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ABSTRACT

This report describes RELAP5/ MOD 2 thermal-hydraulic analyses of noncondensible
gas removal from Babcock and Wilcox (B&W) reactor systems before and during natural
circulation conditions following a severe core damage accident. Hot leg U-bend vent valves
were modeled as the principal noncondensible senting pathway. The analyses will assist
the U.S. Nuclear Regulatory Commission (NRC) in determining whether three B&W plants
should receive permanent exemptions from a reactor vessel upper head vent requFement.

The raised-loop plant analysis was conducted to determine the ef fect of a reactor vessel
upper head vent line on plant refill and recovery of natural circulation. The lowered-loop
plant analysis insestigated the removal of noncondensit,lc gas during natural circulation.

The raised-loop calculations were started prior to recovery of natural circulation. The
upper head vent line was connected to the steam generator inlet plenum of the loop without
the pressurizer. In the case without the reactor vessel vent line, the loop w ith the pressurizer
refilled 370 s sooner than tha hmp without the pressurizer. The reactor vessel vent line
did not prevent the refdling of the primary system, but the refilling time was $20 s longer
with the vent line than without the vent line. Consequently, since the hop with the
pressuriier fills faster and the vent line delays refilling, the vent line should be conr.ceted
to the kmp with the pressuriier. In both simulations, at least 85% of the noncondensib!c

mass was removed within the first hour.

The lowered hop analysis investigated noncondensible gas removal during natural cir-
culation. Approximately 20% of the original noncondensible inventory was removed in
2400 s. The removal rate was approximately one percent per hundred seconds after the
initial removal period. The analysis indicates that 59% of the original inventory could
be removed in approximately 6900 s. The method of removal appears to pnxtuce brief
periods of natural circulation interruption (100 s) during which the removal rates are most
significant.

In both the raised-loop and lowered-hop anal)ses, significant amounts of nonconden-

sible gas were removed. Additionally, no fuel rod cladding temperature increases were
predicted during the periods of h>op stagnation.

I:lN No. A6825-il&W llead Vent Performance
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SUMMARY

The U.S. Nuclear Regulatory Commission (NRC) without the vent line. The hot leg U-bends were refilled
requires installation of remotely operated reactor vessel in both simulations.
head vents for noncondensible gas removal during tran-
sients. The vessel head vent removes noncondensible The vent line analys.is mdicates that the bulk of the

.

noncondensible gases in the upper head can be vented.gases from the primary coolant system which might
There was, however, a $20-s delay in the time of theotherwise inhibit core cooling during natural

. 1;x>p B refill relative to the case without the sent line." ' " ' " "'
Additionally, the analysis indicated that the vent line

Three llabcock and Wilcox (B&W) plants (Davis. should be connected to the loop with the pressurizer

llesse, Crystal River, and Rancho Seco) have received because this kmp fills faster than the other loop. This

temporary exemptions based on preliminary studies. design will shorten the delay in loop refill, but the
The licensees for these plants contend that nonconden. amount has not been determined.

sible gas in the reactor vessel upper head will not af- lloth raised-loop simulations demonstrated that if
fect core cooling. Additionally, they conten,l that the llPI s operated at its maximum rate, the net gravity
vents in the reactor coolant system hot legs could head will not be adequate to sustain natural circula-
remove the noncondensible gases without loss of tion after loop refilling. If IIPI is isolated after the hmps
natural circulation. are refilled, core decay energy will eventually heat up

The Davis-llesse raised-hop plant licensee proposes !he primary system and thereby establish density grad-
. ients sulficient to drive loop rutural circulation. Adde

the installation of a line connecting the reactor vessel
tional analysis is required to develop operating

upper head to the steam generator mlet on the hup with
i h emttling IIPI to ensure recovery of

the pressurizer. The licensee concludes this design pro-
natural circulation in a timely manner.vides for continuous flow through the reactor vessel

head and thereby retards steam formation in the reac- The llPI tiow rate was not regulated to maintain the
tor sessel head during natural circulation cooldown. downcomer temperature within designated limits. This
Additionally, the licensee maintains that this arrange- operator guideline w as not modeled, because the pur-
ment will allow for the timely venting of nonconden. pose of this task was to investigate the effect of the
sible gases from the reactor sessel upper head without RVilVL on primary system refill behavior. System
adsersely affecting the time needed to refill the primary refill times would be increased if IIPI was throttled
system and recover natural circulation. Nesertheless, to maintain recommended subcooling in the
the NRC is concerned that the flow of gas to a steam downcomer region. Throttling flPI prior to refilling
generator might retard decay heat removal. the keps would also help ensure a sufficient density

gradient to maintain natural circulation after system
RELAPS/ MOD 2 was used to estimate nonconden- retill. Additional analyses are required to quantify the

sible gas removal by the hot leg high point vent valves operational strategies needed to ensure adequate core-
(IIPVVs) and power-operated relief valse (PORV) cooling while remaining within recommended
before and during natural circulation conditions. The pressure / temperature limits.
pre natural circulation analysis esaluated the time re-
quired to refill the primary system of a raised hmp Noncondensible gas removal using only the llPVVs

plant. The natural circulation analysis evaluated the ef. was estimated in the lowered hup natural circulation

feet of the llPVVs on natural circulation in a lowered. analysis. The llPVVs removed 209 of the original

hop plant. noncondensible gas inventory in 2400 s. The non-
condensible removal rate over the last IMO s indicates

in the raised hop analysis, the primary system was that $99 of the noncondensible gas could be removed
refilled with high pressure injection (IIPI) as non. in ( m ) s.
condensible gas was vented out the llPVVs and

RELAP5/ MOD 2 calculated brief periods of hoppressuriier P(M . Simulations were performed with
stagnation. Operator and control system actions wereand without the reactor vessel head vent line
not required to recover natural circulation. The mas-(RVil\ L). The pressuriier PORV maintained the
imum rates of nonconden4ble gas remosal occurred

prinury system pressure below the llPI shutoff head.
" "E E ""E"" " I#' ** # *

In both simulations, the llPVVs adequately sented the
. through the llPVVs was single-phase vapor.

noncondensible gases from the primary system. Ninety
percent of the noncondensible mass was removed in The pressuriier heaters were unable to maintain the
the case with the vent line, while 859 was removed desired rate of primary syvem depressurization during

iii
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the periods of single phase liquid HPVV llow. Tbe (1600 psiat. After pressure recosery, the pressurizer

heaters were efle ctise at tr.ai:itainir:g the de: ired r:4tc PORV ar.d the prcssurizer huters maintained the

of pressure decrease when the U-bends were two- desired primary system press,ure. The HPI sy st:m can

phaw, but were root able ro tecover the prirury spt:rr. recoser primary system pressure, but the rate of non-
condensibic bubb!c expansion into the reactor vessel

pressure to the desired smpoint.
outlet plenum will be decreasert.

