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ABSTRACT

A series of thermal-hydraulic analyses were performed to investigate phenomena
occurring during small break loss-of-coolant-accident (LOCA) sequences in a
RESAR-3S pressurized water reactor. The analysis included simulations of plant
behavior using the TRAC-PFI and RELAP5/ MOD 2 computer codes. Series of cal-
culations were performed using both codes for different break sizes. The analyses
presented here also served an audit function in that the results shown here were used
by the U.S. Nuclear Regulatory Commission (NRC) as an independent confirmation
of similar analyses performed by Westinghouse Electric Company using another ecm-
puter code.

FIN No. A6047 Code Assessment and Applications (Transient Analysis)
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SUMMARY

A series of thermal-hydraulic analyses were performed, using the TRAC-PFI and
RELAPS/ MOD 2 computer codes, to imestigate phenomena occurring during small
break loss-of-coolant-accident (LOCA) sequences in a RESAR-3S pressu:ized water
reactor.

Plant models were assembled to represent the plant with Model F steam generaton
using both computer codes, and with Model D steam generators using the RELAP5/
MOD 2 code. An additional RELAP5/ MOD 2 model was assembled to investigate the
effect of reducing the steam generator model size.

Three calculations, with cold leg break diameters of 2,3, and 4 in., were performed
using the TRAC-PFI Model F steain generator model. Fourteen RELAP5/ MOD 2
calculations were performed. With Model F steam generators, RELAP5 calculations
were performed for break diameters of 1.5, 2, 3, 4, 5, 6, and 7 in. With Model D
steam generators, RELAP5 calculations were performed for break diameters of
2, 3,4, 5, 6, and 7 in. Another RELAPS calculation was performed using coarsely-
nodalized Model D steam generators for a 2-in. break diameter.

The primary cuculational results of interest were the peak cladding temperatures
attained for each break size. These results were used by the NRC to audit the results of
similar calculations performed by Westinghouse Electric Company using another com-
puter code. Cladding temperature excuisions were observed in two time
periods: before and after clearing of the liquid in the loop seals. lioweser, temperature
excursion 3 were not necessarily observed in both periods for each break size.

Calculated results, for the same break sizes, using the TRAC and RELAPS codes
were comparable in most respects. However, depression of the core level was not
sufficient to cause a cladding temperature excursica Aith TRAC, but was sufficient
using RELAPS. The temperature difference was due primarily to different behavior in
the steam generator inlet plenum.

Peak cladding temperatures were found to be higher in a RELAPS calculation with
fine steam generator nodalizatior. than with coarse nodalization. These results are
consistent with those previously reported by Argonne National Laboratory. In addi-

[ tion, significant previously unreported sensitivities of peak cladding temperature to
initial steam generator secondary mass and separator modeling were discovered.

i
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BREAK SPECTRUM ANALYSES FOR SMALL BREAK
LOSS-OF-COOLANT

ACCIDENTS IN A RESAR-3S PLANT

1. INTRODUCTION

In 1982, Test S-UT-8 was performed in the Semi- Because of the safety implications of the hereto-
scale N1od-2A Experimental System at the Idaho fore unobsersed core level depression below the
National Engineering Laboratory (INEL). TMs test loop seal elesation, much attention has been given
was designed to simulate a cold-leg, small-break, consequently to simulating Test S-UT-8 using large
loss-of-coolant accident (LOCA) in a pressuriud thermal-hydraulic computer codes. The back-
water reactor with U-tube type steam generators. ground of RELAPS/N10P2 and TRAC /PFI com-

puter simulations of Test S-UT-8 is discussed in
Section 2.A significantly different hydraulic phenomenon

was obsened in this test as compared with previous
The purpose of this report is to document ansmall break LOCA tests in this and other experi-

mental facilities. Specifically, in Test S-UT-8, the extension of the in}estigation into the excess core
lesel depression to melude a full scale pressurizedcore level was observed to fall significantly below

the elevation of the loop seals, for an extended per- w ta reacto@g the RESAR-3S standanlized-
des.ign plant. To this end, RELAP5/N10D2 andiod, before recovering at the time the loop seals
TRAC-PFI models of the RESAR plant were used

were cleared of liquid. The loop seals are the low
to simul te cold-leg, small-break LOCAs over a

points in the cold legs between the steam generators large si ectrum of break sites. The resuhs of thisand reactor coolant pumps. Previous experience
study will be used by the U.S. Nuclear Regulatory

indicated the core lesel would be depressed only to
Commission (NRC) to audit similar calculationsthe elevation of the loop seals, and when this ,

perf rmed by Westinghouse Electric Company
occurred, the loop seals were cleared and the core using the NOTRUMP con.put:r code. NRC com-
level was recovered. As a result of the lower-than- paris ns f results using REL \P5 and TRAC with
expected core levelin Test S-UT-8, the core cladding

those using NOTRUNIP will . hen be used as an aid
temperatures increased significantly beyond those in determimng the smtability of the NOT RUMP

,

previously experienced in similar small break
c de for licensing purposes.

LOCA experiments.

RESAR-3S is a Westinghouse-design, four-loop
The larger-than-expected core lesel depression plant. Two different steam generator configura-

was determined to be caused by a delayed draining tions may be used in the plant; both are U-tube
of the upflow side of the steam generator U-tubes design.The N1odel D and F steam generators differ
following the loss of loop natural circulation flow. in feedwater injection location. In the N1odel D,
Liquid inside the tubcs was found to create a static feedwater is injected low in the downcomer, while
pressure head that depressed the core level below in the N1odel F, the injection is high in the down-
what would exist with soided tubes. Important comer, near the steam separators. The analysis
parameters affecting tube soiding characteristics presented here considers both types of steam gener-
were found to be: (1) wall condensation inside the ators, because the differences between them were
U-tubes, (2) comection of liquid from the hot leg believed to possibly affect the U-tube condensation
into the U-tubes sia entrainment, (3) flooding phe- pots, tial discussed above.
nomena inhibiting liquid backflow from the

2U-tubes (and steam generator inlet plenums) into Presious analyses at Argonne Nationall abora-
the hot leg, and (4) the size of the reactor vesse! tory ( ANL) indicated a potential exists for
internal bypass (from the dow ncomer inlet annulus RELAP5 calculational results to be significantly
to the upper head and plenum). A further discus- affected by the extent of the steam generator mod-
sion of the experimental findings is given in Refer- eling nodalization. The analysis presented here
ence1. further investigates this sensitivity.

4
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Section 3 describes the RELAPS/ MOD 2 and presents the results of the TRAC-PFI analyses,
TRAC /PFI models used. Sectiou 4.1 presents the including the effects of break size, and code user
results of the RELAP5/ MOD 2 analyses including experiences. Section 4.3 presents a comparison of
the effects of break size, steam generator configu- the RELAPS and TRAC results for comparable
ration (Models D and F), steam generator nodali. calculations. Section 5 presents the conclusions of
zation, and code user experiences. Section 4.2 this study, and references appear in Section 6.

