconds after the loss of RilRS

Figure 19 presents the noncondensible mass occurs. The peak pressure for this case is also
fraction in the U-bend of the steam generator reached at the time that the steam generator sec-

active tubes while Figure 20 presents the accom- ondary reaches saturation as indicated by the

panying vapor temperature for this event. The behavior of the secondary water temperature
decreasing mass fraction in the air region demon- Ocmpf)(see Figure 22).

strates that some steam has entered the cold side
of the steam generator active tube region. The Table 4 presents the distribution of air in the
secondary side temperature for this event is also RC'i as a function of time. These results show
presented in Figure 20. that again most of the air is predicted to be purged

I from the vessel, hot leg piping, and steam genera-
| Also of particular importance is the RELAP5 tor inlet plenum once core boiling begins in gen-
L - transient pressure response, which displays an eral, the steam displaces the air into the high

oscillatory behavior once the peak pressure of points of the RCS or steam generator and pressur- )
'

about 41 psia (0.28 MPa) is achieved after about iter regions. Unlike Case I (low of the RllRS at
_

7000 seconds (see Figure 9). These oscillations one day), some air remains in the upper head due

are a result of the changes in steam velocity at the to the lower steam velocity in this region from the

entrance to the steam generator tubes, which much lower decay heat level. Holling in the core

j -. affect the condensation coefficient and void frac- region begins at atmut 2600 seconds after loss of

| - tion in the first tube region above the tube sheet. RilRS as shown in Figure 23, when the water
The transition from countercurrent two-phase temperature (tempf) in the uppermost core vol-'~

| Dow to slug flow as liquid i uilds up and drains ume (114-06) is compared to the saturation tem-

affects the pressure drop and heat transfer charac- perature (sattemp).
L eristics at the tube entrance.-The subsequeni -

t

effect on the steam veh> cities in the active tubes Figure 24 illustrates the void fraction in the
causes the heat transfer coelficient and void frac' first two volumes of the steam generator primary
tion to vary, producing the oscillations in RCS tubes (408-01 and 408-02) and again shows that
pressure once the RCS pressure stabilizes near the condensation in this portion of the steam genera-
peak value after 7000 seconds- tor develops sufficiently to remove decay heat

when primary pressure reaches 38 psia
The possibility of pressure oscillations may be (0.26 MPa). The heat transfer coefficients for

L particularly important because they suggest that these volumes are presented in Figures 25
while RCS peak pressure for the above reflux and 26, while the primary to secondary tempera-

boiling conditions may not exceed nonle dam ture difference in the volume just above the tube

- 9 NUREG/CR-5820
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Loss of RHRS Results

Table 4,- - Distribution of air in the RCS for RELAP5/ MOD 3 Case 2 (use of steam generators for decay

heat removal).

. Mass of air

(ib)
. - -

- .

Component 3600 72(X) 12600

(emp) Initial (s) (s) (s)

- Downcomer - 7.7 11.5 13.2 16.6

(emp 100)

Downcomer - 2.6 7.7. 8.7 12.3

-(cmp 102)- _

Downcomer 0.0 5.9 6.4 9.2

(cmp 104)

Downcomer 0.0 3.1 3.1 9.4
-

- (cmp 106)

Upper plenum 8.8 <0.1 (0.1 (O. I

-(cmp 120)

Upper plenum 34.0 2.9 4.4 0.02

(emp 122)

Upper head 35.2 37.6 33.2 8.7 -

(cmp 126)

llot leg piping 6.0 0.03 <0.1 <0.1

(emp 404,405,5(M,505)
_

Steam generator inlet plenum 7.8 (0.1 <0.1 <0.1 _

(cmp 406,506)

Steam generator tubes 5.6 4.9 3.8 0.2

__ cmp 408-01) .(

. Steam generator tubes 5.6 8.1 7.7 6.7

(cmp 408-02)

Steam generator tubes -33.9 49.7 49.9 48.9

_ (cmp 408 03 to 408-08)

Steam generator outlet plenum - 7.9 11.7 13.5 18.?

(cmp 410)-

Pressurizer / surge line 91.4 89.7 87.6 88.9

' (cmp 340,341. 343) -

Cold leg piping 16.8 22.2 25.5 37.7

(cmp 412,414,416,418,420)

NUREG/CR-5820 10
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i

sheet is given in Figure 27. The figures showing Table 5 presents the distribution of air in the
heat flux in the steam generator and mass flow in RCS as a function of time, These results show

the hot leg are not shown because this behavior is -that most of the air is predicted to be swept by the
'

indicatise of Case 1. steam into the steam generator from the reactor _,

vessel, hot leg. and inlet plenum once core boiling
twgins. floiling in the core region begins at about

llased on a comparison of the Case 1 and 2 1500 seconds after loss of RilRS (see Figure 30)
results, the peak pressure achieved following the and is based on the water temperature (tempf) in
loss of RilR can be considered to be relativel) the uppennost core volume (114-06).
insensitive to decay power because the bulk of the
RCS pressurization is a direct result of the need to Figure 31 presents the Lapor void fraction in
compress the air volume sufficiently to enable the - the first two solumes of the steam generator pri< :

creatton of an adequate condensing surface mside rnary tubes (4000) and 408 02) where condensa-
the active tube region of the steam generator. The tion of the steam occurs. The heat transfer
pressure required to emopress the air to this condi- MO for these volumes are presented on
tion is relatively independent of pow er because the Ficures 32 and 33 while the primary and second- A

bulk of the pressuritation of the RCS is needed I arv water temperatures for the first tube solume |
compress the air into the steam generator and out- dwe the tube sheet is presented in Figure 34.

'

let plenum regions Low er decay heat rower levels
simply delay the initiation of boiling and conse- 2.1.2.f.4 Case 4-Loss of the RHRS
quentiy delay the time the peak pressure, in the at One Day with the Liquid Levet at the
range 38 to 41 psia (0.26 to 0.28 Mpah is reached. Vessel Flange-Figure 35 presents the pres-

sure response in the RCS when decay heat is lost

2.7.2.1.3 Case 3-Loss of the RHRS at one day following shutdown with an initial RCS
water level at the elevation of the reactor vesselat One Day With the Liquid Level st the

Top of the Hot Leg-Figure 28 presents the Dange, The Case I initial water level was assumed
to be at the elevation of the centerline of the hot leg

pressure response in the RCS when decay heat is
while Case 3 assumed the level was hicated at thelost at one day following shutdown. Unlike

Case 1, with the initial level at the hot leg center. top of the hot leg. With the level at the vessel

line, the initial RCS water level for Case 3 is flange, a peak pressure of about 95 psia (0.66
MPai was achieved at about 25,000 seconds after

increased to the top elevation of the hot leg pip.
-ing. As shown in Figure 28. following the loss of the loss of RilRS (see Figure 35)< The peak pres-

the RilRS and initiation of bulk boiling in the sure again is reached at the time well after the

RCS, the peak pressure of about _40 psia water in the steam generator secondary reaches .

-(0.28 - MPa) is reached at about 7500 seconds.
saturation, as shown by the behavior of the wates

The peak pressure again is reached after the time temperature (tempfHsee Figure 36L As shownin

the water in the steam generator secondary Figure 37, boiling in the RCS initiates at about

reaches saturation as shown by the secondary 2000 seconds w hen the water temperature reaches

behavior of the water temperature (tempfs in Fig. saturation in ti e uppermost core volume.

nre 29. Comparison with Case I where the initial
water level was at mid-loop operation demon . Comparison of Case 4 with Cases I and 3,
strates that the peak pressure is not sensitive to where the initial water levels were at mid-loop
initi:.1 tvxer levek Ferween the hot leg midplane and the top elevation of the hot leg piping, respec-

and top elevations.This is not wrprising bectue tively, demonstrates that for water levels above
with this initial water level, Guid expansion and tht rep e!ceatirn of the hot leg the peak pre 3sure
the entrainment of water from the hot legs is still achieved for the4 condidm could result in pres-

insufficient to plug the entrance into the steam sures well above the nonle dam am ect tempo-

generators to prevent the development of a con- rary boundary design conditions. With the mixh

densing surface. higher initial water level, Guid espansion and

11 NUREG/CR-5820
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Loss of RHRS Results

Table 5. Distribution of air in the RCS for RELAPS/ MOD 3 Case 3 (use of steam generators for decay-
heat removal).

Mass of air
(Ib)

Component 3600 7000 9000
f. cmp) Initial (s) (s) (s)

Downcomer 7.7 12.3 5.9 12.7
(emp 100)

Downcomer 0.0 8.7 12.6 12.3
(cmp 102) - -

Downeomer 0.0 6.7 10.3 9.5
- (cmp 104)

Downcomer 0.0 2.4 9.3 17.6
(cmp 106)

Upper plenum 0.0 0.0 <0.1 <0.1
(cmp 120)

Upper plenum 34.0 4A <0.1 0.6
(emp 122)

Upper head 35.2 23.3 <0.1 1.6

(cmp 126)

llot leg piping 4.8 0.0 ' <0.1 <0.1
(cmp 4(M,405, 5(M, 505)

Steam generator inlet plenum 7.8 0.0 <0.1 <0.1
-

(cmp 406,506)

- Steam generator tubes 5.6 - 0.9 <0.1 <0.1
(emp 408-0l) _

Steam generator tubes 5.6 8.3 5.5 6.4
(cmp 408-02)

Steam generator tubes 33.9 52.7 60.5 50.6-
(emp 408-03 to 408-08)

g- Steam generator outlet plenum 7.9 94 4.7 18.5 -
(emp 410)

Pressurlier/ surge line 91.4 83A 68.2 63.9
(cmp 340,341,343)

Cold leg piping 0.6 21.2 41.9 21.6
- (cmp 412,414,416,418,420)

i
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Loss of RilRS Resuits

level swell during the transient is sufficient alone The heat transfer coefficients for these vo!-
to fill the entrance to the steam generator active _ umes are presented in_ Figures 41 and 42. At
tube region well above the tube sheet elevation. 20,0(x) seconds (5.6 hrs) into the event, with the _

Figures 38 and 39 present the void fractions in flow rate and resulting primary heat transfer coef-

the steam generator active tube region and show ficient established, the slowly increasing primary
that all of the tube solume excluding _the U-bend to secondary temperature difference gradually
volumes (volumes 4 and 5) accumulate liquid establishes a primary heat removal rate that can
after about 17,000 seconds into the event, in fact, match the core decay heat generation rate. The
as the RCS liquid heats up and expands, the Dow primary and secondary temperatures are illus-
rates and Guid vek) cities through the hot leg to the trated in Figure 43.
entrance to the steam generator tube region are
initially too low to develop adequate steam Fener- Although a natural circulation now through the

ator heat removal to match decay heat generation. steam generators U-bend region to the cold side is
_