The llPI system recovered the primary system The RI:1.AP5/ MOD 2 analyses may be u,ed to assist

pressure in approximately 200 s after the primary
thc NRC in ev Aluating nor.condensible gas removal test

approximately 11 MPa data.system pressure was

,
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VENTING OF NONCONDENSIBLE GAS
FROM THE UPPER HEAD OF

A B&W REACTOR VESSEL USING
HOT LEG U-BEND VENT VALVES

INTRODUCTION

The Nuclear Regulatory Commission (NRC) re- vent valves were added to both plant models. A vent
quires that Babcock & Wilcox (B&W) plant licensees line connecting the reactor vessel upper head to the
install remotely operated vents on the reactor vessel loop B steam generator inlet plenum was added to the
head for the removal of noncondensible gases.1 Non- raised-loop model.
condensible gases ia the primary system following a
severe core damage accident might delay or retard Two simulations were performed using the raised-

.

natural circulation and inhibit core cooling during to p m del, one with and one without a vent line con-
,

natural circulation. nect n8 reactor vessel Upper head to the Loop B
steam generator inlet plenum. Both analyses inves-

Three B&W plants (Davis-Besse, Rancho Seco, and tigated plant refill behavior with the vessel initially
Crystal River) have temporary exemptions to the reac- filled to the vessel nozzles. The times required to refill
tor vessel upper head vent requirement. These licensees the primary coolant system were evaluated.
contend that gases in the reactor vessel head can be
discharged through the high point vent valves (HPVVs) Noncondensible gas removal using the hot leg

U-bend vent valves was evaluated with the lowered-without losing natural circulation or substantially delay- gg
ing the time required to achieve natural circulation
conditions. upper head, the primary system was liquid full. The

vessel upper head was filled with a noncondensible gas
'Ihis report provides confirmatory data regarding the (H2), and natural circulation existed prior to the start

licensecs' proposals. The results may be utilized in the of the calculation.
NRC staff review of requests for a permanent exemp-
tion to the head vent requirement. The following sections provide (a) background in-

formation regarding the installation of reactor vessel
Thermal-hydraulic analyses were performed using upper head vent valves, (b) a description of the

the RELAPS/ MOD 22 advanced reactor transient RELAP5/ MOD 2 models used in the three calculations
analysis computer code. An existing RELAPS/ MOD 2 and summaries of the initial and boundary conditions,
model of a lowered-loop plant was used to develop a (c) relevant parameter responses, and (d) summaries
raised-loop model of a B&W plant. Ilot leg U-bend of the conclusions derived from the analyses.

I
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BACKGROUND INFORMATION

This scolon presents baci(ground information re- system hot legs to the containment without loss of

garding the NRC requirement for the installation of natural circulation.

a remotely operated vent on the reactor vessel head li h Mh ma m a @,

for noncondensible gas removal. The system is reactor vessel head to the inlet plenum of one steam
designed to vent noncondensible gas from the reactor getierator instead of directly to the containment. This

,

coolant system which might inhibit core cooling dur- design provides for continuous flow of coolant through
ing natural circulation. the reactor vessel head and would retard steam for-

mati n in the reactor vessel head during natutd cir-
During recovery following a severe core damage culation cooldown. Nevertheless, for the case of non-

transient, the primary system is depressurized at a con- condensible gas in the reactor vessel head, the llow
.

trolled inte. Noncondensible gases m the upper head of gas to a steam generator might retard decay heat
will expand into the reactor vessel outlet plenum dur- Mi dp@
ing the depressurization. A s,igrnficant inventory of g gpyy,

these gases m the coolant loops could stop natural cir- g7 g ; g
culation and subsequently decrease the plant heat ;,
removal rate. A reactor vessel upper head vent could
remove these gases prior to the depressurization phase. Thermal-hydraulic analyses evaluated primary

thereby ensuring natural circulation conditions. coolant system refill while venting through the IIPVVs
and the PORV, and noncondensible gas removal using

Three B&W plants (Davis-Besse, Rancho Seco, and HPVVs. An Oconee 1 RELAPS/ MOD 2 rnodel pas

Crystal River) have been issued temporary cxemptions modified to represem a raised-loop plant. The
to the above head vent requirement. The licensees for RELAPS/ MOD 2 code was modified to incorporate the

these plants conclude that noncondensible gas in the physical properties of hydrogen. The analyses nny be

reactor vessel will not affect core cooling and that the used to assist the NRC in evaluating test data that will

gas could be relieved through the vents in the reactor be availsble irp 1986.

2
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.
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DESCRIPTION OF THE R. ELAPS / MOD 2 MODELS

This seciion prescr.ts a description of the EELAF5! A RELAP5/ MOD 2 erros in extrapolat r.g wateri

MOD 2 r3odelo An exi>tmg RELAP5/ MOD 2 model properries from the upanearn voiame to tiae HPVV
of Oeonce-A was used, beca6se the plant is simihir to became rippa. rent darinF this rad. The HPVV flows
the Rancho Secc. Orptal River, and Davis-besne were higner thari HEM llows for the sanie thermo-
piams. The Idaho NatioAd Engineering ' Laboratory dynaanic conditions. The problem occurred in the
(INEll deseleped arvi quality assured the Geoace-I critic.J slow anlet when upstream bred conditior.s
matel for the NRC Preuvrize:1 Thurinal Shock were characterjzed by low void tra. tion (ILD5 w
UnrrwiveJ Safety Issue (USI A49) program.3 The lesa) w;th a noncender3sible present. The problem was
Ocon-c-1. mode's was modified to ineotporate the addressett by introducing an intermesme s olume be-
IIFVVs A tk top of the hot leg U-beads. Further tween the Ebend and the boundary volanfe. The !ric-
readifierien. were added to represent a raised icap tion! css henzental volume fiow area was the saroe as
configu.raticr!. Ad.fitic.nally, centrol syMezr. action: titat the HPFV tlow area.
specifica?ly addressed selected trandent recovery pro-
cedures wers added.