I
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2. BACKGROUND

Semiscale-Ntod-2A is a 1/1700 scale experimen- puter code. These two codes were used at INEL to
tal facility representing a pressurized water reactor perfo:m the RESAR plant calculations docu-
with U-tube steam generators. Test S-UT-8 simu- mented in this report. Results of comparisons
lated a 58Fo break in the cold leg of the reactor cool- between calculated and experimental data indi-
ant system. Details of the experimental facility and cated both computer codes have the capability to
a description of the test can be found in simulate holdup of liquid in the steam generator
Reference 3. tubes prior to the time of loop-scal clearing, and

the resulting core level depression and core heatup.
Following the completion of Semiscale Test S- The comparisons also indicated a significant sensi-

UT-8, much attention has been given to simulating tivity of cladding temperature results to relatisely
this test using large thermal-hydraulic computer minor changes in nodalization.
codes. The purpose of these simulations was to
determine if holdup of liquid in the steam genera-
tor U-tubes and resultant depression of the core Thus, the comparisons of code calculations with

level below the lowest elevation of the loop seals, as experimental data for Test S-UT-8 give a qualitative

occurred in the test, could be simulated using exist. indication that the TRAC-PFI and RELAP5/
ing codes. Two such studies were performed at the A10D2 computer codes have the potential for cal-
Idaho National Engineering Laboratory (INEL)4 culating U-tube liquid holdup, and associated
and Los Alamos National Lacoratory (LANL).5 phenomena, in a full-size pressurized water reactor.

The indication is only qualitatise because the
The INEL study was performed with the effects of break size, scaling, and nodalization on

RELAP5/AIOD2 computer code and the LANL code capability to simulate key phenomena have
study was performed with the TRAC-PFI com- not been established yet.

3
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3. MODEL DESCRIPTIONS

The following sections describe the models used The break causing the LOCA was located in the
in this study. Section 3.1 describes the RELAP5 single loop at the location of the accumulator line
models of the RESAR-3S plant with Afodel D connection with the intent of modeling a crack in
steam generators, and Section 3.2 describes the the weld of the accumulator line-to-cold leg con-
RELAP5 model of the plant with h1odel F steam nection.
generators. Section 3.3 describes the TRAC model.

. The steam generator primary and secondarySection 3.4 provides documentation control infor-
mation for input decks and computer codes used in sides were modeled includmg mternal heat struc-

this study. Section 3.5 discusses the common initial tures, mam and auxiliary feedwater systems, steam

conditions and assumptions presented in this II"'' ''II'I '^I'*5 ' '"'DI"' 'I P '"I'''' * I" *** *

report. Section 3.6 discusses differences observed is I tion valves, and steam dump system.

between the RELAPS and TRAC models of the The reactor coolant pumps were modeled using
RESAR plant. pump components. Ilomologous curves, two-

phase difference curves, and two-phase multiplier

3.1 RELAP5 Models of RESAR tables for head and torque for W "inghouse PWR
pumps were used hn ad input requirenwnts eveptPlant with Model D the two-phase difference curves for the energy dissi-

Steam Generators pation region of the head and torque curves. Semi-
scale two-phase difference data were the only

| The RELAPS models used in this study were inf rmation available for this input.
| based on a model initially developed at INEL as The pressurizer tank and surge line were modeled

part of another effort.6This initial model was sub- with pipe components. Eight nodes were used in
sequenti transmitted to ANL for their use in other the pressurizer tank so tank draining could be fol-
studies. The original INEL model was modified lowed. The heaters and spray were not modeled
by ANL to simulate a RESAR plant with finely- since they were not needed to reach steady state and
noded, hiodel D steam generators. Furthermore, would not be used in the transients investigated
ANL modified the baundary and initial conditions here. The power-operated relief valve (PORV) was
to agree with those to be used by Westinghouse not modeled since it would not be challenged in this
Electric Company in analyses using the type of transient.
NOTRUhlP code. ANL subsequently transmitted
the modified model back to INEL, where it was The reactor vessel model included a dow neomer,

used as the basis for the RELAP5 analyses pre. lower plenum, core region, core bypass, upper
sented in this report. plenum, and upper head with an " inverted top hat"

configuration. The model included the upper head
The base RELAP5 model used in the calcula. spray nozzle flow path. The core region had six vol-

tions presented in Section 4.1.3 consists of 188 vol. umes so the liquid level could be tracked, and the
umes,192 junctions, and 224 heat structures. hydraulic conditions could be accurately calcu-
Figure I shows a nodalization diagram of the lated.

model. Three of the four loops were lumped The connection between the reactor vesset upper
together as the intact loop. The length of corres- plenum and hot legs is made from the lower cell
ponding components m each loop was the same, adjacent to the hot leg centerline (Volume 120 in
with the mtact loop components having three times Figure 1). The significance of this nodalization
the volume and now area of the broken loop com-

choice is discussed in Section 4.1.5.
ponents. The pressurizer surge ime connects mto
the broken loop hot leg. Charging and safety injec- lleat structures were used to model the stored
tion pumps and accumulators were modeled only in enerEy and heat transfer surfaces of the primary
the intact loop (see assumptions in Section 3.5). system loop piping; steam generator walls, inter-
The charging How was injected directly into the nals, and tubes; and reactor vessel walls, internals,
cold leg. The safety injection flow was injected into and fuel pins. One fuel pin was modeled as a hot
the accumulator line which was connected to the pin, but no separate fluid volumt was used for that
cold leg upstream of the charging line connection. pin. Ileat losses to the ambient are negligible and

4
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were not modeled. Heat transfer coefficients were tors were remmed by breaking the nodalintion
calculated within the code for all heat structures pattern at the hot leg / inlet plenum, cotlet pleaum/
except the one in the vessel that was used to simu- cold leg, feedwater inlet, and stear i dome / , team
late gamma heating. This heat structure was mod- line junctions. Niodel F steam gene ators wue then
eled as a thin piece of steel wi h a large suriaee area extracted from the original INEl. RESAR plantt

