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INTRODUCTION

1n 1988 the USNRC revised the ECCS mle contained in Appen-
dix K and Section 50.46 of 10 CFR Paxt 507, which governs the
apalysis of the Loss Of Coolagr Accident (LOCA). The revized
regulation allows the use of realistic compater models to calcu-
late the foss of coolant accidest. [n addition, the new regulation
allows the usa of high peobability esttmares of peak cladding
temperanire (PCT), satbec than upper bound estimates.

Prior to this modification, the regniations were 2 prescripive sex
of rules which defined wiiat astumpGoas gwest be made about the
shoukd be modeled. The resalting anatyses were highty conserva-
tive in their prediction of the pecformance of the ECCS, and

These restrictions, if relaxed, will allow for additional ecoponry,
flexibility, and in some cases, improved reliability and safety as
cag be achieved by implementing several available core and fudl’
rod designs to increzse fuel dincharge baamup snd redace peutron
flax on the reactor vessel.

The benchits of application of best estimaee methods to LOCA
analyscs have typically been associsted with reductions @ fuel
oosts, resuiting from optiized foct designs, or incressed revenue
from power apratings. Tocl cost savings are relatively éasy o
quamify, and have been estimated at several millions of dollars
pex cycle for an individual platt. Best estimate methods gre also
Iikely ta contribute significantty to redactions m O&M costt,
atthough these redoctiont are more difficalt 10 Quinetify. Exam-
ples of Q&M cost redoctions are:

1)mewwmmm

can be met, repiaccment aof pumyps and steam
generators can be delayed several cycles, or per
manendy it some casos.

.2) Extending fuel cycles. Aside from the obvious
‘Joug term saving in fuel costs, exrended cycles
reduce the nomber of outages. The toea] annual
savings resulting from extending fuel cycles
from 12 to 18 months bas been estimated &t scv-
e million dolfars per plant. Sumilar savings
sbould result from extervding cycles 10 24,
months, as long s mAinterance and surveillance:
msues sxsociarsd with these cycle lengths can be
solved.

3) Reduced surveillance and simplifred Technicl
Specifications. Begt estimate methods xre
expected 10 show thet severzl technical specifics-
tions can be relaxad or even efminated without
quen surveilance of accumuniatoe water levels
and preszares mary not be pecessary if it ean be
shown that wide variations in these pargmetery
do not significanty affect PCT.

4) Reduced fincnce on the resctar vessel, Exdy
anRementation of low jeakage loading petierns,
which are made pocsiiie by the margin gencmated
from best estimate methods, can suve significant 7
costx a3 plants approach the end of their curent Y
[icense, or if license extensions are sought, whea ,
assarance will be required that vessel integrity
" can be maintamed.

5) Best extimate methods provide & wealth of infor-
mation of the response of the plant to changes in
plant conditions (sensitivity studies are a basic
puct of a best estimate methodology). This infor-
taatioq can be wsed by the adlity to perform
timely, high quality safety cvaluations o deter-
mine whether a plant change sfects the margin
of safety of the plant.

The benefits outlined above have prompeed significant industry
activicy to develop ticthods which comply with the revised rufc.
Some recent work 1 described in the pext section.



RECENT WORK IN REALISTIC LOCA ANALYSIS

zvafwrdnnﬂccbmge meUSNRCswedzugndawry
aDdaECCSresczdlcompcndxum and spoasored a8 pro-
gx:mmdcvdopumzctuwdmdbodforevalwmgtbcm
ties affecting the PCT for barge break LOCA. The Code Scaling
Applicability, and Uncerminty (CSAU) methodology was
developed?, and bas been tsed by industry developers as 2 guide
fovolves the following steps:

1) Select the LOCA transient (j.. Jarge or small
break LOCA) and the computer code.

2) Assess the code, demonstrate its applicebility,
and estimate s bias apd uncertzinty relative to
IPpropriate tests and relstrve w scaling.

3) Evaloate the overall PCT uncerttinty, teking ino
account code uncertainty, reactor initial condi-

Tbe CSAU program devedoped methods fox each of these steps.
However the methodology was tntended 23 2 demoostratian
rather than a practical licensing application. Therefore, despite
the extznsive guidance provided by the USNRC, the application
of the revised rule to operating PWR 's remarm s complex task. o
practical terms, the following elemence must be part of any best

- Develop a best estimatr coazpurer code.

- Prepare 8 models and coxrelrtions docoment which
describes the computer code i detail, and dem-
onstranes i applkxbity.