As a consequence, the RCS continues to pressur- not established during this event, the primary to

ire until sufficient RCS pressure (and hence pri- secondary temperature difference, nuid vehicity,

mary to secondary temperature difference) and and hence heat transfer coefficient in the first vol-

fluid velocity in the steam generator is achieved ume of the steam generator actise tube region

to establish a heat removal rate that can accom. develops sufficiently to nearly stabilize RCS
modate the core decay heat generatica. As show n pressure at about 95 psia to.66 h1 Pat Note that

in Figure 40, with the expanded time scale dur- RCS pressure has not yet stabilized completely

ing the latter portion of this transient, the RCS has and displays appnnimately a one psi (0.01 h1Pii)

nearly ceased pressurizing as sufficient primary increase over the last 5000 seconds of the event

- to secondary temperature difference and Gow into tice Figure 40). Although the RCS pressute con-

the active tube region develops to match decay tinues to increase very slowly late in this event,

heat and slowly stabilire pressure near 95 psia the pressure is not expected to increase more than

- (0.66 MPa).
~ '

an additional 10 psi (0.07 MPa) because such an
increase is expected to provide sufficient primary
to mondary wmpaatun Men nw to mentuah

The results of these analyses suggest that
stabilite RCS pressure.

increasing the RCS liquid lesel above the top
elevation of the hot legs could prevent the estab- 2.7.2.f.5 Summary of Results for
lishnient of quasi-steady state reflux boiling heat Cases 1 to 4--To summarize the results of the,

removal capability at pressures below the failure reflux boiling analyses, Figure 44 presents the
limits of the temporary boundaries in the RCS. RCS pressure profiles for Cases 1 and 2,illustrat-

ing the insensitivity of peak RCS pressure to time

Table =6 presents the distribution of air in the of the loss of the RilRS at one and seven days
RCS as a function of time. For the earlier cases following shutdown. The relative insensitivity of
with the lower initial water levels, the higher air peak RCS pressure to time of loss of RilRS,
inventory in the RCS did not inhibit reflux boiling which dictates the decay heat pow er level, is due

- and peak RCS pressures remained in the range 38 to the fact that approximately 39 psia (0.27 MPa)
,

to 41 psia (0.26 to 0.28 MPa). For Case 4 w here is required to compress the air in the RCS to a vol-

the initial water level is at the reactor s essel ume equal to the volume of the active tube and
flange, well above the hot leg elevation, peak outlet plenum regions of the sicam generator.The.
RCS pressures approaching 95 psia (0.66 MPa) additional pressure increase needed to produce a

.

are predicted; the large inventory of subcooled condensing surface just above the tube sheet
' liquid results in sufficient Guid expansion follow- results in only a Iwo to three psi (0.01 to

ing a loss of the RilRS and plugs the steam gener- 0.02 MP4 pressure increase. This result has also

ators with liquid.- been confirmed and discussed in Reference 3.
I

i
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- Table 6.~ - Distribution of air in the RCS for RELAP5/ MOD 3 Case 4 (use of steam generators for decay

heat removal).

Mass of air
(lb)

**T--r+-'~-- w '-- - F - 4r'"S - - - * ' - - e

Component 10800 180M) 30000
- (emp) Initial - (s) (s) (s)

Downcomer 0.0 1.3 <0.1 2.2

lemp 100)-

Downcomer 0.0 9.3 3.6 5,7

(cmp 102)
-

Downcomer 0.0 5.-3 7.2 5,6

(cmp 104)

Downeomer 0.0 - .0,0 8.I 5.0

(emp 106)

. Upper plenum 0.0 <0 1 <0.1 <0.1.

(emp 120)

Upper plenun 0.0 s0.1 <0.1 0.9

(emp 122)

Upper licad 35.2 0.2 <0. I 1.6

- (cmp 126)

llot leg piping 0.0 <0.1 <0.1 (0.1
(cmp 404,405,5fLt,505)

Steam generator inlet plenum 0,0 <0.1 <0. I <0.1
-

- (cmp _406,506)

Steam generator tubes 5.3 <0.1 <0.1 <0.1

(cmp 408-01)

Steam generator tubes _ 5.6 0.1 <0.1 <0.1

(cmp 408-02)

Steam generator tubes .33.5 _ 46.7 46.3 50.5
~

-(emp 408-03 to 408-08)

Steam generator outlet plenum - 0.0 0.0 0.0 <0.1

(cmp 410)

P ensurizer/ surge line 89.6 19.4 15.4 14.9

(cmp 340,341,343)

0.0 33.4 39.9 45.8Cold leg piping
. _

(emp 412,414.416,4 I8,420)
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Loss of RilRS Results

Figure 45 presents the sensitivity of the peak plants utili7ing once-through designs is also ,

RCS pressure due to the variation in initial RCS expected to be relatively insensitive to decay
water level for the condition where the RilRS is power Icvel or the time following shutdown of the
assumed lost at one day following shutdown. loss of the RilRS. Also, studies were not per-
Clearly, for initial RCS water levels greater than fonned to investigate the sensitivity of peak pres-

the top elevation of the hot leg, peak RCS pres- sure to s ariations in RCS liquid level during
sures greater than 95 psia (0.66 MPa) can be reduced inventory operation for this plant type.
achieved. These results suggest that peak RCS The as ailability of emergency feedwater in addi-

pressure achieved following a loss of RitR esent tion to a secondary steam relief capabihty was
could iacrease dramatically when the initial water assumed in these analyses. To maximize the heat

level in the system exceeds the top elevation of removal capability of the steam generator, the
the hot leg. Peak pressures achieved from mid- secondary side was also assumed to be filled with

h>op operations were calculated in the range 38 to water to an elevation near the inlet to the active
41 psia (0.26 to 0.28 MPa) w hile pressures of tube region.

95 psia (0.66 MPa) may be passible when the ini-
tial water level is a the reactor vessel Gange. 2.7.2.2.7 Case 1-Loss of the RHRS

at One Day-Figure 46 presents the RCS pres.
2.7.2.2 Oconee, Once-Through Steam sure response when the RilRS is lost one day fol-

Generator Behavior,in evaluating the use of lowing shutdow n. At about 8000 seconds, the
the steam generators for decay heat removal fol- RCS pressure response displays an oscillatory
bwing a loss of the RHRS from mid-loop opera- behasior that persists for the duration of the
non for the Oconce plant, three cases were esent. This behavior is a result of the secondary
analyzed: temperature behavior that shows an attendant

oscillatory characteristic, which is due to the
Case 1-The RCS is at mid-h30p conditions addition of emergency feedwater once secondarye

with a water temperature of 90*F (305 K) boiling begins. Figure 47 shows the 3ecimdary
and a liquid level at the hot leg centerline water temperature of the uppermost volumes
elevation. Air at 90 F (305 K) and 100% (volumes 325 and 425) where the saturation tem- -

relative humidity is present in all volumes perature of 212 F is achieved at about
above the centerline of the hot and cold legs. 4000 seconds. The two. phase lesel is main ained
The decay heat power level corresponding in components 325 and 425 of the steam genera-,

to one day after shutdown is assumed 10.5G tot secondary and the remainder of the secondary .

power or 12.8 MWO)]. Also, the surge line side remains subcooled with the overall second-
was assumed to contain liquid. Both steam ary behavior reflected in the temperature
generators were assumed available for heat response for the next lowest secondary volume -
removal shown in Figures 48 and 49 for loops A and B,

Case 2-This case is the same as Case 1e

except the loop seal region of the surge line Figures 48 and 49 display a rather erratic sec.

was assumed to be purged of liquid to allow ondary temperature behavior that af fects the pri-

- air trapped in pressuriter to migrate into the mary to secondary temperature difference and

RCS piping during the transient therefore the primary heat removal rate. Because-
the feedwater is injected at the top of the second.

Case 3-This case is the same as Case 2 ary side, the non-un;fonn mixing in these lower.

except only one steam generator is assumed regions produces the secondary temperature
available for heat removal, response, which in turn affects the primary heat

removal and resultant RCS pressure. While there

Analyses were not per ormed at lower decay is uncertainty associated with the timing andr

heat values because, based on the HBR-2 analy- magnitude of the calculated pressure oscillations,

ses presented above, peak RCS pressure for owing to the model or nodalization, emergency

15 NUREG/CR-5820

. ..



_

Loss of RllRS Results

feedw ater temiwrature, and operators actions, the Hecause the air is more dense than the steam,
importance of these results is that the secondary once steam has fdled the hot legs, there is_ the
temperature and benee RCS pressure may be dif. potential for the air to propaga:e into the RCS pip-
ficult to control _or stabilire. The impact of the ing. As the air enters the steam generators, RCS
inability to stabilize RCS pressure may however pteuure could experience additional increases
be of little or no consequence because plants uti- atmve the peak pressure achies ed for Case 1 (loss
liiing once-through steam generators do not gen- of the RilRS at one day), because additional-
erally employ hot leg noule dams or temimrary increases in pressure would be needed to develop
thimble tube seats. Such concerns would only a sufficient condensing surface in the steam gen-
arise for those plant conditions w here temporary - erators to stabilite RCS pressure. Figure 61 pres.<

RCS boundaries are employed. ents the RELAP5/ MOD 3 model with the surge
line separated into two parallel components. This

Table 7 presents the distribution of air in the nodalization was selected to allow air to exit
RCS as a function of time. Yhese results show through one portion of the surge line while steam _

_ that the air is predicted to be displaced from the could enter through the other.
vessel, hot leg piping, and sta cencrator inlet
plenum and accumulated in the steam generator The results of this case are similar to Case I
active tubes and pressurizer. Once the air has been (loss of the RilRS at one day).He small amounts
compressed into pressuriter and the steam gener' of additional air that migrated into the h>op piping
ators, a condensing surface develops to limit the and steam generators from the pressurizer did not
peak RCS pressure to approximately $5 psia appreciably affect the peak pressure (see
$38 MPat Figure 62).

The majority of the heat removal from the RCS
As in Case 1, the secondary watet v.dposureoccurs in the two uppermost piimary s olumes for

the loop A steam generator. Figures 50 through m thy uppermost secondary volume achieves sat-
.

uranon as shown in Figure 63 at about53 show the heat transfer coefficients for the
loop A and B two uppermost primary volumes, fX) seconds. At this time emergency feedwater

is miroduced into both steam generators to main-

Figures 54 and 55 show the vapor void frac- tain the secondary lesel at the top of the active

tions for the loop A primary tube regions dow n to tube region to maximl7c the heat remova!. The

the active tube region containing the mid loop two-phase level remains in the topmost steam

liquid level. The noncondensible mass fractions generator secondary components 325 and 425.

for these regions are shown in Figures 56 Again, most of secondary remains subcooled as

through 58, showing that the air is compressed reflected in the secondary water ten peratures dis-
s

into the lower active tube regions just abme the played in Figures M and 65.

liquid level. These parameters for hop B are sim-
iiar and are not presented. Because the amount of additional air that

migrates from the pressuriter i3 relatively small
The vapor void fraction and the noncondens- when compared to Case 1, the impact on the peak

:ible mass fraction in the pressurizer volumes are pressure is also small. The vapor void fraction
shown in Figures 59 and 60. The results show and the noncondensible mass fraction in the pres-

- that air will migrate fror 'he pressurizer to the surizer volumes are shown in Figures 66 and 67.

primary system. Furthermore. Table 8 presents the air mass dis-
tribution in the RCS at the end of the event and

2.1.2.2.2 Case 2-Loss of the RHRS comparison to Case 1 (see Table 7) shows that no
with the Surge Line Purged of Liquid- appreciable amount of adstional air exited the
Analyses were performed to investigate the - pressurizer for Caw 2c Note that for Case 1, the
potential for the air in the pressurizer to enter the model also predicted the migration of air from the
RCS hot leg piping and steam generatots. pressurizer into the RCS.
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Table 7, Distribmion of air in the RCS for (konee Case 1.