6and a high heat transfer coefficient so all er.ergy N1odel and inserted into the remaning part of the
generated within it would be immediately transfer- base model. The resulting nod;lization for the
red to the Guid in the sessel. RESAR plant with Slodel F ste. m generators is

shown in Figure 3. Ily comparing Figures I and 3,
Other user-seieeted code options include the fol- the only significant dif ference in the nodalization

lowing. Nitrogen was the noncondensible gas in the patterns for the Niodels D and F steam generators
accumulator. Wall friction and unequal tempera- is in the downeomer region. In the N1odel D steam
ture options were implemented for all primary and generator, feedwater is injected low in the down-
secondary volumes except pumps and the steam comer w hile in the Niodel F it is injected at the top
line beyond the main steam isolation vahes of the downcomer. Iloth steam generators were
BlSIV). These options are not allowed for pumps. imestigated because the steam generator liquid
The main steamlines beyond the NISIV's were not holdup phenomenon would be affected possibly by
regions critical to the calculation so the options the proximity of the ausiliary feedwater injection
were chosen to minimize problems in achiesing location to the steam generator U-tubes.
steady state conditions. With a few exceptions to be
discussed later, the following modeling criteria were 3.3 TRAC Model of RESAR
applied at the junctions. As recommended by the Plant w.th Model FiRELAI,$ deselopment group, choking was allowed
at alljunctions except at the separators; the geome. Steam Generators
try determineu whether a junction has a smooth or
abrupt area change; and the full inertial treatment The TRAC model of the RESAR plant with
option was selected for all junctions.1.iquid and Niodel F steam generators is detailed in this sec-
vapor can have unequal selocities except at the sep- tion. T he TRAC nodalization scheme is presented
azator inlets and the accumulator line-to-cold leg ia Figure 4. The TR AC RESAR model consisted of
connections. These selections gave more realistic a reactor s essel, intact (three lumped loops) and a
void distributions in the steam generators and pre- broken loop. This model was based on a detailed
vented problems that could occur by injecting cold deck supplied by 1 ANI.. The original detailed deck
water into a two-phase system. included 4 loops with a VESSEL component, con-

sisting of $44 cells, employed to capture three
To perform the nodalization sensitisity study dimensional flow phenomena.

presented in Section 4.1.4, the base RELAP5
model was modified by comb:ning adjacent cells in The detailed LANI. deck was simplified into a
the steam generator tube, downcomer, boiler, and configuration similar to the RELAP5/N10D2 deck
steam dome regions. The resulting nodalization is by combining three loops into a single lumped loop
show n in Figure 2. The coarsely noded model(Fig- and reducing the de' ailed VESSEL component
ure 2) represented the steam generators with about from three to two dimensions. The simplified loop
half the number of cells as in the base model(Fig- nodalization for the RESAR plant was modeled s

ure 1) and contained 146 solumes,150 junctions, with 42 one-dimensional components consisting of
and 174 heat structures. 191 computional cells. T he coolant loops were pro-

_

portionally siicd with the intact loop hasing three

3.2 RELAP5 Model of RESAR times the broken loop solume. t he degree of loop
nodalization in the original LANI. deck was main-Plant w.th Model Fi tained.in the simplified deck. In the simphfied ses-

Steam Generators sei model, axial nodalization detaii was maintained
but radial nodalization was reduced to two regions,

To simulate the RESAR plant with Niodel F and azimuthal detail was remmed completc.y.
steam generators, the base RELAP5 model Thus, the simplified sessel model was r:duced to
described in Section 3.1 was modified by replacing approximately a one-dimemional configuration

'

the steam generators. The N!odel D steam genera- since, in trost of the computational cells, flow was

#
6 -

_ _ _ _ _ _ _ _ _ _
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limited to the axial direction only. In the process of downeomer spans lesels 3 through 15 in the outer
collapsing the LANL input deck, flow areas, vol- ring. The leakage path is located at lesel 15 between
umes, lengths, stored metal mass energy, and heat the downcomer and upper head interface. The
transfer surface areas were conserved. control-rod-guide-tube assembly connects from the

top of lesel 1I to the bottom of lesel 17. The leak.
Each steam generator was modeled with a age paths representing the hot leg nozzle /

STGEN component representing the tube bundles, downeomer interface leakage gap was modeled
boiler, downcomer, steam separator, and steam with a VESSEL vahe connection between the
dome regions. The steam generator turbine stop downcomer and upper plenum at lesel 14. Vess.l-
valves and safet) elief vahes were modeled with to-loop interfaces were modeled with Pir E/
TRAC VALVE components. Both the safety ael PLENUN1 combinations at the cold- and 1.ot-leg
stop valves were connected to common manifolds connections. These interface voi .mes were mod-
which were modeled with PLENUN1 components. eled as part of the vessel, with the volume borrowed
The pressure boundaries at the vahe outlets were from the downcomer and upper pbnum regions of
modeled with FILL or BREAK components. FILL the original LANL vessel. This moaling strategy
components provided the main and auxiliary feed- approximated the vessel as a one-dimensional sys-

,

water into the steam generator downcomers. The tem since, in most cells, flow was constrained to the
FILLS were connected to common manifolds mod- axial direction only. Howeser, in the sessel, certain
eled as PLENUN1 components which were con- cells also had a radial flow component because cell- gr
nected in turn to the steam generator downcomer to-cell connections existed in the lower and upper
inlets. plenums and upper head.

| 'Ihe primary coolant pumps were modeled with Heat transfer modeling in the reactor sessel and
I two-celled TRAC PUNIP components. The ECCS piping included both sensible heat from internal ,

boundary conditions were modeled to match the metal mass structures and heat generated by the
pressure flow curses from the RELAPS input nuclear fuel. The nuclear fuel simulation was based
decks. ECCS was injected into the intact loop only. on Westinghouse standard 17 x 17 fuel assemblies.
The ECCS modeling consisted of a PIPE / FILL The fuel rod nodalization consisted of 6 axial and ,

combination to represent the combined flows from 8 radial temperature nodes. Iloth an aserage and a
the cnarging, high pressure injection (HPI), and computational hot rod were used to simulate the
accumulator. The accumulator flow was based on core fuel response.
the pressure and mass flow response calculated in
the RELAPS RESAR simulations. The break in the The principal options used in the TRAC model \
cold leg was modeled with a TEE / BREAK combi- "cre the code transient option, the water packing
nation with the break-plane junction located at the eption, the critical flow model at the break plane,

TEE secondarf BREAK interface. and wall friction. The outer comergence criterion
was set at 0.0001, and the maximum number of

The reacto: vessel nodalization scheme outer iterations was set at 10. Direct matrix imer-
(Figure 4) used a 34-cell VESSEL component con. sion was used to calculate a numerical solution for

sisting of 17 axial levels,2 radial regions, and no the VESSEL component.

wimuthal regions. Two one-dimensional PIPE
components were used to model the region hetween 3,4 Code and Model
the core-bafHe region and the lumped contro!-rod-