- Perfarm “frozen™ code verification and quantify
code uncertainey.

- Develop an uncerminty merthodology for use with
the bext estimate compeasr code.

- Estimate the 95 percent probebility PCT with al
uncertaintics accounted foe

~ Sabrmit necetsary documestztion foc USNRC
review and spproval.

Vestinghouse and the Electric Power Rescerch Institute (EPRI)
oxve recently compictod the development of 2 methodology to
implement the revised K rule which incorponttes the
elements outlined sbove, and subyritted thit methodology to the
NRC for review. Some basic resulixy, lescons learmed, and ixsues
encountered during the impletnenttion tre the main topics of ts
paper and are discussed bejow.

WESTINGBOUSE /EPRI METHODOLOGY:

SELECTION OF THE COMP'UTER CODE

Severil codes are gvaiable today winch coamin moet, i pox alt of
the cxsentia! featres required for a realisGe analycs of the

LOCA. These minumum required features are wel] kncwnmtbc
industry (2 good summary & contrined ia the Reg Guide?). A key
requirement is a full treatment of nogequilibrium two phase flow.
Westingbouse selected the COBRA/TRAC code as the base
soarce ¢ode for best estimaze LOCA, and added sdditional mod-
els. WCOBRA/TRAC combimes twa-fuid, three-field, multidi-
memsional fuid equations used in the vesse! with opa-
dimensional, drift-flux equations used i the loops to allow a
compiete ind detziled simulation of a PWR. Westinghouse
selected COBRA/TRAC fox the foliawing reasons:

a) The use of three-fislds (vapor, continuous liquid,
20d eatrrined fiquid) n the vessel allows realis-
uc modeding of enuainment, de-entrainment,
droplet flow, #nd Jiquid pooling.

b) The code i3 ctpable of modeling two and three
“dupensiooal flows m the vessel.

¢) The chiunel noding approech in the vesse] ix
exrcmely flexible and usefy] in differentiating
between fucl assemblies under differens upper
pleoum strucores and i examining the theromal-
bydraulic bebavior it the highest power assea-
bly.

@) Westinghaase bad gained cogsidarable expery-
ence in wing and developing COBRA/TRAC
during the FLECHT-SEASET program. Results
of this prograes indiovted that WCOBRA/TRAC
could eccurately predict refiood thermal-hydran-
lice.

¢} Inits review of state-of -the-art computer codes in
the ECCS resesrch compendium’, the COBRA/
TRAC code was found to sstisfy the basic
reqairements of & best estimate thermal-hrycrss-
Iic code.

WCUBRA/TRAC is pacticularfy appropriste for this application
because of its resofution of the liquid field into cominuous and
dispersed ficlds. Three mass and momentam equadons are sotved
in the vesse! in each of up to three dimensions, alfowing the liq-
uid and enraiined liquid Gelds to flow with different velocities rel-
ative © the vapor field. This permits more mechanistic mrodeling
of several LOCA related phenomena oocurring inside the vessel,
such ax:

- Multidimensianal flow phenomena
~ Congoercurrent fiow of liquid fims 20d drops
- Entrsiumerx and de-cutraimnent

- Dropiet fiow

CODE ASSESSMENT

Computer programs that are used to realistically sinroixic the
thermal-trydraalic response of . FWR to a posatlated large bresk
LOCA mast be evaluxted m demonstritr the adequacy of the



— 228 -

two-phase models and to quantify the degree of uncertainty for
the computational techniques. An importamt part of this evalua-
tion ts the cornputer code assessment that compares tha results of
simulations of relevam expecimegts to the measured data from
cxpenments,

In order to obrin 2 meaningful estmate of the code uncertainty,
the 2ssessment mirst be comprebensive, simulating a wide vaciety
of experimental facilities and test conditions. The 2s8cssment test
merix used for WCOBRA/TRAC s shown in Tables { © 3. The
tables show the tmportant LLOCA pbenomesna, 2s idertified by the
CSAU susdy*, and which tests were sinnlxted to demonstrate the
code’s ability to predict those phenomens.  For most phenomesaa,
both 2 separnte effects test and an integral effects test were simo-
lated, in order to investigate if a dependence on scale existed in
the calenlations.  In &ll, over 90 separate symularions were car-
ried out o0 LS experimental facilities. Fifty-four of the simula-
tions were for tests which generated & peak cladding tetnperetars
that could be uied 20 detecnine the ¢code overall dias 20d uncer-
tainty. Figure | shows the comparison of predicted and men-
sured PCTX for the reflood tests. Rod locttions with temperatures
within two standard deviations of the test peak temperature are
shown, resulting i 2-4 points on the figure per simulation.