Mass of air
(ib)

_ . _ , _ _ _ . _ _ . . _-

Component 8)(X) 18000

(emp) Initial (s) (s)
_ _ . _ _ _ _ .- - - . _ - . - . _ _.-

Downcomer (emp 570) 00 04 0.3

fLower plenum (emp 575,505) 0.0 <0.1 <0.1
I

Core (cmp 510,515) 0.0 <0. I <0. I |

- Upper plenum (emp $20,525,530,535,340,545, 46.3 17.4 12.8 >

555,560,565)

Upper head (cmp 550) 33.4 <0. I c0. I

Loop A hot leg piping (emp 101,105,i10,113,114) 33.6 <0.1 <0.1

Loop B hot leg piping (cmp 201,205,210,213,214) 33.6 <0.1 <0.1

Loop A SG inlet plenum (cmp 115) 19.9 <0.1 <0.1

Loop B SG inlet plenum (cmp 215) 19.9 1.4 <0.1

Loop A SG primary tubes (emp 120, vol 1) 1.9 0.8 1.4
,

Loop A SG primary tubes (cmp 120, vol 2) 4.8 10.2 15.2

Loop A SG primaty tute (cmp 120, vol 3-10) 59.7 130,0 134.9

Loop fl SG primary tubes (cmp 220, vol 1) 1.9 1.5 3.6

Loop B SG primary tubes (emp 220, vol 2) - 4.8 10.9 14.7

Loop B SG primary tubes (emp 220, vol 3-10) 59,7 136.0 141.2

Loop A SG outlet plenum (cmp 125) 0.0 0.3 0.2
4

Loop B SG outlet plenum (cmp 225) 0.0 0.3 0.2

Loop A cok! leg piping (emp 130,135,140,145, 18.4 23.5- 24.0
- 150,160,165, 170, 175,_180)-

Loop B cold leg piping (cmp 230,235,240,245, I 8.4 27 0 21.9
250,260,265,~270,275,280)

Surge line (cmp 600) 0.2 <0. I <0.1

Pressuriier (emp 610,615) 97.9 110.6 110 9 -

,
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Loss of RHRS Results-

Table 8. Air mass distribution in the RCS for Oconee Case 2.

Mass of air -

(ib)
_ . _ . _ _ _

- Component 8100 25200
(cmp) Initial (s) (s)

Downcomer (cmp 570) 0.0 3.7 <0.1

Lower plenum (emp 575,505) 0.0 (0.1 <0.1

Core (cmp 510,515) 0.0 <0.1 <0.1 -

Upper plenum (cmp Sio, $25,530,535,540,545, 46.3 15.9 I 6.2

_$55,560,565)

Upper head (cmp 550) 33A <0 1 <0. I

Loop A hot leg piping (emp 101,105,i10.113,114) 33.7 <0.1 <0.1

Loop B hot leg piping (cmp 201,205,210,213,214) ' 33.7 <0.1 (0.1

Loop A SG inlet plenum (emp i15) 19.9 0.5 <0.1

Loop B SG inlet plenum (cmp 215) 19.9 0.3 2.1

Loop A SG primary tubes (emp 120, vol 1) 1.9 1.9 0.9

Loop A SG primary tubes (cmp 120, vol 2) 4.8 12.3 12.6

Loop A SG primary tubes (emp 120, vol 310) 59.7 122.0 -142.3

Loop 13 SG primary tubes ' emp 220, vol 1) 1.9 2,9 2.8(

Loop B SG primary tubes (cmp 220, vol 2) 4.8 12.7 13.0

Loop B SG primary tubes (cmp 220, vol 3-10) 59.7- 130.3 -146.2

- Loop A SG outlet plenum (emp 125)- 0.0 0.4- 0.2'

Loop B SG outlet plenum (cmp 225) 0.0 - 0.4 - 0.3

loop A cold leg piping (emp 130,135,140,145, 18.5 24.2 18.3
150,160,165,170, 175,180)

Loop B cold leg piping (cmp 230,235,240,245, 1S.5 23.7 18.3
-250,260,265,270,275,280)

Surge line (cmp 600,.700) 1.4 <0.1 <0.1

Pressurizer (cmp 605,705,610,615) 1(R0 134.2 134.I
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,

2.1.2.2.3 Case 3-Loss of the RHRS 2.2 Failure of Instrument Tube
with Heat Removal Through One Steam 3p|my|n gng|g

| Generator-Analyses were perfonned to inses-
tigate the impact on peak pressure of using only 2.2.1 Model. De instrument tube thimble seal
one steam pencrator for decay heat removal, in failure analysis was performed to determine the

'

this case, the steam generator heat transfer time that the core unem ers in the event of thimble
removal capability is halved once the loop B sec* seat failure in the instrument tubes when one
ondary boils dry, steam yenerator is used to remose decay heat,

"

The RELAP5/ MOD 3 model used for detennining
the time to core uncovery is based on the one-loop

Figure 68 presents the pressure transient in the model described in Section 2.1 for the ilBR-2
RCS when the RilRS is lost one day following plant, while the instrument tube geometry was
shutdown. As in the previous two cases, oscilla' hmed on the Zion plant desien. Although this par.'

tions in RCS pressure are predicted to occur dur- ticular analysis is not app!icable to the llBR 2 '

ing the event. As shown in the figure, the peak plant design, the results of the analysis are of
RCS pressure of 75 psia (0.52 MPa) is achieved importance as a scoping evaluation to highlight
for this case. Note that at 3fKXX) seconds into the the approumate timing of core uncovery follow-
event, RCS pressure is still increasing. Figure 69 ing failure of all of the temporary thimble tube
presents the pressure rise over the last three hours ,
of this event and shows about a 10 psi (0.07 MPa)
increase, w hich indicates a very slow rate of pres- Because the purpose of this calculation is to

surization. RCS pressure is not expected to identify the time to core uncovery, the number of
increase more than an additional 10 psi solumes representing the core is increased from

(0.07. MPa) because this increase would produce six to twebec volumes to benet approximate the
'

a primary to secondary temperature difference adal void profile in the core and better track the
- sufficient to stabilize RCS pressure. As such, the two-phase level in this region. Aside from the
analysis was not cor.tinued for this case. change in the number of core nodes, the sessel

nodalization used in the initial HDR-2 model
described in Section 2 was used. The one-loop

The temperature in the secondary volumes are primary and secondary side nodalization of Fig-
displayed in Figures 70 through ~73 and ures 2 through 3 applicable to the steam genera-
demonstrates that the bulk of the secondary side tot decay heat removal analysis above was also
reaches the saturation temperature of 212*F used for this analysis.

(373 K) at about 10.0(X) seconds into the event
Thimble seal failure in the instrument tubes is-The two-phase level-is maintained in the

uppermost secondary components 323 and 373. acumed to occur when system pressure reached
35 psia (0.24 MPa). This value was chosen mbi-
trarily to investigate the consequences of failure

- As in the previous cases,the majority of the heat of the thimble seals and may not reflect actual

removal from the RCS occurs in the first two vol. failure pressures for seals. This pressure does

umes of the primary steam generator tubes near however, represent the maximum calculated pres-

.. the inlet. The heat transfer coefficients in these. surcecached in the instrument tube at the seal

regions are presented in Figures 74 and 75. -table when decay heat removal by one steam
generator is assumed. For this analysis, it is
assumed that there are 58 thimble seals and all of

The vapor void fraction and the noncondens- _these seals arbitrarily fail once the assumed fail-

ible mass fraction in the pressurizer volumes are ure pressure is achiesed. The break flow area was

shown in Figures 76 and 77, respectively. The based on an empty-instrument tube with an inner

results show that the air migrates from the pres- diameter of 0.4 in. t0.0101 m), resulting in a total
22 (O tKM7 m ) The failuresurizer into the primary h>op. break area of 0 0506 f t

19 NURliG/CR-5820
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Loss of RilRS Results

hication is assumed to be at the seal table at the cold legs, resulting in isolation of all steam gener-
elevation of the reactor vessrl flange. The tubes alors from the RCS.
are connected to the vessel at the bottom of the
lower head and are collected at the seal The RELAP5/ MOD 3 model u'ed for deter-s

table resuhing in an ele;ation dif ference betw een mming the time of core uncoser> when nonle
these two locations of about 22.5 ft (6.S6 m). dam failure occurs is based on the lillR-2 plant

model described in Section 2 except that the

De RCS w as initialized with water at 90- F at a ueam gennaton are reniowd from the model
because it is auurned that nonic dann arelesel at the centerline of tim bot and cold legs Air-

at 9(FF and 1004 relatise humidity is present in installed in all hot legs resulting m isolation of the

all volumes above the centerline of the hot and Meam gennaton fnun the RCS. Ilecause the

cold legs. T he decay heat power level corre- rutor coolant pumps are not opnating unda

sponding to one day after shutdown was assumed thm conditions each plunp w'as replaced by a

for this analysis [l1.5 N1W(t)). branch component utilizing two junctions corre- -

spondmg to the pump inlet and out et. A forw antl

loss coef ficient was used in the junctions to simu-
2.2.2 Results. The assumed thimble seal failure

late a kicked rotor condition. The pressunter and
pressure was predicted to occur at about e line cogones m 60 retained
5900 seconds after loss of RilRS occurs (see
Figure 78). The approach to core uncovery at Nonle dam failure in the instrument tubes is
about 6700 seconds after loss of RHRS. is indi^ assumed to occur when system pressure reached
cated by the increase in void fraction to 1.0 in the 40 psia (0.28 MPat The assumed failure location
upper plenum regica just abos e the core (see Fig- is at the hot leg entry into the steam generator
ure 79). Figure 80 presents the void fraction in niet plenum in Loop A. Because the steam gener-
the top three cere volumes showing core uncov- ator manway is removed, there is a direct flow
cry at about 70C0 seconds. These results suggest path to the containment upon nonle dam failure.
that w hile there is 1-i/2 hours to achieve the The manwas diameter is 16 in (0.4 nu.
assumed failun cressure of 40 psia (9.28 MPa).