Pdmarp System
The 'RiiLAP5/ MOD 2 Oconce-1 model desenbed

Figures and I show the primary loop contigura-nujor llew paths in the primary artd seccadary
I' # ** P " * "'8 * " ""E"I" *i,ystems The n,ain feedwatet system was not medded

h'cenuse the saxilian: fecdwater sootc:s were used in Each cdts of one Meg. Wo|d negs, and a steam

*hese palyhes. The foilomrg' sections oescribe the genera ar M cold leg consists of a pump suctica
~

,

*'F W* * I% * * E""'"RELAP$/ MOP 2 models.
iowered-loop qslams have a cold leg ioop sean while

The raised-loor mode! was used te estimate pri: nary the raised-laop p!ani does not. Additi0nally, because
systern refill ratet. One analysis includcd the reactor the raised-kmp steam gencrators are high;r r:latis e to

$csiel head vent line (RYHYL)connectmg the reac. the reactor vessel, die hoi seg veltical sectiona are

tor vecsci upper head to the inlet of the loop 8 rieam !onger.

peneraior (WRVHYL).1he other analysis was per.
Figum 3 shows the surge lim and presst,rizer. Theformed without thu vent line (WORVHVLL piffer-

snrge kine connected the presseinzer to the Loop A hot
enees between the two ca:ca:atior,s ure analped to h$g. Tne pressur|zer PORY wss attiched tathe t.pper
detrimine the effect of the RVHVL cc system refill

head of the pressurizer. De pressurizer safeiy vdves
behavior. The veat line eo.wcted the vessel head to

were not irtluded in the ma!el Pressurizer heaters and
the h,op avithota the presturizer, The proposed dWgn miated son:rols were alm nwdcled. ne pressurser
connecta the vessel head to the k,cp with the r,py lires were not mode!cd, because the rez: tor
pressortiec. The refill rate deterinir.cd by the

coolaat parr.ps were tiipped, thereby etiinicating suf.
WRVHVL analysis is therefore :onservatMly Jonger

facien: driving head to overcome the latge elevation
than wouhl occur wnh ihe ptoposed &si n.3 dFfetence betwun the cold leg ctid the top of the

he raised &,op plaie diffets from the kwered lotp F*"S*'' '

plant in the riative elesatiens of de majo: system com- Figstre 4 sbows the RELAP5/ MOD 2 reacter sessel
ponenis. The steam Jencratos s and pressuticedn ihe model The model describes the inieV annulus, down-
raised 4oop plant are at d higher clevatic t relative to comer, lower pigt.um, core, core bypass, upper
the reactor ves.scl The vertical section cf the hot legs plemm, upper head, and reactor vesiel inte rnal vent
it, consequently longer, w hi!c the leath of the cold leS vahes The vent ime connected component 550-02 to
suctitm piping is sheeter mod heni.antat The HPJ corvooaco.t.216-01 in the raised loop model. The vent
system m the raisd locp modd was low-head, while bne was not simulatM in the lowered 4oop ocdel.
the lawcred-loop telef simubted a Ngh head sysrem.
Lew pressure injectior was not siraulaicd in either All comrenens were :nade!ed with ihe RELAP5/
model. MOD 2 nonegailibchim and nonhomogeneous n. ode's.

Wall friction, chcking. ird horizontal and vertical
The 3owered-kop ,na.lcl was used to unlare _non- ttratifiettion were 6c r,pplied in every canpcntnt.

condensible gzs remosal from the reador venel head The chaling mcdel, twooelacity modei, and smooth '

using the HPVVs. De medeled pLnt was in the na'ard atcz (hange nnlel wre applied at alljunctions. June-
circulation cal.bn phase following a severe care tions were ecotta!!y connected with the exception of
damage accident. the hot I:g HPVV Juncthns. The l_lPVVs were

3
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connected to the tops of the hot legs to represent the system refill. HPI throttling was not modeled, although

actual plant configuration. typical operator procedures include requirements to
nuintain the primary system pressure and temperature

Heat structures representing the fuel rods, steam
w thm recommended lim _ts. This was done so thati

generator tube bundles, pressurizer heaters, and the perator procedures would not mask comparisons be-
piping and component walls were included in both tween the two raised-loop calculations. The total HPI

3" # ' capacity was 0.031 m3/s (1.1 ft /s) at a backpressure
of 0.17 h1Pa (25 psi).

Secondary System i

in the lowered-loop calculation, the primary system j
'

Figures 5 and 6 show the RELAP5/htOD2 models pressure was to be reduced at a constant rate of
of the A and B steam generator secondary systems- 0.002 htPa/s (0.32 psi /s) using the pressurizer PORV
Only'the emergency feedwater sources and headers and heaters. The PORV opened when the pressure in

were modeled for the feedwater sources. The main the pressurizer exceeded the desired pressure and the
feedwater system is normally valved out during the subcooling in the hot legs was more than 55.6 K
period of transient recovery studied in this (100*F). The PORV remained open until the subcool-
investigation. ing in the hot legs decreased to 14 K (25*F) or the

The steam generator models consisted of the pressure decreased below the desired value. The PORV
open/close time was 2 s.following:

The pressurizer heaters assisted in pressure recovery* An annular downcomer,
when the hot leg temperature became less than 14 K

* An adjustable orifice plate at the bottom of the (25 *F) subcooled or when the primary system pressure
downcomer, was below the desired value. The heaters remained on

until the subcooling in the hot legs reached 55.6 K* The heat exchange region,
(100 *F). The heaters were turned off if the pressurizer

* The aspirator ports between the heat exchange level decreased below 2.6 m (8.7 ft). The total heater
region and the downcomer, capacity was 1.68 h1W.

* The steam outlet annulus, in the lowered-loop calculation, HPI assisted in

* A junction connecting the emergency feedwater recovery of subcooling in the hot and cold legs and

header to the top of the heat exchange region, in recovery of pressurizer level. HPI was initiated when
the minimum subcooling in either loop was less than

* The main steam lines, and 27.8 K (50'F) or the pressurizer level was less than
50%. The llPI remained on until the minimum sub-* A turbine bypass valve.
cooling reached 55.6 K (100'F) and the level exceeded

The main steam lines were modeled using three 50% As in the raised-loop calculations, HPI flow was
volumes to represent each steam line. A single valve not thrott!cd. Tbc total HPI capacity was 0.068 m3 s/

n each line represented the turbine bypass valve. This 3(2.4 ft /s) for atmospheric conditions.
analysis did not require either the safety relief valves
or the turbine governor /stop valves. Secondary System Pressure Control

The turbine bypass valves depressurized the second-
Control Systems ary system pressure to 1.05 h1Pa (150 psia) at the start