Documentat. ion Controlguide assemblies. The lower plenum region was rep.
resented by levels 1 through 4 with the top of
level 4 representing the interface of the lower sup- RELAPS calculations presented in this report
port plate with the fuel region. Within the inner were performed using an updated sersion of
ring, the heated fuel length spans levels 5 RELAP5/N10D2, Cycle 21. The update was
through 9, and region 10 spans the upper core sup- required to prevent code failure in the core gamma-
port plate regions. Running parallel with lesels 5 heat structure (see description in 3.1) that occurred
through 9 is a PIPE component representing the when portions of the core became completely dry.
core barrel /bafDe annalar flow region. Levels iI
through 14 and 15 through 17 represent the upper TRAC calculations presented in this report were
plenum and upper head regions, respecavely. The performed with an updated sersion of TRAC /

10
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PFI/510DI, Version 11.7. The update was the site of the accumulator line penetration. Stand-
required to correct errors in the PLENUN1 compo- ard best-estimate break flow models contained in
nent. the TR AC and RELAP5 codes were employed. The

NOTRUN1P calculations performed by Wes-
Input decks and both codes that were used are tinghouse will probably employ the Nicody break

stored at INEL on magnetic tape. flow model. Thus, results for a given break diame-
ter will not be directly comparable. Because of the
I rge number or break sizes imestigated with3.5 Assumptions and TRAC and RELAP5, however, compansons of

Boundary Condit. ions TRAC and RELAPS results with NOTRUN1P
results may be performed after appropriate adjust-

As indicated in Section 3.1, the base RELAP5 ments for break flow modeling have been made.
model used in this study was obtained from ANL.
This model was set up to calculate a small break
LOCA sequence in the RESAR-3S plaat. Further. Degraded puformance of the emergency core

more, the boundary and initial conditions ANL cooling system (ECCS) was assumed. Only one

specified in the model were selected to agree wil. high pressure injection (llPI) and one charging
those to be used by Westinghouse Electric Com. pump were assumed operable. Flow from these

pany in analyses using the NOTRUN1P code. sources was injected only into the intact loop. The

Boundary and initial conditions in the LANL- broken loop accumulator was assumed to be
deseloped TRAC model were modified to agree unavailable. N1odeling of low pressure injection

with those of the base RELAP5 model. Thus, the (LPI) was not required because calculations were

RELAP5 and TRAC calculations presented here terminated before initiation of LPI flow. Only one

are comparable with each other, and with motor-drisen auxiliary feedwater pump was
NOTRUNIP calculations performed by Wes. assumed to be available. Characteristic curses for

tinghouse. This section documents the significant the ECC and decay heat removal systems are show n
in Table 2.common assumptions, and boundary and initial

conditions used in these analyses.

ema n ng anun ns e necrn ng plant t@
Transient simulations were accomplished by first

an c n system Nnsns am hw n m M L
performing steady-state calculations to achiese
plant operating conditions, then performing small
break transient calculations, typically restarting To assure clearing of the liquid from the reactor
them from the steady-state conditions. For the coolant pump suction of the broken loop before
analysis presented here, the plant is assumed to be that in the intact loop, the elevation of the loop seal
operating at 102ro of full power. Initial steady-state to the intact loop was lowered by 2.0 ft. This modi-
conditions obtained are shown in Table 1. Compar' fication was applied to all models used in this study.
isons show generally good agreement among all This modification assured the same loop seal was
steady-state calculations. The TRAC and RELAPS cleared first in all calculations, thus eliminating
steady-state, steam generator secondary conditions difficulties in comparing results of calculations
differ moderately wit h the TR AC secondary system w here this is not the case.

. containing less liquid and operating at a higher
pressure than that of RELAP5. These differences
are not expected to be significant in comparison to Calculations were carried out to a point where
the overall calculational results. Ilowever, a better indicath of both short and long term core cool-
comparison of initial seco dary conditions could ing s dent. For larger break sites, this typi-
hase been obtained if more time were available to call; r, i calculations were continued past
perform the steady-state calculations, initiation of accumulator flow and with an indica-

tion that clad temperatures had peaked. For some
Transient calculations were initiated by the break smaller break sizes, depressurization to the accu-

opening, and time zero corresponds to the break- mulator injection pressure was not encountered,
opening time in all calculations presented in this but core cooling was assured by a covered core, sta.
report. Ilreaks were assumed to open instantane- ble preuure, and safety injection flow exceeding
ously and were located at the cold leg centerline at break flow.

I1

.
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Table 1. Initial steady state operating conditions

Coarse Node
RELAPS RELAPS RELAP5 TRAC

Parameter hiodel D SG N1odel D SG 51odel F SG hiodel F SG

Reactor Power, h1W(t) 3479.0 3479.0 3479.0 3479.0

Hot Leg Temperature, *F 623.3 623.4 622.9 624.2

Cold Leg Temperature, *F 562.8 562.9 561.8 562.8

Pressurizer Pressure, psia 2269.5 2273.5 2273.5 2244.0

trop Flow (Total 4-loop), Ibm /s 38789.0 38755.0 38495.0 38229.0

Feed / Steam Flow, Ibm /s/SG 1063.5 1066.2 1064.7 1058.2

Feed Temperature, *F 437.2 437.2 437.2 436.5
,

Secondary Pressure, psia 987.8 % I.3 9%.4 1030.2

Secondary h1 ass, Ibm /SG 113806.0 105760.0 111026.0 87"a )

Steam Generator Level, ft 43.8 41.8 44.8 39.05

3.6 Differences Between for vessel, the core region consists of 6 cells in the

TRAC and RELAP5 RELAP5 model and 5 in the TRAC model. In the
reactor coolant loops, the TRAC model generally

Models has riner nodalization in the hot legs and pumps.
Steam generator nodalization of the two models is

Comparison of TRAC and RELAP5 calcula- virtually identical.
tions for identical sequences is an impc,rtant part of

Geometrical data of the two models were com-this report. Therefore, differences between the
pared prior to performing the calculations. SomeTRAC and RELAPS modeling of the RESAR

, significant differences were noted, and these are
plant must be documented. This section discusses

discussed below hiost of these differences aredifferences between the models presented in Sec-
traced directly to the RELAP5 and TRAC modelst,on 3.2 (RELAP5) and 3.3 (TRAC).i
developed at INEL and LANL, respectively. Since

** ' * #' " " " * " 'Both models portray a RESAR-3S plant with
neither the RELAPS nor the 1RAC model geome-hiodel F steam generators. As discussed in
tries can be judged to better simulate the plant.Section 3.5, good agreement between models was

obtained for the initial steady-state operating con- In the reactor vessel, the core bypass (lower
ditions. Furthermore, assumptions and boundary plenum to upper plenum) was handled dif ferently
conditions for the TRAC model were adjusted to between the two models. The RELAPS steady-state
agree with those of the RELAPS model. Thus, the bypass flow was approximately 10 times that of
initial and driving conditions for the two models TRAC. Il> pass flow volumes compared well. The
are in good agreement, different b> paw flow rates appear to be caused by

dif ferent interpretations of the leakage flows within
lloth models have similar nodalization schemes. the barrel-baffle region. These differences are not

Comparing Figures 3 and 4, only minor differ, expected to significantly affect the calculated
ences in the nodalization are observed in the reac- results.