~

there is less than 15 minutes to core uncosery In this analysis, the RCS was mitialized with
once the temporary thimble seals fail. Clearly, water at 90'E at the level corresponding to the
tlus result is an upper bound because the time to centedine of the hot and cold legs. Air at 90 F and
uncovery for those plants with smaller tube areas g3yi relative hunudity was assumed present in

'

or fewer temporary thimble tubes in use could be all s olumes above the RCS les el. Two cases u ere
significantly delayed beyond that calcohded for analyzed and included a decay heat power !evel
this prescribed sequence. corresponding to one day after shutdown

(11.5 MW(t)) and seven days af ter shutdown
The break mass flow rate it shown in Fig- [7.13 MWit4 The resuhs of these analyses are

ure 81, while Figure 82 presents the break now discuwed in the following sections.
void fraction.

2.3 2 Results.

2.3 Failure of Nozzle Dams
L,ase 1 - N.onle dam failure at one day 1 1-* 0

lowing shutdown
2.3.1 Model. The noule dam failure analysis
was performed to determine the time that the core Nonle dam failure was assumed to occur w hen
uncovers assuming a failure of the hot leg noule RCS pressure reached 40 psia (0.2S MPa). Failure
dam occurs in the stea u generator w ith a manway was predicted to occur at about 2000 seconds
cover removed from the inlet plenum during mid- after loss of RHRS (see Figure 83). The
loop operation. For this analysis, it was assumed approach to core uncovery is indicated by the
tha' nonle dams have been installed in all hot and transient void irac: ion in ihe upper plenum
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volume just above the core, w here complete void- injection (SI) system line cor*ected to the cold
ing occurs at about 4000 seconds imo the event leg during mid-loop operation ,Vith the open Si

(see Figure 84). Core un< overy occurs at about line, there is a direct flow path from the cold leg at
400() seconds after loss of tillRS, as indicated by the reactor coolant pump discharge to the contaite

the increase in void fraction in the top three core ment. For this analysis, it was ako assumed that

volumes (see Figure 85). Core uncovery follow- nonle dams have been installed in all hot legs,

ing noni dam failure occurs rather quickly (i.e, resulting in isolation of all steam generaton frome

in about 30 minutes) because the steam velocities the RCS.

in th'e hot leg are sufficient to entrain and carry
liquid from the hot legs and_ vessel out the open The RELAF5/ MOD 3 model used for this anab
manway in the steam generator. Uncovery is ysis is the same as that de cribed for the nonle
therefore earlier in this e 'ent than if boiloff alone dam failun analysis with a break path in the dis-
is credited for reducing the liquid inventory atmve charge pipe 14 the mactor coolant pump added.

- the top elevation of the core. The Si line is modelled as a pipe component con-
nected to the cold leg in Loop C. The diameter of

The break mass flow rate and void fraction are this line is 8.5 in. (0.22 mL The length of the line
shown in Figures 86 and 87, respectively, is assumed to be 5.0 f t (l.52 m) from the top

elevation of the cold leg at the reactor coolant
Case 2-Noule dam failure at seven days pump discharge leg to the point where the check*

following shutdown valve is removed. The hne is assumed to extend
vertically from the cold leg. The vertical distance

An RCS pressure of 40 psia (0.28 MFa) and an from the top of the core to the location of the

assumed noule dam failure was achieved at removed check valve was assumed to be approxi-

about 3900 seconds after loss of RilRS at sesen mately 9 ft (2.7 m).

days following shutdown ssee Figure 88). The
void fraction in the upper plenum volume just The iuitial RCS water temperature of 903F
above the core is shown in Figure 89. Core (305 K) was assumed with the RCS level located
uncovery was predicted to occur at about at the centerline of the hot and cold legs. Air at
9000 seconds after the loss of the RilRS, as indi- 90*F (305 K) and 100% relatise humidity was
cated by the increase in void fract. ion in the top assumed present in all volumes almvc the center-

three core volumes (see Figure 90). Because of line of the hot and cold legs.The decay heat power

tae much lower decay heat power levels, the later level corresponding to one day after shutdown was

uncovery time of about one hour following the assumed for this analysis [11.5 MWR ).

noule dam failure is attributed to the much lower
liquid entrainment and boiloff rates experienced 2,4.2 Results. Figure 93 presents the RCS
for these conditions- pressure transient. Voiding in the upper plenum

region is illustrated in Figure 94 indicating the
The break mass flow rate is shown in Fig- approach to uncovery as the void fractions

ure 91 while Figure 92 presents the break Dow increases to a value of 1.0 (indicating pure steam) -

void fraction. toward the latter portion of the event. Core
uncovery was predicted to initiate at about

2.4 Safety injection System 4000 seconds after loss of RilR occurs as indi.

Line O en Due to Check cated by the void fraction in the top three core
E nodes (see hgure 95). As shown in hgare 95,.

Valve Maintenance buik boiling in the core is initiated ai about
2000 seconds at which time fluid is expelled

2.4.1 Model. This analysis was performed to from the opened Si line as indicated by the break
determine the time of core tmcovery assuming a How shown in Figure 96. While core uncovery_
check valve has been removed from the safety does not occur until about 4000 seconds, RCS
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fluid expulsion to tiie containment begins at conditions. Mercoser, the use of conservative
2000 seconds, assumptions to bound the behavior for a class of

plants may place unnecessary testrictions on the
The break flow void fraction is presented in strategies and procedures to be developed, not

- Figure 97, only for this panicular sequence, but the other
events evaluated in this report as well.

To illustrate the transient response to change 3
in the initial cere outlet temperature, wall heat 2.5 Consequences of Loss of
transfer, and vessel upper plenum to annules leak ~ the RHRS with Upper Core
ace path area, an addmonal calculation was per-
f$nned for this event with the followine modified Support Plate in Position

- assumptions:
2.5.1 Model The consequences of los ofthe

The upper plenum and hot leg initial fluid RilRS with the uppet core support plate in posi- i.
_

temperature was increased from 90"E tion was evaluated because of the possibility of

(305 K)to 140*F (333 K) core unemer) during the refilling of the refueling
| pool cavity during preparation for removal of the

The leakage paths connecting the upper ple- spent fuel. The analpis was perfonned to investi-e

num and upper head regions of the reactor gate the potential for holdup of the water above
s essel to the annulus were eliminated the support plate by steam generated in the core.

If the steam vehicities reach the fh iding hmit for
The wall heat structures in the RCS were countercurrent How through the extremely _smalle

eliminated so that no heat could be absorbed How area through the plate, core uncoury could
by the ~RCS vessel and loop piping occur. Figure 101 presents the llBR-2 vessel
components. showing the hication of the upper support plate,

while Figure 102 illustrates the vessel and refuel-
With.the these assumptions, the loss of the ing pool cavity for a typical dry containment.

RilRS analysis with the open Si 1%e was reana-
lyzed with the resulting RCS pressure response The RELAP5/ MOD 3 model was used for ana-
given in Figure 98. Core uncovery was caleu- lyzing the flow characteristics through the upper
lated to occur at about 600 seconds into the event core support plate (see Figure 103). To better
as illustrated by the void fraction in the core (see accommodate singte and two-phase natural cir-

'

Figure 99). The void fraction in the upper ple- cuiation in the vessel dunng this event, the ' upper

num volume just above the core is shown in Fig- plenum and core regions were represented with
- ure 100. Comparison with the preceding case three radial regions. As noted in Figure 103, the
sho~ws the above assumptions can have a signifi- core was dis ided into three radial regions consist,
cant impact on the results. These results illustrate ing of the center hot region. a middle annular
the sensitivity of the transient resporise to changes region, and an outa low power region. This radial

'

in the leakage paths between the upper plenum nodalization was then applied to the upper ple-
and annulus regions of the reactor vessel. These num recion between the top of the core and upper
leakage paths can significantly delay core uncov- support plate. The refuehng pool and containment
ery by slowing the initial pressurization as a result volumes wcre also added where the pool was
of venting the core generated steam into the annu- assumed to contain liquid to a depth of 25 ft
lus and out the open Si line. Wall heat ellects act (7.62 m) above the upper core support plate Bee

j to condense steam, further reducing the pressur- Figure 103h The depth of water abme the top of
ization rate, while the lower initial temperature the core is about 35 ft (10.7 m).

"

delays the initiation of boiling. The importance of
these results is that plant behavior caa be very It is also important to note that the flow noules
sensitive to what may appear to be small differ- connecting the reactor vessel head with the upper -

ences in the design characteristics and initial annulus were also included in the mo'lel. These
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1 oss of RilRS Results -

_ now paths consist of 16 Dow noules that pene- above t_he top of the core. The void fraction of '

trate the barrel with a combined flow atea of- about 209 in the upper plenum just alu e the top

? (0.0018 m ). The total Dow area of the core demonstrates the core remains covered2.about 0.02 ft
through the upper core support plate for the with a t.vo-phase misture during this event. Fip-

IIBR 2 plant is 2,3 ft t_0.214 m ). This total flow ure IM presents the void fraction in the solume2 2
.

area consists of now' paths directly tlirough the just below the support plate.The variation in void

plate with a combined area of 1.3 ft . (0.121 my fraction just below the plate (between 8019 90 H2

and the flow area from the gui9 M~ much indicates that nearly complete voiding occurs in
2the plate' with a commned atea of 1.0 ft the region just below the plate.

2(0.093 m )f Because some plants may have sealed
the now leakage paths directly through the plate. The liquid temperatures in the upper plenum
leaving only the flow paths at the exit to the guide and refueling pool cavity above the upper support
tubes, two cases w ere evaluated and include: plate are presented in Figure 106. Note that the

.
_ _

refueling pool ca.ity temperature is not a good ,

Case 1-l.oss of the RilRS with the flow indication of the temperatures in the upper ple-*

paths through the plate at the guide tubes num and core regions that achieve saturation
and the now paths directly through the plate eady in the event. This is attributed to the limited
assumed to be open. This results in a total now circulation between the pool water and the t

22 (0.214 m t through the upper plenum as a result of the small leakagenow area of 2.3 ft
'ipper support plate paths through the suppmt plate.

Case 2-Same as Case i except the now Although the flow between the refueline pool*

paths directly through the plate are assumed cavity and upper plenum is restricted through the
to be sealed. This resuhs in a total flow area plate once boiling initiates, steam generated in

2 2of 1.O ft to.093m ) and consists of only the the core is vented through the support plate while
leakage paths through the plate just above I quid downflow through the flo'v nonles and
the guide tubes. outer region guide tubes are sufficient to maintain ,

the core covered with a two-phase mixture
The . ial RCS water temperature for these Ow@om um m W lipid dn dwmit

analyses were assumed to be 90 F (305 K) in the through the annulus flow noules and guide tubes
RCS and the refueling pool cavity, The hot and matches the core decay heat steaming rate during
cold leg nonle dams were assumed to be in place this event thereby preventing long-tenn uncovery
w hile no vent paths were available m the pressur- gg cg
izer. The decay heat power leve! corresponding to

:ene day after shutdown 111.5 MW(t)] was also,
RCS pressure during this event remains at

assumed. The results of the analyses are discussed
about 25 psia (0.17 MPa) throughout the transient

below.
' and is not presented.