Control systems were modeled to regulate primary of the ra: sed-loop calculatiors. The rapid depressuriza-

system pressure, beat removal, inventory, and steam tion simulated operator actions performed to increase

generator levels. This section briefly describes these the potential for natural circulation.

control systems. The turbine bypass valves depressurized the second-
arv system 0.001 h1Pa/s (0.16 psi /s) in the lowered-

Primary System Pressure Control loop calculation. This corresponded to approximately

in the raised-loop calculations, the primary system 0.015 K/s (0.028'F/s). A linear depressurization rate

was initially depressurized to 6.9 h1Pa (1000 psia) was used, because the error in the rate of temperature

using the pressurizer PORV. The PORV then main- decrease was insignificant for this analysis.

tained the primary system near this pressure.
team nerat r el ntrol

HPl operated continuously at its maximum flow rate
in the raised-loop calculations to simulate primary Steam generator levels were maintained at 95%

8
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operating level with the emergency feedwater (EFW) not being injected, because the primary system pressure
system. EFW started when the level in the correspond- was greater than the HPl shutoff head.
ing steam generator decreased 0.127 m (0.417 ft)

Table 2 summarizes the initial and boundary condi-
below the setpoint. The EFW remained on until the

tions used in the lowered-loop calculation. The initial
steam generator level increased to 0.127 m (0.417 ft)

and boundary conditions in the lowered-loop calcula-
above the setpoint.

tion represented a recovered plant 2 h after a severe
core damage accident. With the exception of the reac-In the lowered-loop calculation, the turbm.e bypass

valves closed m 4 s when the steam generator level tot vessel upper head, the primary system was liquid

decreased below 6.9 m (22.7 ft). The steam generator full. The reactor vessel upper head contained approx-

level had priority over the setpoint pressure to ensure
imately 95% hydrogen (by volume). The reactor

natural circulation in the primary coolant loops. coolant pumps were assumed to be damaged and out
of service. Natural circulation conditions existed in
both coolant loops. The steam generator secondary

Initial and Boundary Conditions perating levels w>ere maintained at 95 %. Natural cir-
culation of the primary system fluid through the steam

Table I summarizes the initial and boundary condi. generators removed the reactor decay heat.

tions used in the raised-loop calculations. The calcula- The steam generator outlet plenum temperature was
tions were initiated from conditions representing a higher than the inlet temperature at the start of the
severe core damage accident after the vessel had been calculation. The modeling of EFW injection to main-
refilled to the vessel nozzles. The core power repre- tain level caused the heat transfer from the primary
sented ANS decay power 2 h after a reactor scram, system to the secondary system to slowly oscillate be-
Approximately half of the primary system was oc- tween positive and negative values. This did not af-
cupied by a hydrogen-steam mixture. Hydrogen con- fcct the results of the analysis, because events during
centrations were located in the vessel upper head, up- the calculation overwhelmed EFW injection effects.
per plenum, and the vertically oriented regions of the The energy transferred to the steam generator second-
primary coolant piping. The pressurizer level was ary heated the subcooled EFW (at 306 K. 91 'F) to near
reduced to 30% at the start of the calculations. Stag- saturation conditions. Hence, the steam generation rate
nant conditions existed in both coolant loops. HPI was was insignificant.

*

Table 1. Initial and boundary cond.4.lons for the raised-loop calculations

Parameter Value
_ _ _

Primary syr, tem
Power, MW 30.0
Hot leg temperature, K (*F) 544.0 ( 520.0)
Cold leg temperature, K ('F) 544.0 ( 520.0)
Pressure, MPa (psia) i1.34 (1645.0)
Mass flow rate, kg/s (lbm/s) 0.0 ( 0.0)
Volume of hydrogen, m3 (ft ) 158.6 (5600.9)3

Mass of hydrogen, kg (Ibm) 390.0 ( 860.0)

Secondary system
Pressure. MPa (psia) 6.68 ( 969.0)
Temperature, K (*F) 555.0 ( 540.0)
SG collapsed level, m (in.) 3.05 ( 120.0)
EFW mass flow rate, kg/s (Ibntfs) 0.0 ( 0.0)
EFW temperature, K (*F) 306.0 ( 91.0)

11
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Table 2. Initial and boundary conditions for the lowered-loop calculations

Parameter Value

Primary system
Power, MW ~ 28.3

Hot leg temperature, K ('F) 554.0 ( 537.6)
Cold leg temperature, K ('F) 555.9 ( 541.0)
Pressure, MPa (psia) 16.8 (2432.8)

. Mass flow rate, kg/s (Ibm /s) 239.5 ( 528.0) Loop A
222.3 ( 490.0) Loop B

3Volume of hydrogen, m3 (ft ) 13.4 ( 472.0)
Mass of hydrogen, kg (Ibm) 87.4 ( 192.7)

Secondary system
Pressure, MPa (psia) 6.5 ( 945.0)
Temperature, K ('F) 554.3 ( 538.0)
SG operating level, m (in.) 6.9 ( 272.0)
EFW mass flow rate, kg/s (Ibm /s) 29.0 ( 65.0)
EFW temperature, K ('F) 305.9 ( 91.0)

12
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DISCUSSION OF ANALYSES
The following sections describe the results of the refilling in each calculation. Bridging of the loop

raised-loop and lowered-loop analyses. U-bends is a necessary condition for establishing
natural circulation.

Results of Raised-Loop Analysis The calculated noncondensiole mass inventory

The refill calculations were initiated by opening the
responses are shown in Figure 7 for the WRVilVL and.

pressurizer PORV. This depressurized the primary WORVHVL cases. Approximately 85 and 90% of the

system to 6.9 MPa (1000 psia), thereby ensuring HPI noncondensible inventory was removed by the HPVVs

flow for primary system refill. The PORV opened
n the WORVilVL and WRVHVL calculations,

respectively. The noncondensible removal rates werewhenever the system pressure exceeded 6.9 MPa
similar during the first 3000 s of the calculations. Non-

(1000 psia . The HPVVs were also opened at the start
of the calculations, and the steam generator secondary condensible gas trapped in the reactor vessel upper

head in the WORVHVL calculation caused the dif-
systems were depressurized to 1.05 MPa (150 psia) by ference in responses after 3000 s.
opening the turbine bypass valves. The HPI system
operated at its maximum possible flow rate during the The pressurizer PORV was open for substantial
calculation. The reactor coolant and charging pumps periods in both calculations and was the main pathway
were assumed to be inoperative.4 by which liquid escaped from the primary system. The

pressurizer refilled during the first 400 s, which
%e refill analysis determined the effect of a RVHVL

removed the noncondensible gas that was originally in
on the rate of primary system refill. Consequently, the the pressurizer. The noncondensible gas in the Imp A
IIPI was not throttled to control the vessel downcomer hot leg was above the elevation where the pressurizer
fluid temperature within typical recommended pres- surge line connected to the hot leg ofImp A. Conse-
sure/ temperature limits.