12
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Table 2. ECCS and decay heat removal characteristic curves

liigh Pressure Charging
injection Characteristics injection Characteristics

_,

(90'F Liquid) (90* F l.iquid)

Pressure Flow Rate Pressure Flow Rate
(psia) (Ibm /s) (psia) (Ibm /s) ,

s 14.7 63.84 s 14.7 47.76
114.7 61.56 114.7 45.91
214.7 59.17 314.7 42.11
314.7 56.59 514.7 38.I5
414.7 53.92 7I4.7 33.99
514.7 51.15 914.7 29.M

|
614.7 48.27 1114.7 25.09
714.7 45.27 1314.7 20.34
8 I 4.7 42.10 1514.7 15.31

914.7 38.72 1714.7 9.73
1014.7 35.02 1914.7 4.91
1114.7 30.85 a 2II4.7 0.0
1214.7 25.83
1314.7 I8.90

f 1414.7 5.12
2 1514.7 0.0

Accumulator

Total Volume 4050 ft3

Liquid Volume 3150 ft3

Initial Temperature 9(P F

Initial Pressure 600 psia

Motor-Drisen Auxiliary Feedwater

Flow Rate 20.7 lbm/s (per steam generator)

Liquid Temperature 90 F

Two bypass leakage paths exist in the upper the DC-UP path is armse its true elesation at the
region of the reactor sessel. One path connects the hot-leg centerline. In the REl.AP5 model, only the
upper region of the downcomer with the upper DC-Ull path is present. The DC-UP path appears
head (DC-Ull path). The other path represents to base been deleted by ANI.;it was included in the

6 but not in theleakage between the dow neomer and upper plenum original RELAP5 RESAR model
regions (DC-UP path) around the circumference of model receised from ANL 1he T RAC DC Ull
the hot leg nonie penetrations. The models simu- path is smaller than that of REl.AP5 model, how-
late these leakage paths differently. In the IRAC eser, such that the total, steady-state, upper reactor
model, both paths are present, but the elesation of sessel bypass flow (DC-Ull plus DC-UP)is about

13
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Table 3. Plant trip and control system assumptions

Event Assumptions

Reactor Trip Scram when pressurizer pressure is less than 1860 psia.1979
American Nuclear Society ( ANS) + 20?'e power decay.

Reactor Coolant Pump Trip I s after scram.

Safety injection 25 s after pressuriier preuure falls below 1760 psia.

Turbine Trip At time of scram.

Auxiliary Feedwster Injection Initiate 61 s after scram, control to maintain 41.833 ft of steam
generator (SG) dow neomer collapsed lesel.

7re larger with TRAC than with RELAPS. were lower and secondary pressure was higher with
Although results of a small-break LOCA calcula- TRAC than with RELAPS. Geometrical differ-
tion may be expected to be sensitive to differences ences were also noted between the steam-generator
in total upper reactor sessel bypass, the difference secondary regions of the two models. In general,
noted abose is not considered significant. This the TRAC steam generator was found to be larger
judgment is based on the findings of bypass. than that of RELAP5. As examples TR AC steam
sensitivity studies presented in Reference 1. generator tube solume was 18re larger than

RELAP5, tube length was 6re longer, and boiler
solume was 35re larger. Pouible effects of these

As indicated in Section 3.5, the initial steady- and other geometrical differences will be discussed
state, steam-generator secondary mass and lesel in Section 4.3.

14



_ _ _ _ _ _ _ _ _ _ _ _ _ _ _

4. RESULTS

Results of the analyses are presented in this sec- trip. This resubcd in a turbine trip, causing isola-
tion. Section 4.1 presents results from the tion of main feedwater and steam dows, and

REL.AP5 analysis, Section 4.2 presents results tripped the reactor coolant pumps.
from the TRAC analysis, and Section 4.3 presents

The high prewure injection and makeup flow s toa comparison of the RELAP5 and TRAC results.
the intact loop were initiated at 65 s. This time cor-Peak cladding temperature results for all calcula-
resp nds to 25 s after the time the prewuriier pres-

tions are summarized in Section 5.
sure reached 1760 psia. Ausiliary feedwater was
initiated at 96 s, corresponding to 61 s after the

4.1 RELAPS Results reacio, trip.

Results of the RELAP5 analysis are presented in The decline in primary system pressure was ter-
,

| this section. Section 4.1.1 presents a detailed dis. minated as the pressure approached that of the see-

eussion of the results for a representatise calcula. ondary sptem. ~lhis indicates the energy removal

tion. Section 4.1.2 discusses the effects of break rate at the break was not sulficient to remose decay

size, Section 4.1.3 discusses the ef fects of steam heat. Thus, the secondary system was required to

I generator configuration. and Section 4.1.4 dio remose part of the decay heat, and as a result, the

cusses the effects of steam generator model nodah. primary system pressure remained abose that of the

zation. Section 4.1.5 presents user experiences secondary sprem.

gained from employing the REL AP5 code in this As a result of the reactor coolant pui..p trip, the
apphcanon.

|
loop flow rates declined rapidly as shown in

l I igure 6. Following coastdow n of the pumps, loop
4.1.1 Representative Results. RELAP5 calcula- How entered a period of natural circulation. As
tions were performed for 1.5 , 2- 3., 4 , 5 , 6 , and @own in Figures 7 and 8, the injection now from
7-m.-diameter cold leg breaks in a RESAR plant ilPI and makeup was exceeded by the break flow,
with Model F steam generators and for 2 ,3 ,4 ,5- As a resuh, ihe primary sptem began to soid as
,6 , and 7-in.-diameter cold leg breaks in a RESAR indicated by the hot-leg soid fractions shown in
plant with Nfodel D steam generators. These calcu- Figure 9.
!ations were performed with the finely-noded steam

f
generator models described in Sections 3.1 As the loop soid fractions increased, an asy mme-
and 3.2. An additional RELAPS calculation was try in the steam generator upside and downside
performed to imestigate the effects of sariation in tube lesels doeloped. The terms upside and dow n-
steam generator nodalization for a 2 in.-diameter, side locl icfer to t he collapsed les cis in the portions
cold-leg break in a RESAR plant with Model D of the U tubes that esperience sertically upward
steam generators. and downward now, respectisely, during normal

plant operation. Figure 10 shows the tube lesel
The trends of plant response for all the REl.AP5 responses within the intact loop steam generator;