A fundamemtsl requirement of the assexxmest under the CSAU
guidelines ts that the code version be “fropea™ during implemen-
tatiog of the entire matrix. I, daring the asesament, code perfoe-
mance 35 fognd to be unsatisfactory, miprovements can be aade,
but the eqtire asscssment matrix pust be repeated. Tables 1to3
represent simufations with the zame verxion of WCO-
BRA/TRAC, and do noe inclade any of the extlier assessment
studies performed oa earfier versions.

The ¢ode uncertaingy, which is derivad from experinents, must
be shown 10 be applicable to PWR simuiations. To achieve this,
sirict coe-$0-one comrespondence between the noding wsed in the
experiment simuistions and thar used in the FWR simulation
must be muintained, In the Westinghouse methodalogy, coare-
spondence with axiaf cefl Jengths is maintained wherever possi-
Hle between teaty and PWR's.

Although the PCT s the ey LOCA parameter, other parameters
must be compared to assess the code predictive capability, and
grast be part of tha code qualification document. Typical comper-
isoat made were:

- Quench time

- Mast invemories mthe system

- Viapac tempemstires

- Loop flows and presuure deops

- Void fractions

- Counter-cyrrent fiow hymirs (CCFL)

Finally, a scaling anelysit must be performed. The objective of
thix analyszs s to establish whether the code exhibits & biss with
incressing scale in oy of several key LOCA paramctars. This
scaling snelysis was porformed with WCOBRA/TRACS, =od
demonstraed that a sealing bias and uncertainty did not have to
be spplied for WCOBRA/TRAC.

Table 1. Blowdown LOCA Phenomena Assessment
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PROCESS IDENTIFICATION AND RANKING

The developers of the CSAU methodology recognized the nesd
for an assessment of the uncertainty inall LOCA phenomena and
the degree 10 which the individual uncerraintics affect the PCT.
In principle, this would require a complete assessment of all mod-
els and correlations used in a realistic computer code, In practice,
2 Jess complex approach was peeded. n the CSAU methodalogy,
an expert panel was used to mok LOCA processes, and the high-
¢st ranked processes were included io the uncertainty assessment.
A similar approach was followed by Westinghouse, but this was
augmented by extensive plant sensitivity smdies with the code,
10 confirm the predicted effect. In some instances, patameters not
originally thought to be important were found to have 1 substan-
tial effect oo PCT. In general, it wis found that expert opinion is
effective in identifying potertiel impormant comributors; however,
predictions of the impact of sach congributors was Jess reliable,
especially when previous experience with ocher computer calcu-
Larions was nex avadable

SENSITIVITY CALCULATIONS

A large pumber of seasitivity studict were performed for several
PWR designs. Typical resuits for a three loop plant are presented
in Figures 2 to 5. Figare 2 shows the maximum PCT at all eleva-
tions during the tramsiems, white Figure 3 shows sclecied dleva-
tons. Figures 4 and 5 illustrate dhe core and downcomer
collapsed fiquid levels. The oecillzory eady refiood period is
clearly evident. Based on seasitivity studiet performed to date,
there are a refatively xmall pornber of parassetens winch affect the

LOCA mapsient significanty. The effects cxn be sumnmaerived a8 -

foliows:
A BLOWDOWN

L. Broken Joop resistance: Variations in relative resistance of the -
path from the core 1o the break on the loop side, and from the core
to the break on the vessel side were found to affect the PCT
significandy for all pisnts. The relative resistance was affected, in
turn. by the following:

vesse! inlet nozzie resistance oo broken loop
pomp resistance on broken foap

2. Intact fooo pump performance: On the intact loops, the maost
significant parameter was foand to be whether the RCS pump
was powered. It was found that for most plants, maistaining
power 10 the pumps resulted in a bigher PCT, becense it inhibited
downward flow through the core as the systém de-pressurized.

3. Fuel syored enersy xpd power: During blowdown, the most sig-
pificant core power disuibutron perameter is the marimum aver-
age fuc temperature. Thif extabliches the firgt peak cladding
tempetamre, snd generally affects the second and thind peaks sx
well. The mixial fuef tamperature it affected primariy by the
time m cycle and by the peak [inesr bext rate.