quently, the noncondensible gas in the loops and reac-

The analysis indicates it is possible to refill the tor vessel was removed from the primary system
primary system using IIPI to the point where natural through the HPVVs.

circulation can be established. The analysis also in- Figure 8 compares the collapsed liquid levels in the
dicates it is possible to vent the bulk of the hydrogen vessel upper head. The vessel upper head began re-
trapped in the primary system through the HPVVs. filling at 650 and 1457 s in the WRVHVL and
Table 3 summarizes the refill times for each calcula. WORVHVL cases, respectively. In the WRVHVL
tion. The Loop B U-bend was filled on both sides case, a significant amount of the steam / hydrogen bub-
(bridged) 520 s earlier in the WORVHVL case than ble was displaced from the upper head via the RVHVL

~ in the WRVHVL case. The bridging of the Loop B to Loop B. A period of rapid vapor condensation in
U-hend signified the final stage of primary system the WRVHVL calculation caused a relatively rapid

Table 3. Summary of raised-loop refilling times

Time With RVHVL Time Without RVHVL
|

Event (s) (s) |

|

Calculation initiated, 0 0 |

PORV opened, HPVVs opened,
|HPI started

Loop A filled to U-bend, 1920/2297 2210/2574
up side /down side

loop B filled to U-bend, 3235/3464 2398/2943
up side /down side

End of calculation 3900 3300

1
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level increaw from 1.2 m (3.94 ft) to 1.6 m (5.25 ft) into vessel. The operation of the PORV resulted in
between 1315 s and 1323 s. The vessel upper head was more mass being distributed initially to Loop A.
almost completely filled in the WRVilVL simulation.
In contrast, in the WORVHVL simulation, the vessel In the WRVilVL simulation, the mass inventory in

upper head level was calculated to be less than 25% Ieops A and B decreased for approximately 200 and

of full span. 400 s, respectisely. After 200 s, the Loop A mass in-
ventory began to increase. At 400 s, when the

In the WORVIIVL simulation, the steam / hydrogen pressurizer refilled, the Loop B mass inventory
bubble was trapped in the reactor vessel head. As the reached a minimum and began to significantly increase
primary system refilled, the upper head gas bubble was at approximately 1000 s. At 1000 s, the mass in
partially compressed, allowing some liquid to be to p A (52,000 kg) was almost twice as large as the
displaced into this region. This produced a compres_ mass in Loop B (28,000 kg). Also by this time, the
sional reaction force that retarded further refill of the rapid displacement of gas from the vessel upper head
upper head region. Consequently, the path of least via the RVHVL had ended and both Loops A and B
resistance from the vessel upper plenum region was began to refill at approximately the same rate. By
into the loops. 1920 s, the up side of the Imp A U-bend was refilled;

and the loop mass remained nearly constant for the re-
Figure 9 compares the calculated loop mass

mainder of the transient. The refill response of Loop Bresponses for the WRVilVL and WORVilVL simula-
was delayed but similar to Loop A after 1000 s. At

tions. The total hop mass inventory initially decreased

in both simulations due to the initial refill of the
3235 s, the up side of the U-bend was filled; and the
up side and down side of the U-bends were refilled

pressurizer. By 400 s, the loop mass inventories had at 3464 s.
cither began to increase (Loop A) or had temporarily
stabilized before increasing (Loop B). The RVilVL in Loop B was the principal reason

why the refill of Loop B was delayed relative to
The initially larger Imp A mass was the conse- Loop A in the WRVHVL simulation. This was the

quence of the pressurizer being kicated on Loop A. consequence of the steam / hydrogen bubble in the
in the course of calculating the initial conditions prior WRVHVL simulation being displaced into Loop B as
to the transient, the pressurizer PORV was employed the primary system was refilled by HPL The bubble
to control system pressure as the hydrogen was injected in the vessel head was displaced to Loop B as a result
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| of a posirne d;fferertial pressure between the top of with the pressuriier, the refdl behavior of the two ioops

the U-bend and vessel head. Buoyanty forces contrib-
was similar to the WORVilVL case Additionally,

uted to this ditferential pressure, smce the U-bend / since bop A ren! led 370 3 faster than bmp B, it is

RVilVL interface is atuve the sessel head. IIPI in- reccmmended that the RVliVL be connected to the

jection also contributed to this ditferential pressure,
hep w ith the pressurizer. This conclusion is in ag:ce-

because the injecuon of liquid into the primary system ment with the preposed Da vis-Ilesse RVilVL design.

tended to "squecie" the lighter trapped passes out of The analysis in this report was performed w ith the vent
line comiected to the loop without the pressurizer. This

the system via the llPVV pathways.
model yielded the most consers ative results witn regard

in the WORVilVL simulation, the loop mass in en- to the rate of prin.ary system refill
torics iniually decreased due to pressuriier tilling The

Figure 10 compares the calculated mass flow rates
I mp A mass inventory began to increase at 200 s and into the down side of the Loop B U-bend for the two
Imp B at 400 s. Relati' . e mass was initially lost

calculations. The refilling of the U-bend up sides
from leop B during . + ,.400 s. This was, in part,

resulted in the onset of flows at 2398 and 3235 s in
due to the higher n. levels in Loop A versus

the WORVilVL and WRVilVL cases, respectively.
Loop B in the steam generator and U-bend regions. The peak flow rates occurring at 2943 and 34M s cor-
In particular, during the first 200 s, the higher levels respond to the times when Loop B was filled to the
in 1 mp A caused liquid to be transferred to Loop B

U-bend in the WORVilVL and WRVilVL calcula-to establish hop-to-hop gravity t'ead balance. Hy tions. Similar flow behavior occurred in Loop A coin-
900 s, toth loops had approximately the same mass cident with refilling the up and down sides of the
inventories. After this period, Loop A had