calculations were similar in most respects. To sim- responses in the broken loop were sittually identi-
plify discussion of results, a detailed discussion of cal to those in the intact loop. In Figure 10, t he zero
results for one calculation (3-in.-diameter break, loel corresponds to the bottom end of the tube
N!odel F steam generators) is presented here. A (bottom surface of the tubesheet). 'I he asymmetry
sequence of esents for this calculation is shown in between the upside and dow nside locis is caused by
Table 4. Then the following subsections discuss tbe the opposite cf fcct the force of grasity has on these
effects of sarying the break size, steam generator two fluid flow paths. In the upside, grasity opposes
model type, and degree of steam-generator model positne How, i.e., normal direction, while in the
nodalization. dow nside it supports positise flow. As the loop flow

rate slows, this difference causes the dowrnide to
The transient begins with the opening of a 3.0- dram more rapidly than the upside. Thus, resulting

in.-diameter break in the cold leg at zero time. As two-phase flow patterns are concurrent dow nward
shown in Figure 5, the primary system pressure fell in the downside of the tube and countercurrent
rapidly as a result of the break. At 35 s, the pressur- (sapor upward, liquid downward)in the upside of
izer pressure reached 1860 psia, causing a reactor the tube.

*-
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Table 4. RELAPS calculated sequence of events for 3-in. break, Model F steam
generators

.

Time
Esents (s) l

Break opens in cold leg 0 1

Reactor trip, reactor coolant pump trip, turbine trip, tnain 35

feedwater isolated, turbine stop valves closed

HPI and makeup flow initiated 65

Auxiliary feedwater initiated %

Core heatup begins 814

Broken loop seal clears, core temperatures decrease 873

Auxiliary feedwater throttled when lesel setpoint attained 1230

Accumulator injection begins 2104

End of calculation 2928

'
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Figure 5. RELAP5 primary and secondary spiem prewures for 3.in. break, Model F S(1
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! Figure 11 shows the liquid fractions in the intact As a result of the additional depression of the
loop steam generator plenums and the sloped see- core lesel, a heatup of the fuel rod cladding

|

tion of the intact loop hot leg. The asymmetry of occurred in the top three core sections as shown in'

| liquid distribution between the inlet and outlet Figure 13. Comparing Figures 12 and 13, the ini-
j plenums is similar to that discussed for the steam tial cut e licatup bcgan v, hen the co!!ap-cd core !cre!

generator upside and dow nside tube loets. fell to 6.01 ft above the bottom of the core.

j Continued soiding of the broken loop caused the '

The asymmetries discussed abose are significant downside of the broken loop pump suction to begin
because they directly affect the core lesel during draining after the tube dow nside and outlet plenum,

periods of stagnant loop now. Specifically, the dif- had drained. As show n in Figure 14, the pump suc-
ference between the total upside collapsed lesel tion drained steadily until the loop seal elevation
(sloped hot leg, plus inlet plenum, plus tube upside) was reached at about 873 s. At that time, the loop
and total downside collapsed lesel (outlet plenum seal was cleared, causing liquid in the broken loop4

plus tube downside) creates a static head pump suction upside to be swept toward the reactor'

'|
imbalance. Due to manometric considerations, the sessel. As steam reached the break, the break mass
imbalance results in a core loel deprenion below, now rate dropped significantly (Figure 7), and the
and downcomer lesel clesation abose, the Inel increasing break volumetric now caused the pri-

i expected without the imbalance. Without the mary system preuure to begin decreasing again
asymmetry, the collapsed core loel needs to be (Figure 5). The decreasing pressure caused an,

i depressed only to the elevation of the loo, seals to increase in llPI and makeup now rates (Figure 8)
'

allow clearing of the seals. With the asymmetry, and this, along with the liquid entering the reactor

j howeser, the core lnel must be depressed below the scuel from the broken cold leg, caused the col- .

' loop-seal elesation to compensate for Ihe static- lapsed core le el to rapidly increase as show n in Fig-
head imbalarce. As shown in Figure 12, the core ure 12.
lesel was depressed to 3.58 ft abuse the bottom of
the core before the loop seal cleared. This was With the increasing core lesel, the heatop in the'

| 3.36 ft below the loop seal eination. upper portion of the core was rescrsed, and the
: i

!
:
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l
i cladding temperatures returned to saturation as for anurance that RELAPS-calculated results

shown in Figure 13. Sf aximum cladding tempera- for the prototype RESAR preuurized water reactor
; tures attained were 730'F in the aserage core and (PWR) are reasonable, comparisons of the coun-
j 790*F in the hot pin. tercurrent flow behasior in the steam generator

inlet regions were performed. Representatise com.i

Clearing the loop seat in the broken loop allowed parisons are shown here for the 3-in.-diameter
break RELAP5 calculation with N1odel F steamsignificant steam flow to reach the break. As a

result, clearing of the intact-loop seal did not occur. generators. First, the comparisons aoume Ihe
,

As shown in Figure 15, the intact loop pump suc- RELAPS-calculated vapor upflow selocity is cor-

tion dow nside levelincreased w hen the broken loop rect. Next, a liquid downflow selocity is calculated

. seal cleared. according to a countercurrent flow limiting (CCFl.)
i correlation. I inally, a comparison hetween the cor-

.
related and RELAP5-calculated liquid sch> cities is

! Contmued primary system depressurization m. ,i- rnade. Thus, the comparisons are an indication of
: tiated accumulator flow at 21M s when the pres- the reasonableneu of the RELAP5 flooding behas-
; sure reached 600 psia. As will be discussed in the ;g,,

following sections, a second core heatup was;

i observed during this depressurization phase for
At the c nnecti n between the steam generator

larger break sizes. With a 3 in. break size, however,
; the depressurization was gradual, and flashing inlet plenum and tubes (iplet of the tubesheet), the

Wallis CCFL correlation is applicable becauw of
within the core was not sufficient to cause a second

the small hydraulic diameter of the U tubes. The
ca up' Wallis correlation relates the dimensionien sapor

i The calculation was terminated at 2928 s with the
reactor pressure and temperature increasing slowly i

i

'

and the core levelincreasing. Injection flow from the
*2 2

HPI and makeup systems exceeded the break flow as )8 +j = 0.775 (1)Ishown by comparing Figures 7 and 8.'

|

22
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l

j where leg diameter. The Wallis correlation has not been
shown to be applicable for such large diameters,

| ,

y g Instead, the Kutateladie correlation is generally
{g

j
,

g g applied in larger diameter situations. The Kutate-
ladie correlation is not explicitly dependent on,

.* - diameter; howeser, the Kutateladie constant is
,U~"#I "

f f f often saried to obtain good agreement with availa-,

ble experimental data. No data are asalfable for the
var r sel city (upward) hot leg / inlet plenum geometry of the RESARV =

8
P'*"'' ' ""# ** '"I'' ## #""''#"' "I

liquid velocity (dowr. ward)Vr =
k. = 3.2 was assumed based on the reference

j soid fraction countercurrent flow limiting model of the TRAC-a =

IIDI computer code 8 The Kutateladie correlation
#g var r density=

relates Ihe dimensionless vapor and liquid selocities
liquid density as follows;pr =

I
~

~l I i 1 1
'

J t 2
; -gDyg-pg)- g4 g{ m g- 3.2 ' (2)x =

=

q 8
;

i D hydraulic diameter where
- .I

!
=

<

3
acceleration due to grasity.