4. Hot assembly location: The assembly receives differeqt
amounts of witer diroctly from the upper head and upper plenum
depending upon its Jocation relative to the control rod guide
tobes. It was been found that there is a variety of upper plenuni
coafigurations abave the assermblies, Each configuration must be
evaluated to assess its impact oa 2ssembly flow during biow-

B. REFLOOD:

1. ECCS flow rates and temperatiices: While in some cases varis-
tons in these parameters did not have a significant effect on PCT,
it was clear from the calcylated results that the vessel mass invep-
tory during reflood was strongly affected by the SI flow rate and
temperature, and the accumulator temperature. In sddimion, ECCS
temperzture affected the mixuoe level in the downcomer which
i tum affected bow much ECCS was entrained from the vessel

~ during reflood. In general, higher ECCS water flow and/or lower

temperature resubted i increased vessel mass mventory and
improved coce cooling duwiing refload,

1 Containment piessure- A higher contxinment pressire was
found to significendy improve the vesse! mass invenitory and sub-
sequet reflood wansient

3. Fuel residual power distribution: ft was observed that the PCT
focation during reflood was typicelly high in the core. Conse-
quendy, the core power distribution as well &3 the bot assembly
power affected the reflood PCT.

UNCERTAINTY EVALUATTON

As & result of the code validation, LOCA process ranking. and
sensitivity studies, the overall unceruinry was concluded to arise
from four major sources:

1. Code bias and uacertainty

2. Power distribgtion bigs and anceqaincy
3. Break fiow bixs and uncertainty

4. iaitial condition uncerainty

These elements are considered to affect the base case PCT as:
PCT; = pcrj'¢ApcrU¢Arcr§ + APCTy; « APCT
whese:

PCT,® = Base cass PCT: The base case PCT is calculated using
WCOOBRA/TRAC &t pominat conditions for blowdown
G=1) aod reficod (=2

APCT; = Code bixs and encertainty: the code bias sccounts foc
differences between the compuer code predicton of
tests which sanulaze the PWR LOCA transient, and
the measuged data, and is independest of the plant
type. Different vajues are used for the blowdown and
reflood PCT's.
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APCTy; = Power distribution bias and uncerainry: This bias is
the difference between the base case PCT, which
assumes a nomiaz! power distribation, and the aver-
age PCT wking imo account all possible power distri-
butions diring normal plam operation. Elements
which contribute ta the uncerany of this bias, ace
calculational yrcertzinties, decxy beat uncerrainties,
and variatioas due 10 transient operation of the reac-
tor.

APCT;; = Break flow bias and uicertzindy: this bias is the differ-
estimare bregk flow parameters, and the average PCT
taking ing sccount afl possible valucs of the break
flow parameters. The uncectainty of this bias mkes
o sccoant the effects of beeak discharge coefficzent
and broken foop resistance,

APCTy; ~ Initial condition bias and uncertainty: this bias is the
difference between the base case PCT, which assumes
several nominal or average initial coodidons, and the
average PCT akiog inw account sl passible values of
the ipitial conditions, This bs takes o 8ccount
plant variations which have a relatively small effect o
PCT.

Each element mcludes a comection or bias, which s added to the
base case PCT to move it coser 10 the expected, oc average PCT.
The bias from each element hat an uncertafoly associated with
the datx used to derive the bias. Each element of uncertainty is
asumed independent. Demonstration of this independence must
be provided, of course, and requires additional sensitivity stedies.
With the exception of the code uncertzinty, the uncertainty com- -
ponents are typically plant specific. N

TYPICAL RESULTS

There are plant specific differences which rust be accounted for
i the uncertainty evaluation. However, in general, it was found
that the code uncertainty, the power disuibution uncertainty, and
the break flow enceqtainty ail conribated approximately equally
w the overall uncertainty. The differeace betuwreen the average, or
50% percent probabilty PCT (the PCT below whick 50% of all
sampled PCTs fall) and the 95% probability vaine ranged from
350 %0 400 °F. Thiy estimate is consistent with the estimates made
in the CSAU A, Estimuzes of the PCT 2t the 95%
probability fevel ranged from 1800 °F to 2000 °F, efter taking
advantage of availsble margin to increase peaking factors, core
power, and operating bands.

CONCLUSION

While the LOCA is a complex transient (o simulate, the soate of
the an in therma] hydoaulics bas advanced sufficiendy to altow its
realistic prediction, and the spplication of advanced methods
day to day reactor design, as demomstrated by the methodology
described here,
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