~
2.5.2 Results.

Case 2-Flow holes directly through the*

Case 1-Flow holes directly through the plate are sealed*

upper support plate open
With the flow leakage paths scaled through the-

The RELAP5/ MOD 3 analysis _with the upper _ plate, interaction of the Guid in the upper plenum

support plate asumed to remain in position dur- with the refueling pool cavity is limited to only
ing refilling of the refuel pel cavity, predicted the now through the plate at the exit of the guide

that the core will remam es -ed with a two- tubes. As a consequence. once boiling begins,
phase mixture. This conclusio . is supported by steam relief from the vessel upper plenum can

= the results presented in Figure 104 which shows only be achieved through the guide tube flow
the void fraction in the upper plenum region just leakage paths through the upper support plate.

23 NUREG/CR-5820
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- As in Case 1inowholes directly through the behavior during the early portion of the event as
' Upper Support Plate open), the core and upper ' the upper plenum voids and refills during the
plenum. temperatures display a near adiabatic transient. While core uncovery does not occur
heatup because of the restricted now through the until six hours into the transient, a potential con-
plate (see Figure 107). As shown in Figure 107 cem it that the pressure pulses over an extended
ine cavity refueling water temperatures exhibit a period of time could cause a nonle dam or tem-
much slower rate of increase in temperature. The porary thimble seal to eventually fail. If such a
significance of this result is that, as in Case i failure occurred, the refueling pool cavity water

: above, the refueling cavity temperature is ne a would drain through the open manway or other
.valk! indication of the core and upper plenum temporary boundaries such as the thimble seals
temperature during a loss of the RilRS because of into the containment,
the now restrictions in the upper internals. Fig-
ute 107 also show s that the pool displays a low er Figure l10 provides data on the void distribu-
rate of heatup as hot 11uid from the vessel expands tion in the tor four s olumes of the eme and shows _

into the pool, however, the temperature in the that core uncovery occurs six hours into the event.

. refueling cavity does not reflect the actual time at The core average clad temperature in the top four

which boiling would occur in the core and upper mlune in the core is shown in Figure 111 w hile
plenum, the channel steam temperature responses in these

regions of the core are shown in Figure i12.
Cladding temperatures are calculated to be

Figure 108 shows that the buildup of steam < l 500'F t 1084 K h how ever operation under such
pressure in the upper plenum and intermittent conditions for niended periods of time could
relief through the guide tubes causes oscillations cause excessive oxidation of the fuel and eventual
in the vessel pressure once boiling acum, Again, lailure of the c: adding. The core two phase level
as in the first case with the flow holes opened, is located about 4.5 ft (1,37 m) below the top of
core uncovery is not predicted to occur during the uncovery at the end of this transient, allowing
first six hours of this event because the intermit- core uncovery to slowly increase for this event
tent buildup of pressure and relief of steam because no liqmd downnow occurs through the
through the guide tubes allows a periodic voiding guide tubes; the steam velocities in this region
and refilling of the upper plenum with sulumled exceed the 53 ft/s (16 m/s) vehicity required to
water from the cavity through both the guide hold up the liquid in the pool cavity The liquid -

tubes and upper annulus nonles. Because there is downnow through the aanulut flow nonles is ~

no direct flow interaction between the upper ple- also unable to prevent uncovery at this time
num through the plate with the flow leakage paths because the leakage paths hom the upper plenum
closed, pressure increases in this region causing a through the hot _ leg penetration in the barrel
substantial voiding of the upper plenum. The allows pressurization of the upper annulus which
pressure increases in the upper plenum to depress prevents liquid downflow into this region. As a
the two-phase les el to an elevation just below the consequence, some additional core uncosery is,

_

: tmttom elevation of the guide tubes, which allows expected for this case. The core is expecte[1 to
- steam to vent through this reginn. Before core continue to unceser until the steaming rate is
. uncovery would occur during the early portion of reduced sufficient'v to allow the downDow of lig-
this event however, steam relief through the guide uid, from the refuel pool through either the annu.

'

- tubes must reduce the vessel pressure and allow lus flow nonles and/or the cuide tube leakaec
subcooled water to once again enter the upper paths through the plate to stabilize the core t[vo
plenum and core, causing the cyclic voiding and phase les el.
refilling of the upper plenum. This pressure
buildup and relief is marked by the occurrence of The importance of these results is that the anal-
the cyclic pressure pulses displayed in Fig- yses suggest the potential for core uncovery for
ure 108. The temperature in the upper plenum, plants with upper mternal packages wi'h small
shown in Figure 109, also displays an oscillatory leakage path areas [i.e., approximately 2.0 f9
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Loss of RilRS Results

>

2
, _ (0.186 m ) and smaller] between the upper example, plant specific analyses could

plenum r,nd upper head regions. These findings show that vent paths in the pressurizer may
suggest that the leakage _through the upper inter. be sufficient to prevent core uncovery fol.
nals could vary signincantly upon rernosal of the lowing a loss of the RilRS during flomiing
upper head and given the wide variation in plant of the refuel pool.
internal designs, core uncovery may be minimal
or precluded for some plants in the event these In view of these considerations, the following
leakage paths are limited to the smaller flow- reconunendations are made:
areas, the analy ses show that several hours are
required before core uncovery is predicted, allow- 1:or those plants incorporating t,pper sup-.

ing sufficient time to take the appropriate actions port plates wich limited flow leakage paths,
to prevent boiling and core uncovery for such an the upper support plate should be removed
event, flowever, in view of the uncertainty in (if possible) as soon as the head has been
these leakage paths and given the many different reinoved
plant designs and operating conditions, the results
of these analyses should not be used to develop if the support plate must remain in positione

plant-specific procedures. Rather, they should be during filling of the refueling pool cavity,
used as a guide to identify the areas where more then procedures should be in place to
plant specific analyses could be conducted to quickly remove the plate before boiling in
quantify both the timing and magnitude of the the vessel would occur
calculated response parameters.

udng ng of the refueling cavity with*

In view of these analyses, the following impor-
the plate in position, a means of measuring

tant conclusions can be summarized regarding the
the uppa plenum or mn exit molant tene

loss of the RilRS with the internals in place:
perature should also be availabic. Refueling

. The heatup rate of the coolant in the core cavity pool temperature is not a good indica-
*

and upper plenum is not reflected in the tion of the uppa plmuru and con ternpaa-
tures following a loss of the RIIRS underrefueling cavity water temperature behavior
these comhuonsbecause the flow restrictions through the

apper . support plate do not promote suifi-
- cient natural circulation between the core All p ssible steps should be taken to prevent*

and cavity regions - boiling with the vessel internals in place.
For example, both RilR systems could be

Significant voiding can occur in the upper kept operable if the intemals are ia place*

plenum and for those plants with limited
As discussed in Section 2.6, should boilingflow through the upper support plate, there *

is a potential for core uncovery. Pressure occur for two hours or more, the addition of

oscillations may also occur which, over an borated water will keep the core covered
- extended period of time, suggest that the and cooled, however, the subsequent opera-

integrity of the temporary RCS boundaries tion of the RilRS could cause an inadvertent -
could be challenged- precipitation of boric acid in the core and/or

RilR piping. Procedures for adding water to
Plant-specific analyses should be conducted . the core during boiling should be consid-*

'

to asseu the impact of RCS vents to pre- ered, however, the prevention of the boric
ciude core uncovery for plants with low acid precipitation also needs to be
leakage through the upper internals. For addressed.

.
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2.6 Consequences of Borated upper plenum, only. Analyses were performed

Water Addition to the "'i" 8 '"""'""'f i "i"t i""; " 1 "* """"''""'

sourec, such as the tcfueling water storage tank,
Reactor Vessel iRWST with a concentration or 2200 ppm and a

high concentrate source, such as the buric acid >

If the steam generators cannot be used for storage tank. with a concentration of approsi-
decay heat removal, the eventual bulk boiling of mately 22,(KK) ppm.
the liquid in the core and subsequent injection of
borated water for core cooling will cause boric if boiling is allowed to persist for six hours or
acid to accumulate in the reactor vessel. A more using the RWST as a source of injection.
method to compute the buildup of boric acid fob 'oric acid concentrations in excess of 69 could
lowing an extended period of boiling was devcl- result. In the esent higher concentrate water is

,

oped where the time rate of change in boric acid used for core cooling, such as the much higher
concentration in the reactor vessel can be boric acid content of the boric acid storage tanks
expressed as (see no: mclature for definition of (BAST), the rate of accumulation of borie acid
terms) would be much more rapid than that illustrated in

Figure 113. The B ASTs have water con-
d % centrations as much as 10 times that of the RWST.
-C= C' (1)

p V,,m and would therefore more rapidly increase the^

boric acid content in the vessel. If the source of
Solving Equation (1) given that the initial boric injection is the RWST. Figure i13 shows that if
acid concentration in the sessel is Co, the boric the RilRS is restored and decay heat removal is -
acid concentration in the sessel at any time, s. is reestablished; the reduction in the RCS liquid
simply temperature to values below the precipitation

temperature will precipitate the boric acid in the
W|,,t vessel and piping of the shutdown cooling sys-

C(t) = Co + C, (2) tem. Figure 113 also shows the precipitation tem-
perature versus the boric acid concentration

where the mixing volume, V n, is taken as the during the event and shows that if RCS tempera-n

volume of the lower plenum. core and upper ple- ture is reduced below 1(KFF (311 K) after about
num regions containing liquid. six hours, precipitation could occur when the

source of injection water is a low concentrate
The steaming rate in the core establishes the source, such as that for the RWST. In the esent a

rate of accumulation of boric acid in the vessel. high concentrate source of water is used, such as

That is the rate at which borated water enters the that of the B AST with concentrations of 22000-
core is equal to the core steaming or boil-off rate ppm and higher, precipitation conditions could be

occurring from decay heat generation. The accu- achieved in less than two hours as noted in
mulated liquid at time, t, in the vessel in resixmse Figure 114. Figure i14 shows that upon drainage
to the core decay heat boiloff is defmed us W nt in of the BAST, the injection source is switched toi

Equation (2), and can also be expressed as the RWST at about three hours. The lower boron
concentration of the RWST results in a lower rate

" of increase in boron concentration in the vessel

%t=[f, F(t)dt (3) for the remainder of the event.
14 2o

j. The results of these calculations indicate that

i Figure 113 presents the borie acid concentra- following a low of the RilRS, should boiling in
-tion versus time following loss of the RilRS. The the reactor vessel e cur ever an extended period
RHRS was assumed to be lost one day following of time, the reestablishment of the RilRS for

shutdown while the mixing volume was based on decay heat removal should not be attempted until
the liquid volume in lower plenum, core and the baric acid concentration in the sessel is