U-bends.
4000 6000 kg more mass than Loop B. The principal
reason Loop A had a larger net mass was that the in luth the WRVilVL and WORVilVL simulations,

pressuriier was hicated on Loop A. Since the pres- conditions did not promote kup natural circulation after

surizer PORV was open during most of the transient, U-bend bridging. Unthrottled flPI entering the reac-
there was a period of preferential flow to lamp A at tor vessel decreased the average vessel fluid tempera-

the expense of Loop B. This mass difference was suf- ture below the average temperature in the vertical sec-

ficient to cause a delay of about 370 s between the tions of the steam generator tube bundles. Moreover,

times the top of Loop A and Leop B were refilled (see the fluid temperature in the tube bundles was approx-
Table 3). Ilence, the presence of the pressurizer tends imately the same as the temperature of the fluid in the

to delay loop refillof the other hop. A further discus- steam generator secondaries. Consequently, significant

sion pertaining to the pressurizer location w dl be given primary-to-secondary heat transfer was not calculated
after U-bend bridging. The resuldng r et density headlater,
between the vessel and kmps was not suf ficient to dnve

The most significant difference between the mass hop natural circulation. As a consequence, the only
responses in the WRVilVL and WORVilVL ca!cula_ natural circulation path that existed was between the
tions was that it took Loop B approximately 520 s dow neomer and core s h the reactor vessel sent valves.
bnger to retill in the WRVilVL simulation. This was
the consequence of the RVilVL. As previously ex- If IIPI had been throttled to maintain a recommended

plained, in the WRVilVL analyses the RVilVL tend? downcomes fluid tempmature, the density head gen-

to cause a delay in the retilling of lamp B but enha nces crated by core decay heat .vould have been sufficient

the refilling of the vessel. On the other hand, the to drive h,op natural circulation. Additionally, after

WORVilVL simulation demonstrated that without the U-bend bridging, the primary-to-secondary heat

RVilVI, the hmp refilling responses were more sym- transfer would have maintained an adequate steam

metric and Loop B retilled earlier. The carher hop generator density gradiem far natural circulation,

refilling was done at the expense of sessel refilling, If IIPI had been throttled after the hops were re-
since a steam! hydrogen bubble renwined trapped in the filled, core decay energy would have eventually heated
vessel upper head in the WORVilVL simulation. the primary system, thereby establishing adequate

Venting the noncendensitle gas from the vessel up-
natural circulation gradients. If the llPI is throttled,

per head to the kop witheat the pressurizer delayed
it must be regulated so that liquid losses through the

the refill of twp B. If the RVilVL had been connected
PORV do not cause voiding in the U bends. It was

estimated that natural circulation could be establishedto Loop A, the opened PORV could have mitigated the
45 min after hop refill if IIPI were throctkd while theeffect of the noncondensible bubble trapped in the

steam generator inlet plenum. A preliminary analysis primary system pressure was maintained at 6.9 MPa

indicates that with the RVilVL connected to the hop (1000 psia).
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Figure 10. htass flow rates into the down side of the loop B U-bend for the WRVHVL and WORVHVL cases.

The reactor vessel vent valve located between the The downcomer temperature was not regulated
vessel upper plenum and the top of the downcomer pro- because these analyses were performed to determine
vided a natural circulation path within the reactor the effect of a RVHVL on refilling the coolant loops.
vessel. This circulation maintained core cooling via Consequently, the vessel downcomer fluid temperature
mixing of IIPI entering the downcomer and passing was less than that found in typical pressure / temperature
into the core region. The liquid in the reactor vessel operating envelopes. Typically, at pressures from
remained subcooled throughout the calculations, and 6.9 to 9.7 h1Pa (1000 to 1410 psia), subcooling
the cladding temperatures did not exceed those found temperatures less than 27.8 K (50*F) are desired.4 orF
during normal operating conditions. a ptrticular HPI throttling strategy to be effective, the

total HPI flow rate must exceed the PORV flow rate.
Figures 1I and 12 are comparisons of the calculated Additional analysis is recommended to determine the

fluid and saturation temperatures at the top of the appropriate operational strategies for HPI thmttling
downcomer and upper plenum for the WRVHVL and following a severe core d.tmage accident.
WORVHVL simulations. The maximum subcooling
was calculated at 300 s and 400 s and equaled 200 K Presented in Figure 13 are the calculated pressure

(360 *F) and 220 K (400'F) at approximately 6.9 h1P responses for the WRVHVL and WORVHVL simula-

(1000 psia) for the WRVHVL and WORVHVL tions. Both pressure responses were characterized by

simulations, respectively. The final subcooling for both
..

5 Period of depressurization froman int a

simulations was approximately 178 K (320'F) at a 11.34 h1Pa (IM5 psia) to 6.9 AIPa (1000 psia) when
,

pressure of 9.6 h1Pa (1390 psia). It is observed from the PORV was opened. During the periods of,

Figures 11 and 12 that maximum subcooling occurred 2004000 s W E300 g h &lM pm
early m the simulations at a time prior to any signifi- responses for the WRVHVL and WORVHVL simula-

h Wi o M9 MPM1000 piecant flow through the vessel vent valves. Once the vent

valves opened, the resultant downcomer/ upper plenum Pressure increases occurred when certain stearrdhydro-
i bhp system were compressed.mixing reduced subcoolmg m the downcomer and

decreased the upper plenum temperature. Before mix- The principal regions that controlled the pressure in-
ing was initiated, the plenum temperature was only creases were located in the vessel upper head and in-
slightly subcooled. let annulus (Figure 4). In particular, the upper head

17
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Figure 13. System pressures for the WRVHVL and WORVHVL cases,

region proved to be the principal region dominating of a reactor vessel following recovery of natural cir-
pressure increases in both simulations. Pressure in- culation was analyzed using the results of a RELAP5/
creases occurred after a significant fraction of the steam MOD 2 calculation. The analysis simulated operation
was condensed out of the bubble mixture. Near the end of HPVVs and selected operating procedures. The
of the simulations, the pressures had reached maximum operating procedures used the HPI system, the pres-

: values of 9.6 MPa (1390 psia) before turning over. surizer PORV, and the pressurizer heaters. The tur-
Figure 14 presents the calculated HPVV mass flow bine bypass valves controlled the secondary system

rates for the WRVHVL and WORVHVL cases. The Pressure. F.mergency feedwater controlled the steam

IIPVVs are located at the top of the hot leg U-bends. generator levels.
,

The mass flow rates increased when the U-bend regions Figure 15 shows the HPVV flow rate responses. The
became two-phase. These transitions occurred in HPVVs are located at the top of the hot leg U-bends.
IAp A at 2200 s and 2485 s and in Loop B at 3424 s The rated flow through the HPVVs was 1.3 kg/s -

