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ABSTRACT UCB facility simulated expected containment accident
conditions with pressures that ranged from 1 to

Condensationheattransfer in thepresenceof approximately4 atmospheres.Thesetestswere usedto
noncondensable(NC) gasesis of concernin thedesignof quantify the inhibitive effect of NCson steamcondensation
passiveheatremoval systemsfor a numberof i'ecendy heattransfer. This testdatawas usedto assessthe capability
proposedadvancedreactordesigns.Ingeneral,thepresence of_5 tosimulatecondensationheat_'ansferinthe
ofNCs willdegradetheefficiencyofsuchpassiveheat presenceofNCs.
removalsystemsand,insome cases,induceunstableflow
patterns.As pm ofaresearchefforttobetterunderstand The needtoquantifyNC heattransferduringpost-
passiveheatremovaldynamics,aserieso_"numericalsteady- LOCA conditionsbecomesobviouswhen attemptingto
statesimulationsinthepresenceofNCs wereperformedto designpassivecoredecayenergyremcvalsystems.During
evaluate RELAPS/MOD3 against test data. This assessment a LOCA, a mixture of steam and air is convected to the
was made using data from the University of California, PCCS inlet located at the top of the dry weil. Once natural
Berkeley (UCB) naturalcirculation loop test facility. For circulation is established in the PCCS, condensate is
fine enough nodalization in the condenser region, the returned to a raised tank in containment for ultimate
RELAP5/MOD3 simulations generally captured the same recirculation back to the reactor core. Natural circulation in
phenomena as observed in the tests, the PCCS is driven by film condensation inside the PCCS

condenser tube walls. The degree of core decay power
INTRODUCTION removal is determined by the local tube wall heat transferrate

and net differential buoyancy forces between the PCCS inlet
In future reactor designs, passive energy removal and outlet.

schemes driven by naturalcirculation will be one of the
principal means of removing reactor decay energy following TEST DESCRIFHON AND REI.AP5 MODEL
a loss of coolant accident (LOCA). This paper presents
RELAPS/IVlOD3codeassessmentworkthathasbeenused to The basecaseRF£,APS/MOD3 nodalizationmodelforthe
supporttheNuclearRegulatoryCommission's(NRC) . UCB experimenta._oaturalcirculationloopisshownin
evaluationofGeneralElecn-ic'sSimplifiedBoilingWater Figurel.bThe NC loopconsistsofalowerplenumtank
Reactor (SBWR). The SBWR is an advanced design which into which steam and NCs are injected. The lower plenum
relies on a passive containment cooling system (PCCS) for also serves as a return path for condensate exiting from the
long term cooling of containment. The PCCS heat NC loop outlet. The vertical riser section and shorter
exchangersn_movecoredecaypower byfreeconvectionand U-benddown sectionare51mm diameterpipes that
u'ansfer this energy to an external pool of water located transports a steam alr/mLxtu_ to the condenser section. The
aboveconl_mmenL To make reliabledesigndecisionsabout singleverticalcondensermbe sectionisa2.5.4mm, 2.Im

PCCS openu_on,basicquestionsmustbeansweredasto longsectionconnectedto12.7mm condensatep.lenum
how steam/NC mixtures will transfer energy to their return line. Piping outside of the condenser regxon was
surroundings. Several relevant experimental or theoretical insulated to minimize environmental heat losses. The
investigations have been conducted in the last several years secondary side of the condenser was an annular water
to provide improved heat transfer correlations for steam in cooling jacket. Secondary side cooling was single phase
the presence of NC g_'ses, t.2.3 In particular, a series of tests liquid and was maintained to induct complete condensation
for natural circulation, NC heat transfer test facility have on the primary side of the natural circulation loop. Steam
been done at the UCB. One of the key objectives of the supplied to the loop allowed up to 19 kW of energy to be
UCB program was to observe steady-state operation to removed by the condenser section.
simulate energy removal for proposed PCCS designs. The

bThismodelisbased on theoriginalUCB facility
• This work was supported by the U.S. Nuclear Regulatory configuration that ran tests with steam/air mixtures. More
Commission, Office of Research, under DOE Contract No. recent configurations have slighdy different dimensions _td
DE-AC07-76IIX)1570. have been used to perform tests with other kinds of NCs.
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, Table1 - UCB/RELAP5Comparisonsof CondenserEnergy

a_4 _ ,_ Removal Rates. Calculated
c:,,..., Measured power

, szz ..,,., Inletsaturarlon InletNC removal removal
Test pressure(MPa)fractionrate(kW)rate(kW)
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slo I1 0.21 0.11 4.76 5.03
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FigureI-UCB basecaseRELAP5 nodalizadon.