! NUREG/CR-5820 26
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r

reduced to levels below the precipitation temper . The buildup of 150ric acid following a loss of

ature corresponding to the' desired operating tem- the RilRS, w hen the reactor vessel internals have"

perature of the shutdown cooling system. been remosed and the refuel pool above the ves- >

set has tren flooded to nonnal refueling levels,is
not expected. While such concerns would be
applicable to those conditiotu where the refuel

These results further suggest that caution in
. pool is being filled with the vessel internals in -

using a source of high concentrate bon.e acid for k otential for boric acid buildup and its
core cooling should be exercised, because the consequences suggest that operation at reduced
addition of a high concentrate source could initi- refuel pool levels should not be sustained for long ,

ate a very early precipitation if boiling cannot be periods of time without contingency or emer-
terminated. Also, should the injection water be gency procedures to address a loss of the RilRS..
switched to a colder source, the addition of cold More importantly, in view of the potential conse-
wa'ter to the vessel after an extended boiling quences, procedures and cuidance should be put
period could reduce the vessel Guid temperature in place that emphasize the prevention or quick
and also cause an inadvertent precipitation, termination of boiling.

|
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3. ALTERNATE METHODOLOGY

This section presents a brief description of the w here M and M;, V and V , are the masses andi i
ahernate methods developed to assess the conse- s olumes in the lower and upper regions respec-
quences of a loss of an RilRS cerni in FWRs. lively. The nomenclature section should be con-
Section 3.1 describes the model while section 3.2 sulted for the remaining definition of the terms in
presents the results of the model predictions to a F.quation (4).
pWR,

'

3.1 Model Description The rate of heat transfer from 'he prima y
steam to the secondary system, represented as Qi

Appendix A presents a description of the alter- in F;;uation (4h can be calculated from
nate methodology based on the work of Refer-
ence 3, which was used to perform the
preliminary assessments of the consequences of 2 ',
loss of the RilRS. In this model, given in Fig- Ut = IN T, . n }, d)
ute A 1 of Appendix A, a inass and energy bal-
ance is perfonned on the primary system that is

'

represented with two regions; a lower liquid where
region that can be either sutr'oled or saturated
(region 1), and an upper regio" cr.ataining a non-
condemible gas (regic hW .mncondensible i

!ym gg
gas c>onsists of air that is treated as an ideal gas. In 4jg{l3the development of this model, steam produced 1,1 4_
by boiling ts assumed to act as a piston to com- b be e =

prew the upper .nr region. The justification for
this piston niodel-as opposed to a model that '

| assumes (nat stet.n mixes with the upper air Thus once the air volume in the RCS has been
region-is provided in Section A-2 of Appen. comprtssed to a value less than that of the steam
disc A entitled," Comparisons of the Methodol. generator active tut e volume, primary steam con-
ogy to lixperimental Data." densation is computed using Fquation ($). The

heat rate between the primary air and secondary
The methodology consists of a computation of splem Q , was calculated in a similar manner

the mass, energy, and pressure for 4he steam-air- except h is replaced by the constant coefficientp
liquid fluid cemposition in the RCS with the of 5.0 litu/hr-h2 'F (0.ta W/m2 "C) and bna is
overall depressurization rate given L * replaced by the quantity (lebnal

'

x /A ) A

h Y w,- Y nih, + Qi h-P Ywi i ah_ Xn (Un )

>L e .
,

X1
-.

th ' g
10h, y'

j, , g.
( ,, Rj\

gg j

0F J At:T: gC,
'

)'ThN~fWT n ,c T,, + 0, N
At:

Cp '
Jt u p

sh
. b-i / .

Alf ,1:

! + (4)

* * b At ~h^' *

|
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Other Methods

,

3.2 PWR System Response me li6h and remains at 'aimaiion w hile the wc-

Using the Steam " " d '" Y '" " " " "' " ' " " i " ' " i " " d " ' " ' " ' " ' P " *h

conditmns due to the open secondary vent pathe
Generators as an Alternate winu,a in g y n,naary veni paon once ine w e
Nicans of Decay Heat ondary liquid reached saturation. ihe secondar> ;

Removal 'e"'Pe'al"'e "oumonnnue to inax as howng
,

would then begin to pressurt/c the secondary :

.l,o apply the preceding methodology to a |,W,R, side. Iigure 116 shows that uhen boihng of the |

the generic t mnbustion lingineering ,700 RC,S liquid begins at about 1700 seconds. the
'

-

!
" "E """* "*"*"F " NYMW(t) Clan plant was used with the initial

ume until sutlicient condensine surf ace n avad. .

conditiom described in l. ble 1.a
.

t

ahle to allow condensation to I'Wynt in the stearu
generator active tubet Once apptoshnately 4 ft11 is noted that use of. he decay heat at 24 hours

,

t
, u W Wb k

is comidered an upper htmt. Mid loop operation dM dmd% k Nng pressure
would not be espected to N: initiated any callier bh M Mid M M M MPn11am 4X hours following shutdown. I urthennore,
as previously discuwed, the peak RCS prewure A comparkon of the RCS prewure response f or
achieved followmg a low of the RilRS is rela- de llHR0 plant using this alternate method and
lively insemitive to the decay heat power level' de RiupMMOD3 code h ghen 19 Figure i17.
Decay power affects the timing of the peak RCS Tk clw meement h tween L 4 . medmA om
prewure while the lower decay heat power les ch vidn a ahema cheef of Om RIMPVMOD3
delay the initiation of boiling and hence simply rmhA
delay the time the peak pressme is achies ed.

,

The Reference 3 study also investigated the
A j. i equhite for the success of heat teniov.d impact of thanges in primary condensation heat

through the sican generators h that a secondary transfer coefficient in the steam generator activer

vent path be opened to maintain the secondary tube region. 'lhe results of this study are show n in
'

oress ure near 14.7 psia (0.101 MFa) once second- Figme 13 nd show that the primary peak pres-
ary boiling occurs. The implication of this sure is also imemithe to condensation coeffi.
awumption is that there is a need for a vent peh to cients in the range of 150 to 1000 litu/hr ft /F2

maintain a low secondary prewme and tempera- 16.4 to 176.1 W/m -14 This imensitisity is due2

ture should boiling initiate. Aho, after the initia- to the fact that the bulk of the RCS prewuritation
tion of boiling ausiliary feedwater was also is attributable to the nced to compres3 the air to a
anumed to be added to the secondary side at the volume len than that of the steam generator actis e
secondary boilin;, rate to prevent exposme of the tube region. The additionM rhanges in air volume
steam generator tubes and low of the heat sinL in the entrance to the acthe steam generator tube

region to acconunodate changes in condemation
Figures 115 and 116 present the results of the coef 6cient have a small impact on RCS pressure.

-analyses using the Riii.ApMMOD3 model dis-
cussed in Section 2. Figure i15 presents the it is important to note that the resuhs of these
RCS liquid temperature and total prewme, and analyses are simited to mid-loop operation with
secondary liquid temperature and pressure, Fig- RC5_lkpiid leseh near and below ihe centerline
ute 115 shows that bnce the air volume, shown in elevation of the hot leg. As noted in Reference 4
Figure 116, has been sufficiently compirssed to under these conditions the initiation of buihng in
allow steam to enter the primary steam generator the RCS h not expected to cause the swell of lig-
tubes, the secondary liquid begins heating op at uid and tw ghase fluid into the steam generatos
about 2000 secondifollowing a loss of the active tube regions that could then block the
RilRS. The secondary liquid temperature reaches establishmem of a condensing surface. Thk
saturation at about 3000 seconds Bee Fig- imphes that if the low of the RilRS occurs with

?
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i

liquid levels above the top clevation of the hot this uindition, the liquid air content in the stearn
leg, the swcIl of liquid into the sicam generators generaton could inipetle the establishrnent of

'

I
l with air trapped abme could itnpede the two- Iw o-phase natm al circulation causing preuures to

phase flow in this region causing RCS preuures increase well abme the 40 to 45 psia (0.28 to
to increase well above that calculated herein for 0.31 MPa) pressure range competed for rnid loop
the lowet initial w ater levi With the swell of liq- operation described in this section. As noted in
uid into the steam pencrators, the condensation of Section 2, the Rlil.AP5/ MOD 3 analpis with
pure stearn with the condensate cAiting wanter- highet initial IL aid lesels resulted in peaki i

current to the stearn is no longer applical,le. In pressun of apprownately 95 psia (0.66 MPa).

i

i

.

- ,

i

i

|
!

1
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4. REVIEW OF TEST DATA

As part of the evaluatien of plant response to a during the PKL tests. The KWU tests were per-
loss of RilRS event, esperimental test data formed at pressures near 1(KMr psia 16.X4 MPa)
regarding the heat transf er charatteristics of a under reflus boihng conditions. 'l he importance
steam air misture in an inverted U tube were of these data is ibal they all support the phton
reviewed. These data include the information model characteritation of the RCS fluid follow-
contained in References 5 through 8 and include ing the initiation of boiling in a sy stem containing
the following air or other noncondensible gases. That is, once

boihng initiates the steam acts to comprew the air
EPRI single tube test data investigating con- into the high points of the sy stem. ~lhas data alsoe

densation of steam in the presence of air in demonstrated that once the noncondensible gas is

an inverted U-tube.5 congacued sufficiently to alhav a condensing
surface to develop in the steam generator tutes,

PKL data simulating the loss of RilR fol- the steam generator wouhl contain two regione ie

towing mid-loop operation with a noncon- (a) an active region or a small region at the
densible gas aime the RCS liquid levelf' entrance of the steam generator tubes that con-

tained pure steam and w here the condensation
e Semiscale natural circulation tests u hen occuned, and (b) a passise reg un in the semain-j

noncondensible gases are injected into the der of the steam generater that contained the non-
primary system.7 condensible pas and w here no condernation took

place. In all cases, an active region developed !

The Kraf twerk Union (KWlO esperimental w hich contained the bulk of the condensation and*

investigation of condensatmn in an im erted aho controlled the peak pressure achiesed during
U tube during the injection of noncondens- the tests. Ilased on these test data, the piston
ible gases at the entrance to a U-tube steam unfel developed as part of the alternate methods
generator.k of Reference 5 was chmen to characterire RCS

f!vid behavior following a low of the RilRi
The liPRI and PKL tests were based on lov -

pressure conditiom. Preuures near atmospheric As noted in Section I, the RiiLAP5/ MOD 3
'

conditions were used f or the liPRI tests while results of the reflux boihng cases also displayed
pressures of 40 psia 10.62 MPa)were achieved this piston steam-noacondemible pas behavior.