- and 2951 s for the WRVHYL and WORVHVL (3 lbm/s) single-phase vapor at 15.65 MPa
calculations. The RELAP5/ MOD 2 critical flow prob- (2270 psia). This corresponds to 10% of the pres-
lem briefly described in Section 3 caused the increased surizer PORV capacity. The initial flow rates were
Loop B HPVV flow rates and an attendant pressure higher than the rated flow, because the flow was liquid
decrease at 3124 and 3661 s. These flow transitions instead of vapor.
occurred after Loop B was refilled and consequently

The HPVV flow rates were generally less thani~ did not affect the results of the refill analyses. The
6.8 kg/s (15 lbm/s). Errors in extrapolating water

Loop A IIPVV flows did not behave similarly, because
properties from the upstream volume to the HPVV

the HPVV modeling was changed prior to the transi-
junction caused the flow spikes before 1000 s. These

tion from single phre vapor flows to two-phase
flow spikes did not affect the analysis, because non-conditions.
condensible gas was not removed during this period. |

Results of The HPVV flow responses became smoother after the
U-bends became two-phase at 1000 s.

Lowered-Loop Analysis
Figure 16 shows the hot leg U-bend void fraction

Noncondensible gas removal from the upper head responses. Continued primary system depressurization

19
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Figure 16. Lowered-loop hot leg U-bend void fractions.

expanded the noncondensible bubble in the vessel up- opened ifPVVs and the primary-to-secondary heat
per head down to the vessel outlet, as shown in transfer. The PORV was closed during this period and
Figure 17. Natural circulation moved part of the bub- consequently did not contribute to the primary system
ble into the hot legs, w hich caused the rapid void frac- depressurization.
tion increases at 1000.1400 and 1620 s.

The primary system pressure increased between

Figure 18 shows the hot leg U-bend mass flow rate 1120 and 1200 s, because primary-to-secondary heat

responses. The movement of the noncondensible bub- transfer was retarded by tne nearly stagnant loop con-

ble from the reactor vessel to the U-bends caused the ditions. The etagnant cor.ditions caused the roolau

flow increases at 1000,1400 and 1620 s. The buoyancy temperatures in the core and hot legs to increase. The

of the bubble pushed the water in the hot legs up to I"Cf"asiLg temperatures subsequently caused ccalant

die if-bends. The bubble rose to the top af the U-bends expansion and thereby repressurized the primary

and temporarily stopped natural circulanon. Without system as the vapor regions were comp :ssed.

natural circulation, additional noncondensible gas could The rate of primary system depressurization de-
not be removed from the vessel. The bubble in the top

creased at 1450 s as the bubble in tSe vessel cpper head
of the U-bends was subsequently removed by the expended into the hot legs. This retarded natural cir-
IIPVVa. T1.e deasity head in the steam generator tube culation, thereby reducing the primary-to-secondery
bundles and the removal of the U-bend bubbles caused heat transfer nte from 70 to 35 MW. This reduction
the resumption of natural circulation. in the rate of depressurization indicates the relative ef-

fects of HPVV flow and primary system cooldow n on
Figure 19 shows the desired primary system pressure the primary system depressurization rate.

control used in the RELAP5/ MOD 2 model and the
calculated primary system pressure response. The The depressurization rate from 1450 to 1720 s was
primary system pressure decreased to 11.7 MPa essentially constant. The depressurization rate con-
(1700 psia) by 1120 s, which was faster than the tinued to be less than the initial rate, because the
desired rate. The pressurizer heaters wen at full power primary system mass flow rates after i100 s were less
curing inis period. Nevertheless, they were not able than those during the first i100 s. This resulted in
to overcome the pressure-reducing effects of the reduced rates of primary-to-secondary heat transfer.
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Figure 20 compares the RELAP5/ MOD 2 saturation pressurizer heaters. This conclusion is based on the
temperature with the Loop A fluid temperature. The primary system pressure responses before and after
difference between the two temperatures was used as llPI was initiated at 1760 s. The llPI recovered the
an indication of liquid subcooling. IIPI initiation at primary system pressure in approxiinately 200 s,
1760 s on low subcooling caused the rapid pressure whereas the heaters could not. The rate of pressure
increase starting at 1800 s. A small noncondensible recovery depends on the primary system pressure,
bubble in the pressurizer decreased the water vapor since IIPI flow rate increases as the primary system
partial pressure. This lowered the RELAPS/ MOD 2 pressure deoeases. The pressurizer heaters could not
saturation temperature and the corresponding indicated maintain the desired primary system prassure earlier
subcooling in the Imp A hot leg. The decreased sub- in the ar;alysis, because the primary-to-secondary heat
cooling inititted IIPI. This would not be done in a transfer rate was significantly higher.
prototype plant, because the saturation temperature is
obtained as a funeuon of the mdicated pressure and Figure 22 shows the fraction of noncondensible gas

not the water vapor partial pressure as used m the M h4 Mg gh h @ es of
RELAP5/ MOD 2 model. removal occurred during the periods w hen the bubbles

co!!ected at the top of the hot leg U-bends and the
llPI was terminated at 2115 s when the subcoohag U-bends were voided. The single-phase llPVV

reached 55.6 K (100*F). The pressure was higher than volumetric flow rates were approximately three times
the desired pressure when 11PI was isolated. Rewvery greater than the two-phase flow rates. Consequently,
of adequate subcooling in conjunction with the higher w hen the U-bend void fractions decreased to less than
pressure opened the pressurizer PORV for the first time 1.0, the llPVV volumetric flows decreased. These flow
in the calculation, as shown in Figure 21. The opened resposes governed the noncondensible gas removal
PORV decreased the calculated pressure back to the rates shown in Figure 22.
desired pressure by 2175 s. The PORV and pressurizer

HPVVs oved approximately 20% of theheaters maintained the desired rate of pressure decrease
for the remainder of the calculation. noncondensible inventory during the last 1400 s of the

calculation. Seven percent of the noncondensible gas
The use of IIPI for primary system pressure recovery was removed during the first period of loop stagna-

appears to be more ef fective than using only the tion. The other 13% was removed at a relatively
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)
constant rate of 1% every 100 s. Given this removal rate, was stopped before the bubble expanded back to the
59% of the noncondensible gas could be removed by vessel outlets. The rate of bubble expansion was cam-

,

the time of low pressure injection initiation at 6900 s. parable to rates calculated during other periods of bu% !
ble expansion. This indicates that the input control rate |Figure 23 shows the noncoralensible nnss inventory

f depressurization appears to be adequate for non-
in the reactor vessel upper plenum. The mass increased