i 0.sZ
Instrumentationin the loop consistedof _ \

thermocouples,flow meters,andpressuretransducerswhich \suppliedinputstoa damreductionprogramthatestimated g_ o.s
local heatn'ansferratesalong the leP,gth of thecondenser test _ \ J
section. Additionaldetailsaboutinstnmaentationaswell as j _ Tu_\
auxiliarysupportsystemssuchasheatersandvacuum _I 0.4

fractionsarcdetailedin Reference1. I tcul,,ed

case,naturalcirculationloop,RELAP5 I
modelconsistedof 26volumes,16junctions,and8 heat
structures.Volumeregionsoutsideof thecondenserregion
wereassumedto beadiabatic.Thelowerplenumwas 0 r .... '.,,, ' __-._-'_.--.,_-., __--.... I_. •,
modeledasa time dependentconstantpressureboundary o 1 Z 3 4 s 6 7
condition.The inlet boundaryconditionsforpressuresand Relat.iveNodelocation
NC massfractionswerematchedtothoseestimatedin the
lower plenum_-,stsection. The inlet conditionswere Figure2 - Measured and calculatedheatn'ansfercoefficients.
assumedtobeat100%humidity.Allvolumeswere
modeled with multi-phasenonequilibriummodeling options. Test 36
In thepresentRELAPS/MOD3fieldequations,thevaporand

temperatureequllibduta.

Table1presentsanoverall comparisonof the \
energeticsformeasuredandcalculatedcondenserenergy g_ o.s

removalratesforarangeofpressuresandNC gasfractions. _ __i - \c_, Cal_lal:NI

In these simulations16 nodes were usedin thecondenser |

tuberegion.Resultsfrom thebasecasemodelwhichused8 : 0.4 __,L./----nodes werejudged to be inadequate.In general, given the
samelocalNC massfraction,the measuredlocalheat I 0.Z
transfercoefficientsexceededthecalculationandthe
measuredcondensationlength was lessthanthecalculated. |
The condensationlength is characterizedby thatregionof the z 0 "'" '"
condenser where therewas significantcondensationheat
transfer.Outsideof this regionheattransferisexlremely o I z 3 4 S 6 7
small. To illustratetheabove differences,Figures2 and 3 Rsle_'_s Node Ioclt,km
present comparisonsforlocal heatwansfercoefficients for Figure3 - M_ andcalculat,',dheat transfercoefficients.
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test mns 9 and36, respectively. These two compensating
effects (underpredictedlocal heat transfercoefficients and 0.7 , _ • • , , , . i , , . , , , • a , , , .
overpredicted condensation lengths)resulted in some
measuredenergyrates excelling the calculatedvalueswhile 0.S

in other tests theopposite situationprevailed. A better _ 0.5insightin thesedifferencesisgainedbyanalyzingthelocal =m
heattransferdynamicsduringthiscondensationprocess. _: 0.4

In both the experimentsand simulations,the heat _.
transferregimewascharacterizedby laminar film 8 0.3
condensation. Thecorresponding heat transfercoefficients =
canbe quantified using the standard laminarNusselt film _ 0.Z

condensationcorrelation multiplied by acorrection or u_ Ref=S00 \\degradation factor to account for the presence of NCs. In 0.1 _/
the test data the fdm Reynolds numbers were less than 600
whichjustified the use oflaminar theory. With regardtothe 0 , . . I , . , I I L • I . • • , • , ,
RELAP5 simulations, thecalculated liquidfilm Reynolds
numbers were generally less than 1000. Using regression 0. o.z 0,4 o._ o.8 1
analysis on the UCB data, a NC correction factorcorrelation NCfraction
was expressed with the following relationship:

Figure 4 - RELAP5toUCB correction factor ratios for
hNC = 0.0050 Ref "45 Ma"l.l hNu.eit (1) constant Reynolds number.