,

g . p )og 7
=

(pI ga g ~__ "y
J Gisen V , o, p8, and p r from the RELAP5 calcula- 8 g 2g

tion, and D from the plant geometry, equation (1)
,

#g
,,

was solsed for Vr (Wallis). Figure 16 compares the!

! RELAPS and Wallis liquid selocities at the intact
'

. .

-1 I
t loop steam generator inlet plenum-to-tube connec- p

.p[),gI 4
(1 - u) V; tion. The period of interest is from 500 to 750 s Kr = t

t w hen the loop flow has stopped and the tube upside p'
Ilevels are decreasing as shown in Figure 10. The

I comparison shows the RELAP5-calculated U-tube
mfaa tendon.a =i upside lesel draining proceu occurred slightly

slower than predicted by the Wallis correlation.

;
Thus, the RELAP5 calculation is consenatise, Gisen V , p r, p , and a from the RELAP5 calcula. I

! compared to Wallis, because a higher tube lesel cre- tion, an5 the ph sical property o, Equation (2) was
ates the potential for greater core lesel depression sobed for Vr (Kurateladie) ligure 17 compares,

and peak clad temperatures. the REl.AP5 and Kurateladie liquid schwities at,

j As discuued earlier, core heatup began after the ihe intact h>op hot leg to inlet plenum connection.

| U-tubes had completely drained and was caused by 'Iwo periods of interest are noted: first, while the
; the static head of liquid remaininF in Ihe steam gen. tubes are draining from 500 to 750 s, and second,

) erator inlet plenum and sertical sections of the hot after the tubes hase drained and before dcaring of ;

I legs. Thus, while the tube liquid lesel did not the broken loop seal from 750 to 873 5. During the j
directly cause the core heatup, the delayed draining first period, the REl.AP5 calculation showed sig-

of the U tubes caused delayed draining of the nificant liquid drainback while the Kutateladie
,

! steam generator inlet plenum and sertical hot leg correlation predicted no liquid drainback. During
'

sections, which allowed the core to heat up. The the second period, REI AP5 and Kutateladie lig-

oserall draining proccu may be thought of as a cap uid veh>citSs were in excellent agreement.'

! cade, with the tubes draining to the plenum and the .

us, e A h.qu. selocity at the hot leg-
! plenum draining to the hot legs. ,

to inlet plenum connection was nonconsersatisc'

The geometry of the hot leg /in!ct plenum con- from 500 to 730 s by about 0.3 II/s. Ihn correlates
3nection is quite different from that at the plenum / to about 4.7 f t /s of esceuise liquid flow from the

| tube connection. Specifically, at the former, the intact loop inlet plenum to the hot leg. As shown in
j hydraulic diameter is much larger; equating the hot I:igure 16, howeser, REl. AP5 was consenatise at I

|
2

i

i
1
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|

i
the plem;m-to-tube connection by about 0.2 ft/s lowered by 2.0 ft to assure clearing of the broken'

3
| (or 6.6 ft /s) during the same period. loop seat first. For the 1.5- through 4-in.-diameter

breaks, only the broken loop seal cleared. For the'

in summary, the countercurrent flow behasior of 5. through 7-in.-diameter breaks, both loop seals
RE LAPS in the hot leg / inlet plenum / tube region is cleared. The faster depressurization rates awoci- i

! in gr neral agreement with that predicted by the ated with the larger breaks (shown in Figure 18) |

Walis and Kutateladie correlations. From 500 to caused a higher oserall sapor production rate (due
750 s, RELAP5 was found to drain the inlet to flashing) than for smaller breaks. For these,

plenum too quickly and to drain the tubes too larger breaks, clearing a path around the broken
slowly by approximately the same differences in lig- loop to the break was insuf ficient to remose all the

i uid solume. Thus, the net rate of static head loss sapor generated, so the intact. loop seal was cleared

! with RELAPS is in escellent agreement with that as well.

,

predicted by the flooding correlations from 500 to
750 s. From 750 s to the time of loop-scal clearing Core-collapscJ lesel and peak-cladding-4 i

at 873 s, draining of the inlet plecum is in excellent temperature repomes for the een break sites are>

agreement with that predicted by the Kutateladie shown in Figures 19 and 20, respectisely. The peak

| correlation. The abose diseuniom are presented cladding temperature show n in cash caw is the high-
only to assure the reader that the countercurrent est temperature reached in each of the calculatiom. In
flow behasior calculated by REl.APS is reason- all cases, this temperature occurred in the hot pin. In

able. Quantification of the reasonableneu is diffi- most cae, this temperature occurred in the sisth
cult, howeser, due to uncertainties imohed in (top) core section (see Figure 3); howoct, for the 2-

j determining the flooding correlatiom and auoci- in.-diameter break it occurred in the fifth core we-

! ated constants applicable to the specific RFSAR tion, and for the 5 in.-diameter break, in the third
! plant geometry and flow conditiom. core wetion. The peak cladding temperatures are ,

j summartied in Table 6 as a function of break size.
4.1.2 Break Size Effect. This section diseuues Two dntinct peaks are obsened: fint at 2 in., and'

! the parametric break site effects obsened in the second at 6 in, f or the lin break, only a pre hiop-

] RELAP5 small-break LOCA calculations for the scal-clearing heatup was obsened. lor the 6-in.
j RESAR plant with Nimfel F stcam generaton. break, clearing of ahe broken-knop seal did not cause a

! Break diameters of 1.5,2,3,4,5,6, and 7 in, were rewet of the hot pin; rewetting was delayed untilinitia-
imestigated. The parametrie cf fects obsened in tion of accumulator injection.
cateulations for the RESAR plant with Ntodel D<

steam generaton were similar to those dncuued Core heatup was obsened prior to loopaeal
here. clearing for all break sites. Subsequent to loop seal

clearing, a second heatup was not obsened for the
Obsiously, sequence esent timing is accelerated 1.5 , 2., 3. and 5.in. diameter breaks but was.