# " #" *8"''****''
!during the first 1000 s as the primary system depres-

surized and the gas expanded from the vessel upper |
head into the upper plenum. The hot leg flow surge

Fi M ows the fuel rod claddirig surface
at 1000 s caused the rapid decrease in bubble mass.

temperatures at the six core axial elevations. The 1

IIPI began refilling the reactor vessel at 1760 s and
temperature increases at 1000 s were the result ofloop

forced the noncondensible bubble back into the vessel
stagnation. The accelerated temperature decreases from I

upper bead. This effectively delayed funher bubble ex-
1775 s to 2130 s were caused by HPI flow into thepansion into the reactor vessel outlet until HPl was

or vessel. The maximum cladding surface terper-
isolated at 2115 s.

ature was 570 K (568'F) at i150 s. This temperature
The opened PORV caused the bubble to resume ex- was 30 K (54 *F) below the saturation temperatur,e and

pansion into the vessel upper plenum. The calculation was less than the full-power operating temperature.
1
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CONCLUSIONS

Conclusic.ns regarding the raised-loop and lowered- limits. The purpose of this task was to investigate the
loop analyses are prescued in the following sections. effect of the RVilVL on primary system refill

,

beh ivior. System refill times would be increased if HPI
.|Raised-Loop were throttled to maintain recommended downcomer

Primary System Refill tempuatun s. Hmuling HPI bdow its niaximum rate
prior to refilling the loops would also ensure a suffi-

Analyses of a raised-loop primary system refill with cient density gradient to maintain natural circulation
and withaut a RVilVL were performed. Each after system refill.

I

RELAPS/ MOD 2 calculation was initiated from the
same initial conditions. The conditions simulated a
plant 2 h after a severe core damage accident, accom. Lowered-Loop
panied by significant annunts of noncondensible gas Noncondensible Gas Removal
in the primary system. The principal conclusions drawn
from the raised-loop refill analyses are as follows: The lowered-hwp noncondensible gas removal

.

It was possible to refill the primary system using the analysis was performed using a RELAP5/ MOD 2

HPl system and bridge the tops of the steam generator model of the Oconee-1 plant. The initial conditions

hot leg U-bends, ne use cf the RVilVL did not pre- simulated a plant 2 h after a severe core damage acci-

vent the filling of Loop B but delayed refill by approx- dent, accompanied by significans amounts of non-

imately $20 s relative tu the WORVHVL case. He condensible gas in the reactor vessel upper head. The

RVHVL was connected to the loop without the principal conclusions drawn from the simulation of the

pressurizer to ensure conservative refill times. The noncondensible gas removal analysiw are as follows:

Davis-Besse licensee intends to connect the RVHVL Approximately 20% of the noncondensible inven-
to the loop with the pressurizer. Connecting the tory was removed during the last 1400 s of the calcula-
RVHVL to the loop witbout the pressurizer can delay tiori. Sevec. percent was initially removed as the bub-
the refilling of the primary loops relative to the time ble expanaed to the vessel outlet. The other 13 % was
required using the intended design, but the amount of

removed at a relatively constant rate of I % per 100 s.
delay has not been quantified.

The sequence of events leading to noncondensible gas
The HPVVs ef f ectively, vented noncondensible gas removal appears to be cyclic, indicating a high prob-

trapped in the primary system. ability of additional gas removal at the same rate.

The medulation of the pressurizer PORV in conjunc- Potentially, an estimated 59% of the total inventory. .

tion with the HPVVs proved to be effective m mam- could be removed in 6900 s (the estimated time re-
,

taining the primary system pressure below the HPI quired to depressurize to the low pressure injection
shutoff head. pump shutoff head).

Refill of the up sides and down sides of the steam Loop stagnation was predicted for neriods of approx-
generator hot leg U-bends is a necessary but not a suf- imately 100 s. In both cases, natural circulation was
ficient condition for beginning core decay heat removal established without assistance from the control systems.
via natural circulttion. An ad"qdate differential pres- The periods were brief enough that it is doubtful that
sure induced by density gradients between the vessel a r! ara operator would respond before the plant
and loops must exist to drive loop natural circulation. remveced itself. Nevertheless, the plant operator cc uld

Both simulations demonstrated that if HPI is operated m vei n tural circulation using HPI. Isolation of the
at its maximum rate, after loop refilling the net den- IIPVVs is not recomniended, becaese the bubble at the

sity head provided by core decay heat will not be suf- top of the hot leg U-ben.ls must be removed to recover

ficient to ditve loop natural circulation. If HPI is " "'"I C''C"I' " "'
isolated after the loops are refdled, cere decay energy The pressurizer heaters could not maintain the
will eventually heat up the prnnary system and thereby

desired primary system depressurization rate with the
establish density gradients sufficient to drive loop
natural circulation. Additional arMyns ia recuired to HPVVs open, and there was a significant primary-to-

develop operating strategies for thmttiinr, HPI to en- secondary heat transfer rate. This rcsponse could
poss bly be used by the operator as an indication of.

I sure recovery of natural circulation in a timely manrer.
vo ding in the hot leg U-bends. HPI was able to recover

The HPI flow rate was not regulated to maintair the the primary system pressure, but delayed the rate of
downcomer temperaNre within typical recommended nonemdensible gas removal.
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The rate of bubble expansion into the reactor sessel depressurization could be achieved, but do not appear
to be necessary with respect to noncondensible gas

outlet plenum appears to be adequate at the depressur- removal from the reactor vessel upper head.ization rate used in this analysis. liigher rates of
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This report describes RELAPS/ MOD 2 thermal-hydrauli.c analyses of noncondensible
gas removal from Babcock and Wilcox (B&W) reactor systems before and during
natural circulation conditions following a severe core damage accident. Hot
leg U-bend vent valves were modeled as the principal noncondensible venting
pathway. The analyses will assist the NRC in determining whether three B&W
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The raised-loop plant analysis determined the effect of a reactor vessel upper
head vent _line on plant refill and recovery of natural circulation and showed
that the vent line should be connected to the loop with the pressurizer. The
lowered-loop plant analysis investigated the removal of noncondensible gas
during natural circulation and showed that 59% of the original inventory could
be removed in ~6900 s with a removal rate of ~1% per 100 s. In both
analyses, significant amounts of noncondensible gas were removed.
Additionally. no fuel rod cladding temperature increases were predicted during
the periods of loop stagnation.
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