Where'hNc is the measured heat transfer coefficient,
hNtmelt is the theoreticallaminar heat transfercoefficient in
the absence of NCs, so that hl_c/hNtns_ltis defined as the condensationlengths because of theattendant reduction in
correction factor, Mais the local NC mass fraedonin the thevapor mass fraction down stream of thecondenser inlet.
range 1.0<Ma<.05,and Ref is the flingReynolds number in However, nodalizationdensities in the condenser mbe region
the range 50<Ref <600. The above correction factor had an and associatednumericaldiffusion may also play a major
uncertainty of 30%. The corresponding RELAP5correction role in the predictedcondensation length size. Sensitivity
factor was formulated using therelationships: studies indicatedthat coarse n_zation (less than 8 nodes)

in thecondenser region tends to significantlyreduce the total

hNc= F[Reg,Ma ] hNus_tt (2) calculatedenergy removal rate and also tends to artificiallyextend theeffectivecondensationlength.

F[Reg,Ma ]= (1- Ma)/(l+f[ Reg] ) (3) CONCLUSIONS

f[ Reg] = 5./(1+.0001 Reg) (4) Use of REI..AP5/MOD3tosimulate condensation

I heat transfer in the presenceof NCs indicatedthat ingeneral

Where Reg is the gas Reynolds numbersuch that forthe same localconditions the local heat transfer
0<Keg<20000, and 1.0<Ma<.00014.The expression coefficient was underpredicted. On the otherhand,
F[Reg,Ma ] is the actual correction factor. In Equation 3 calculatedcondensation lengthswere generallylarger relative
there _salso a weak dependence on wall sub-coolingthat is to the test data. These two compensatingeffects resulted in
not shown. For the range of subcooling conditions in the net calculatedheat transferrates fluctuatingabout the
simulation this effect was not important. In theRELAP5 e,tpedmental results. The characterof thecalculated
simulations, the calculated gas Reynolds numbers ranged condensation length wasdictated not only by the local heat
from 1 to 10times the valueof the corresponding liquid transfercorrelation, but also by themodel nodalization
Reynolds numbers. Presented in Figure 4 are ratios of the density. ,Generally,highernodalization densities pr_uced
degradation fL-mrs given by Equations 1 and 2. In this calculated results that were in betteragreement withdata.
example, the film Reynolds number was held at 500 and the Futureversions of RELAP5 will re.quireupdated correlations
gas Reynolds numberwas varied from 500 to 5000. These to better predict condensation heat transferin the presence of

: values werein the range of Reynolds numbersobserved in NCs.
both the test aral simulations. From these comparisons it is
clear that the empiricalcorrection factor is consistently NOTICE
greater than that calculated for RELAP5. The largest
differencesbetween the RELAP5and experimentalmodels Tillspaper was prepared as an account of work sponsored
arc at either high or low local NC gas fractions. In test 36 by an agencyof the United States Government. Neitherthe
there was an extended regionin the condensationzone where United StatesGovernmentnorany agency thereof,or anyof
the localNC massfractionwasrelativelylow incomparison theftemployees,makesanywarranty,expressedorimplied,
to other tests shown in Table 1. Consequendy, the predicted or asstmc.s any legal liability or responsibility for any third
net energy removal rate fortest 36 RELAP5stood out as party's use, or the results of such use, or any information,
being the most underpredictedcase. apparatus,productor processdisclosed in this report,or

represents that its use by such thirdpartywould not infringe
Explanations as to why condensationlengths were privatelyowned rights. The viewsexpressed in this paper

over predictedare more difficult to discern. More accurate arenot necessarily those of the U.S. Nuclear Regulator
heat transfercorrelations arcexpected to reducecalculated Commission.
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ence herein to any specific commercial product, process, or service by trade name, trademark,
manufacturer, or otherwise does not necessarily constitute or imply its endorsement, recom-
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