!
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5. CONCLUSIONS

Analyses of the consequences of the loss of the RCS prewmes near the design limit of the
RilRS fot 1"NRs with thtube and once-tinough nonle dams suggest that a better under-
steam generator designs has been completed using standing of nonle dam and all other tempo-
the REI.AP5/ MOD 3 code. The analy ses of the rary RCS boundary failures is needed before *

low of the RilRS event included the following: the steam generators can be used sueccw
fully as an alternate means of dceay heat

Use of a steam generator io mitigate the r"moval, Peak pressures for plants withe

conwquences da low of the RilRS follow- once through designs were calculated to be
ing mid loop operation for plants utilizing inthe range 50to60psiato 34 to0Al MPA.
U tube or once-through steam generators

For p auls with U-tube steam generatordesigns * '

designs peak RCS pressures are senutise to
Consequences of failure of a hot leg nonle the initial RCS water level where levelse

dam during reflux boiling following mid- abose the top elevation of the hot leg result,

loop operation in pressures approaching 95 psia
(0 66 MPa), well above the design condi-

Consequenecs of a failure of all of the tem.*
t om for temporary boundaries in the RCS

porary thimble seals during reflux boiling during refueling operations. -
Irom nud-h>op operatmn

While peak pressures can approach thee
Consequences of loss of the RilRS from* '.

, design pressme of the nonle dams during
mid-loop operat. ion with an Si line open to

tellus boiling, the resulting oscillatory RL,$,the containment
pressure behavior could n. .tiate eventualu

Consequences of a low of the RilRS during loss of nonle dam integrity The pressure' * .;

refilling of the retucling pool cavity and the forces on the nonle dams may be insuffi-

reactor vessel internah in place cient to cause immediate failure, however,
the possible accumulated movement of the ,

Consequences of long term borated water dams subjected to an oscillatory pressureo

addition to the vessel tollowing a loss of may, with time, result in failure Peak prev
RilRS dming boiling in the RCS and when sure alone therefore may he insufficient to
the steam generators are unavailable for judge success of steam generator retlux
decay heat removal. boiling to mitigate the consequences of the

liased on RELAP5/ MOD 3 analyses of the
above events, the following conclusions are The consequences of a hot leg nonle dam.

made; failure with a steam generator manway
remos ed shows there is little time to initiate

in the event there are no RCS temparary the injection of water imo the RCS to keepe

boundaries in use and the RCS is closed, the the core cooled. With the RIIRS lost one;

steam generators could be used as an alter- day following shutdow n, core uncos ery
nate means of heat removal in the event the ensues within 15 minutes following failure

' RilRS fails during reduced inventor) of the nonle dam while uncovery occurs
conditions within one hour of nonic dam failure if the

RilRS is lost seven days after shutdown.,

| Peak RCS pressure is insensith e to the timee

l' ofloss of RilRS based i n the results from the Following a Ims of the RilRS at one day*

| U-tube steam generaur analyses for one and follow ing shmdow n. a bounding analysis of
l seven days after shutdown. Resuhing peak the failure of uJ of the temporary thimble
|-
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Conclusions

seals resulted in core uncoscry in approsi- to present core uncovery wuld .csult in the
mately 15 minutes following opening of the precipitation of the boric acid in the RllRS
break. This result was based on an arbi- lines preventing its further use for decay
trarily auumed failure pressure of 35 psia heat removal. Precipitation following the
N N MPah which was achieved about restoration of the RilRS after four or more
1.$ hours following loss of the RilRS. hours of boiling could occur when the

ref ueling water storage tank is used as a
The loss of the RilRS at one day with an source of (oo'ing, while precipitation ase

open Si line to the containment resulted in early as tw o hours into the event could occur
core uncovery in about one hour.1 luid if a high concentrated source of water is
espulsion into the mntainment occurred at used such as the boric acid storage tank.
about 30 to 45 minutes following initialmn
of the event. From the anal)ses presented in this report, it is _;

important to note that becau3e the system
'

The nnalysis of the townf the RilRS withthe response to a low of RilRS evem and the avaHe

reactor vessel internals in place suggest that, ability of equipment to deal s,ith the manv conse-
without intervention or recovery. a partial quences are highly plant dependent, analyses
uncovery of the core may occur for those should be conducted on a plam-specific basis to
Westinghouse-designed plants where the properly esaluate the ef fectivenew of the pro-
upper support plak flow holes have been posed strategie. and construct procedures to ,

scaled. With the vessel internals in place, the effectively deal w nh a low of R1 IRS esent. The
restricted Dow through the upper suppmt anal)ses contained in this report should therclore
plate' inhibits conununication of the refuel- be used only as guidance to identdy those areas
ing pool cavity water with the vcwel upper where further nmre detailed, plant +pecific anal-

pleman and core regions, w hich could result yses are needed to quantify the magnitude and
in the long tenn uncovery of the top of the timing of the key behaviors af fecting a low of the
core in the event boiling occurs. While only RllRS event.
the top portion of the vore is uncovered s ery

'
late in the es ent.the potential for tme uncov. Ilased on the analyses of the loss of RilRS
cry strongly supports the need for procedures es ents, the consequences of such an accident sug-

and alternate strategies to prevent boiling gest that the use of the steam generators as an

under these circumstances. alternate means of decay heat removal, from mid-
loop operation, may not be assured when tempo-

Analyses of the loss of the RilRS with the rary RCS boundaries are installed. In the unlikely*

reactor vessel internals in place for those event boiling occurs, the addition of borated
Westinghouse plants with the restricted flow water to the RCS can casily preclude the short-
through the upper support plate also demon. term potential for core uncovery, however the
strated that the refueling pool cavity water injection of borated water f or estended periods of

temperature is not a good indication of the boiling presents a mechanism that could compro-

temperature in the core. llecause the venel mise decay heat removal and core coolability dur-

coolant cannot readily circulate with the ing the long term. More importantly, these
pool water above, poo| cavity water temper- analyses strongly suggest that specific procedures

ature should not be used to infet time to and strategies. in addition to careful anention to
boiling in the vessel. l'. instrumentation needed to monitor the acci-

_

deat pmgression, are needed to succewfully deal
Should boiling in the RCS occur, the addi- with the range of potential consequencese

lion of borated water into the reactor vessel awoeiated with a loss of the RilRS event.

I

151 NUREG/CR-5820
|

l

_,.-.;,,_ ,.,- - -.- . ,-.- -.- - ., - - . . - - , . . _ . _ - . . - - . , - . , , - - - -



- _
, . .

- . . . . . .. .. . . .. . .- - _ . . . . . .. . . ,.,

i

|

1

1

I
i

f

I
e
i

i

t

!

!

I

i

..

?

I
I

f

i
6

i

i
|

f

y

.

I

I

!

i

e

b

b

N

i

I
i
i
i

i
i

i

\

|
i

'

,

!

_. . _

F

6

wA- _ __- -- _ .-._._ _ __ ____. _ -. ---__.--ee



. _ _ _ _ _ _ _ _ _ . _ _ . . . . . _ . _ _ _ _ _ _ _ _ _ _ = . _ _ _ _ _ _ _ _ _ . _

1

1

6. REFERENCES

1, U.S. Nuclear Regulatory Commission, Lou of \'stal AC Power amithe ResidualHeat RenwralSystem
During AIid Loop Operations at \'ogt/c ifrut I on Aiarch 20, I990, NURliG-1410, June 1990.

2. K. E. Carlson et al., RE/AP5/AfOD3 Code Alanual(4 l'<dumes), NUREG/CR 5535 EGO 2596, Draft,
(available from EG&G Idaho,Inc., P.O. Box 1625 Idaho Falls,ID,83415 24N) June 1990.

3. L. W. Ward et al., Evaluation of the Loss of Residual Heat Removal Systems In Pressuri:cd Water
Reactors, liGG EAST-9853, February 1991.

4. C. D. Yletcher et al., Thernud Hydr:::dic Processes involvcd in lins of Residual Heat Removal During
Afid Loop Operation. EGG. EAST-9337, October 1990.

5. Q. Nguyen et al., Enperimental Data Report on Con.lensation m a Single Inserted U Tube, EPRI
NP 3471, May 1984,

,

6. R. Mandl," Failure of PWR-RiiRS Under Cold Shutdown Conditions, Experimental Results From the
'

PKL Test Facility," IXth Water Reactor Safety Researe h Infiomation Afecting, Rockville, AfD,
. October 2124, I990.

7. D. licin, R. Rippel and P. Weiss,'The Distribution of Gas in a U Tube lie.a Exchanger and its influ-
ence on tb Condensation Process," Proceedings of the International Heat Transfer Conference, I982,
Aiunich, \'ol. 3, pg. 467.

,

8. U.S. Nuclcar Regulatory Commission Results of the Semiscale Af00 2A Natural Cirrulation Erperi-
ments, NUREG/CR-2335, EGO 2200, September 1982.

,

153 NUREG/CR-5820

-- . . . . - - - - - . , - - - - _ _ - . - - - . . - - . - - - - - . - - . - - _ - -



iMu -- 'u - . 3 6 4 me e _-- -- - - ww w - - - - "''mp7mhm W ae.SJ l-- ^= ^ -M -- - ,M -- -- 'pgA-.4#'- -=- - -"

t

I
y t,

h

e

t.i

f

d
T

' h
.

I

i

li
,.

9 I

4 I
>

<

..

i
'

l~
I-

II

I

i

.

h

r

.

.

|
.

M

h,

L

,

L

F

.

{.
,

'h

' (

i
4

s

-

s

T

+

.

I

I

I.

. ~ _ . ~ , . . . _ _ _ , . .__ _ , _ _ _ , . , _ _ ._ _ _ _ , , _ . . _ . . . _ , _ . _ _ _ . _ _ _ _ _ . . _ _ _ _ _ _ . _ _ _ _ _ , _ _ _ _ _ _ _ _ _ ,._



.- ._ . - . . _ _ _ - _ _ . _ . . _ _ _ _ _ _ _ _ . _ _ _ _ _ _ _ . _ _ _ _ _ . . _ _ _ _ _ _ . ._

!

!

Appendix A

An Alternate Methodology for Performing
Loss of the RHRS Analyses

o

A-1 NUREG/CR-5820

- -. x .. . .. _ _ . - _ _ . . . _ _ _ _ _ _ _ . _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - - _ _ _ _ _ _ _ _ _ _ _
-



_ _ ._ . _ _ .. _ - -- -_ _ _ ___ _ _ _

Appen<iis A

I

Appendix A
,

An Alternate Methodology for Performing
Loss of the RHRS Analyses

-
;
,

A-1. DESCRIPTION mi*h steam produced b hoihng is auumea in
,

act as a piston to (omprew the uppt s air region.

This Appendis presents a dess iption of the The justincation f or this piston inodeh as oppmed
to a nunfel that auutnes the steam tif tes with theahernate snethodology u. d to perfonn the prehne

inary aweutnefits of the convquer ces of a low of upper iur tepion,is provnkd in \ccluin A-2, i

the RilRS and to also ehtet none of the
Rl! LAP 5/MO!)3 resuhs. To awess RCS and sec- l'igme A-1 depicts the primar) sptem with
ondary bchavior following a los of the R HMS, the $ubcooled liquid below an upper air region to
inetho6 of Reference 3 were -mployed. In this simulate miu k>op conditions. The methodology

,

inodel, the primary system is rep,esented with tv o consists of a t omputation of the niaw, energ),and !

regionq a lower lhjuid legion that can be either preuure for the steannair hquid fluid composi-
3,ubcooled or saturated (region ! L and an upper tion in the RCS.To derive the time rate ol change

region containing a noncondensible gas (region 2x of pressure for the RCS with a ileam air-liquid
The noncondensible pas consists of air, which i' (omposition, the two-region triodel depicted in''

treated as an ideal pas, In the development of this Figure A 2 is used. ,

Ecactor Coolant Systen

Region 2: Air

<C D '

Stonin Generator
Heat Transfer

Region 1: S tea::/ Liquid
'

'

d h
Condensate g1

Fegion 1, Stear.

9_ ,__ ._ _ _

0 Q System Sc11-Off
O and/o: OCore Decay > O ria=hing

,

Heat
O U-

O O
"ecicn 1, Two-phace .

1

I
u ._-

Figure A 1. Reactor coolant spico two-region model
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;
-_ __ _ _ _ _ .

_ _ _

Pr
.

_

i

S. Gen. i S. Gen
Cold Sides Hot Sides

._

R. V. Head
RCS Liquid
Level at > .--Cold legs .y.~-. Hot Legs -
Mid-Leoo -

Operation UoperPlenum|
.

Ann
Core

:

Lower Plenum -

I

Cold Side of RCS Hot Side of RCS
1

Figure A 2. Primary system representation for detennining the liquid distribution in the RCS.

For the lower region containing liquid or a i = vj(h ,'r) ( A.4)v i
steam liquid mixtu e. from continuity (sen the
nomenclature for definition of terms) and taking the derivative of Equation (A-3), the

time rate of ch tnge in solume of region 1 isy

dAf
i = [Y wi (A-1)dl

- t,' = r ' dld51; + 31, bhf ur, dh, + Or, gp
- ' , ,1

-

dl
z , di BP dl ,',

The energy equation for this lower region I is
| defined by

( A-3,)
x .

AU =' Y w h, + Qi I b, The specific enthalpy of region I can beI ( A-2)dt i g4 .J , di expressed as
i

lising the definition of specific volume where U , r= Af,h, - py, ( A.6)

- Af r ;= Vii 3 ( A-3) From the derivative of Equation (A-6) and from -

|. Equation ( A-2), the time rate of change of the

| with region i enthalpy can be expressed as

4
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( Tak ing the derivalis e of the liquation ( A-10) and

( S' wdh I '

i( g
,h,i Gi - h , all using Equanon ( A 9L the time rate of thange in

di- i = Af
--

air temperatute in region 2 becomes
,

\ '

IE (A 7) )

+ )1 V' 'dl ) - - - - [ 'Y H J 'g
)^

,
i=- T, =

' - y ,1
- In 4 G ,if ,( ,)Idt -

) ,

Equations (A 5)and (A 7) define the time rate of
,

change of volume and enthalpy for the lower
'

'

dri, tregion 1. -C.l s +1)0,Lp- ( A 12)f ~ di ' di
.

1 or the upper legion 2 containing the air, the con- '

I rom the derivative the IIquation A ll Dr an -

tinuity equation is
i

. t

. deal gas, the time rate of change in s olume
becomes

'j e,

- Af, a ') w (A S)ndl
m ___ , V,dl, \ ,',,

*
V, d\1,

- - =

~
u-i .Lj < jp>p

dt At; di I dt ht Rl; di :

The energy equation for the air is given by
-

(A 13)
s

di(17= 3' w,g pT,,i G*,
1',,d 1 (A 9) From the definition of total volume
J dt-

n-1

Vi = V , 4 V,, (A 14)

The internal encrpy for an ideal gas can be w ritten
1he derivative of the total solume, w hich isg
constant, is therciote

1(/2 = Af C T y Al RT (A 10) ;/ _g,p 2 2 2 g g 3)
,

dl dl *

,

w here for an ideal pas Using Equations ( A-5), ( A 7),'( A;12). ( A-13),
and ( A-15), the time raic of change in pressure for

/T2 = 3/ RT (A-ll) the RCS can be exprewed as2

'

x )' . K

h [ w,- ([x ), h' - r { wi %h,F-Oi i i

, vi (4-i 4 ., i

!'=!

Af h + kr 4 }hkk-f)
'

i i

'

(r )~''
,

Q- s )_
y ,- 3y fhCT - w.c,T, + G:p2 a

~
~

,

4 - - (4)

"4 + ib + h,1(H)
.
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1

In this derivation, the thanges in tuaw dehned statically f or the purpose of deterinintnp the
by Fquations ( A l) and ( Ami are /cio because proper dntribution of liquid and two phase in a
there is no flow of fluid into or ont of ref nns ! mannel solillar to that used in computillg the prbi

and 2.1.ikew he. the coctpy t onsection ter ms nury fluid disuibunon docuued ahme. A sari-
defmed as wt y for the hmer region, and w e ,Tn able area connol so'ume descoption h also usedl n r
f or the upper air region, and which appear he the secondary sides of the steam pencrators.
throughout the aluwe formulation also h.n c a lleat tranvfer from Nith the primary Meam and
/ero value. 'I hese terms are included in the prnnary air to the secondary was also meluded.
d rivation for completenew ~I he second,u y saf ety rehef and atmosphetic

dump s al% s are dho Inodeled wIth pnividons for

Once buihng tvgins, the RU% ucam disuiha. also addmg ausikary feedwater to the secondary.

tion in the two phase region is computed using a An approa h Untilar to that for the prnnaq p
drif t flus formulation where the steam release tein dmiibed abm e, willuiut the air wiuponent,

tate is computed mased on the soid f raction at the w as used to tornpute the t hange in inaw encrpp

two phase suiface, The tore void dNobution is and preoure on theTream rencrator secondary
udetaho power shape dependent and is based on the

methods destnbed in Reference 3. Ahhouph not
pedinent to the cakulations presented in ihn A-2. COMPARISONS OF THE
Appendix. ibis lesel sucu modeling appmach METHODOLOGY TO l
was required for ihose scenarios where core EXPERIMENTAL DATA
uncovery was calculated to occur. Once the j
masses. energies. and preume are determined

I cWwnM dm on We condmwion of i

! om the methods described above. the liquid em in a We immd Nuk enunded
eh a miig me Ah a mmd M R4 !mass i' distributed between the het and cohl side'

of the RCS, as depic ted in Figure A-2, by hydro- a i The test apparalus is shown in Fig. |statically balancing the liquid level on the cohl (ne A-3. 'I he test seuion consists of a boiler,
side with the veam-liquid mhtme on the hot side

r Wbend M the dowmide WMion of the j
of the system, A variable area sersus height peo' mk Coolant is injected imo the woling jat Let to
metric model of the Sot and whi sides of the RCS simulate the secondary system. The boiler is par-
k used to determine the final liquid and i"" liatly hiled with liquid and contam; heatine ele-
phase mixture heights in the RCS wem h wm W the riser ponion of the

Stube. To enablish the mitial wmhtions f or eat h j

As the lower liquid region heats up tollow ing a test, the syuem was evacuated and air injected
loss of the RilRS, the expanding liquid reymn into the test section from a reservoir connected to
slowly compreues the upper air region. Upon the top of the boiler. Once the desired air content
boihng, the steam tunhet compresses the air until was achieved, the injedion of air was tetminated
the volume of 'he air is decreased to that neces- and the teu was then initiated. Power was sup- |
saly for steam to enter the primary tubes of .he plied to the boiler and the production of steam i

!steam generators. A condensation height is then prenurized the system until the air was com-
computed with the condensation coef heient on pressed sufficiently to allow ucam to enter the
the primary side of the ucam penerator based on bouom of the blube. Figures A-4 and A 5 pres- j
Nowell falling fihn theory- ent the wmparison of the resuhs using the above ;

two region methodology with Test 314 and dem-
The secondary udes of the steam generators on4 rates the ability of the model to adequately

w ere modeled w ith a low er liquhl region. contain- predict the test results Note that the rne in see-
ing either subcooled or saturated liquid and an ondary outlet temperature, marking the onset of
upper ste4un region that could be saturated oi pnmary steam madensation, occuned when the |
superheated The fluid leveh on the shell and tube air s olume was comprewed to a value less th.m !
sides of the secondary are ako balanced bydro= that of the volume of the Blobe region. Although

NUREG/CR-5820 A-6
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Appendis A

lhe calculated results show the primary steam opy descriled alune. Al:,o note that the usedla
condemation and secondary heatup to initiate tiom in secondary outlet tempe ature depicted in

earlier than the data, the data and calculated Iiptae A 5, result fnmi the culical buih!np and

respnme suppest that the steam acts as a pkton, cleaving of liquid in the riser portion of the
cornpressing the air into the up;vr portion of the condensing tube, but arc of no significance to the

test het tion and pros ides a hJsis for the riieth<w. lot- predictiori of the prritiary piessure f or this test.
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Figure A 3. Schematic of test app.tratus,
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11. A BS rMACT goo ne,se or om

During shuidown at Vogtle Unit 1 on March 20.1990, the loss of sital ac power and the Residual lleat Removal Sptem (RllRS)
focused much attention on the need to es aiuate sptem perfonnance foDowing suth an event in light w ater reactor tl.WR) facilities.

The RlilAP5/ MOD 3 transient, non-equilibrium system perfonnance code and an alternate methodology were used to evaluate this

scenario and to investigate the accident consequences and idennf) key phenomenological and system behasiors characterizing these '

events. lo mvestigate thermal bydraulic behasior following a loss of the RilRS studies es aluated the use of the steam

generators as an alternalise for remos ing decay heat from mid h>op operation, AdJnional studies investigated the ellects of decay

power and changes in reactor coolant sptem (RCS) w ater level on system behavior w hen attempting to use the steam penctators
for heat removal. Under these alternate heat removal conditior.s. analpes identified the time to core uncos ery in the eunt a no/ile

dam or the temporary thimble tube seal fails. Other evaluations included awessing the impact of a low of the MllR$ with the reactor
venel internals in place and the upper head remosed For some plant designs. the flow restnctions through the upper internals may
inhibit the dow nilow of w arer from the ref uel pool cavity to the core during boiling, which could lead to the long-tenn uncosering

of the fuel. I.astly, in the esent boiling occurs in un open RCS. the impact of the addition of borated w ater f or euended periods of

time w as inustipted to identify the potential for boric ac. I precipit.uion.
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