,

4 as the break size is enlarged. Table 5 dhplan this obsened for the 4 ,63 and 7 in. breaks. The proi-
i acceleration for two key esentu reactor trip and ini- ous!) discuued clearing of both loop seah for the

tial loopocal clearing time. 5 in. break allowed rapid primary sprem depreu
,

; suritation to the accumulator-injectim setroint 4

!Primary sptem preuure resp (mses for the sesen preunre, thus proenting a econd heatup with this!

break sites are compared in Figure 18. I or tSe 1.5 break site. |

j

| and 2-in diameter breaks, deprewiritation to the
j accumulator injection preuure did not occur. Ior bble 7 pre ents the etfect of break ute on the core

the e breaks, a steady condition was attained with loci at whah heatup of the core nwh begim. A dra-4

| IIPI and makeup injection flow esceeding break matie wmuisity of this parameter to break site is ;

! flow, and the primary sptem preuure escceding ihe obsened. Ior the smallot break (1.5 in.), core heatup
accumulator preuure. f or the 3 in, break and begin when the collapsed core locl is about Wo of

,

1 larger, depreuurization to the accumulator injec- the core height. As the break size inacases, the core
7

j tion preuure was encountered. loci at whith heatup begim deucases uniformly. Ior
the largot break (7 in.), heatup does not begm until

,

Differences in h>op seal clearing behavior were the collapwd le el decrea es to 7Ce of core height. ;

obsened as a function of break site. As diwuwed 'l hinariation h cau ed by the additional flashing and
in Section 3.5, the intact. loop wal was arbitrarily locl uell awxiated with the larger breaks. Core heat I

.

|
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Table 5. Effect of break size on sequence event timing
,

|

Time of Reactor Time of Icop
Break Diameter Trip Seal Clearing

.

i

i (in.) (s) (s)

1.5 129 4844

2 72 1934
:

4 3 35 873

.

4 22 529

1
I 5 16 347 -

!

: 6 12 290

i 7 11 191 ,

, .

,

is removed by the additional flashing, and the sapor witt the experimental results of the Semiole S (flI

l generated by the flashing causes the core to be wetted test criet9 Ikith The S-lJr6 (5''e break, 6.7 in.
with a frothy mixture. For the smaller breaks, the core equisaient) and 1st S lJT-1 (10''e break, 9.5 in.'

I
soids are not as large, and a quiescent boiloff is exp,e- equisalent) showed a heatup beginning at about $3''.

; rienced. The data shown in Table 7 are inconsistent collapwd core lesel. Thus, these results dif fer with *
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Table 6. Effect of break size on peak 4.1.3 Steam Generator Configuration
cladding temperature Effect. This section discusses the sensitisity of the

_. RFLAP5 calculational results to steam generator
cor. figuration. The Niodels D and F steam genera-

Break Diameter Peak Cladding tors differ primarily in the injection hxation for
(in.) Temperature main feedwater and ausiliary feedwater and in the

Ntodel F SG (*F) configuration of the downeomer region

1.5 744 As indicated in Figures I and 3, main feedwater
and ausiliary feedwater injection in the Ntodel D

2 959 steam generator is near the bottom of the downco-
mer and is at the top in the N1odel F. The impetus

3 790 for analyzing the same break sizes with both steam
generators was to examine the semitisity of liquid

4 360 holdup within the steam generator U-tubn to aus-
iliary feedwater injection hwation. Intuitisely, the

5 760 lower downeomer injection location of the
Ntodel D steam generator was expected to cause a

6 1148 colder fluid to wet the outside tube walls than for
the N!odel F steam generator. This colder fluid was

7 962 expected to proside estra condemation potential
for the fluid within the tubes, thus increasing the
liquid lesel there.

those of the RESAR cateulatiom, both in the magni- Another dif ference between the two steam gener-
tude of core lesel at which heatup begins and in the ator configurations concerm the downcomer sol-
semitiuty of tlut lesel to break se. Further imesti- ume distribution. The Ntodel D steam generator
gation of this discrepaney appears warranted. upper downcomer crou sectional flow area is

roughly twice that of the Ntodel F. Smce throttling
of auxiliary feedwater ( Al W) occurs when a set-
point dow neomer leseliu oched, and since the set-

Table 7. Effect of break size on core point inet h withm tim region of dif ferent areas,
level at which heatup begins throttling for the two different steam generator

configuratiom occurred at significantly dif ferent
times. This etfect is only applicable to the satsula-

Collapsed Core tiom of the smaller break siics because the longer
Break Diameter Lesel When sequence timing for these calculations spanned one

(in.) lleatup Begins or both of the ausiliary feedwater throttling timn.
Stodel F SG (It ) As an example, for the 2 in. break, ausiliary feed-

water was throttled at 2825 5 with the N!odel D
1.5 7.28 steam generator, and at 1100 $ with the Ntodel I

steam Fenerator f or the 4-in. break and larger, the
2 6.15 calculatiom were completed before the time of aus-

iliary feedwater throttling to either steam genera-
3 6.01 tor. Ihus, for the larger breaks, this ditt'erence is

inconsequential.
4 4.23

Results of the 4-in.-diameter break calculatiom
5 2.08 with Nfodeh D and F steam generators were com-

pared. f his comparison imntigatn the effects of
6 0.947 steam generator configuration independent of the

ausiliary feedwater throttling dif ference just dis-
1 7 0.894 cuwed. Iigure 21 compares the liquid temperaturn

. . _ _ _ ___ in the lower secnons of the broken h>op steam

28
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Figure 21. Effect of steam generator configuration on boiler temperature.

,

generator boilers. As was intuitisely expected, this water trips, howeser, and with cold ausiliary feed.
! temperature is tower by about l8'F, for the Stodel D water injection, the above effects cause the

steam generator during the pre-loop. seal-clearing Stodel F recirculation ratio to be about twice that,

j period. for Niedel D.

The temperature difference shown in Figure 21 The lower boiler temperature difference between

was caused by the effect the feedwater injettion the N1odels D and F steam generators did not,

location has on the steam generator recirculation howeser, hase a significant effect on U. tube col.

| ratio (the ratio of the liquid mass flow rate entering lapsed locls. As shown in iigure 22, the broken-

the boiler section to the feedwater injection rate). A loop, U-tube upside collapsed, steam generator
i higher ratio indicates more recirculation flow lesels with the N1odel D and F steam generators are

occurred between the steam generator boiler and in good agreement. The agreement for the U. tube

dow ncomer. Thus, a low recirculation ratio pro. dow mide lesels was een better.
;

j duces colder boiler entrance temperatures than a 1he core loets, shown in Figure 23, differ moder.
i high ratio. Because the cold ausiliary feedwater ately, with the minimum core lesel for the N!odel D

is mised with a warm downeomer flow before steam generator calculation depressed shghtly bekyw
entering t he boiler, the elevation dif ference between that of the N1odel F. Also, core toel dermion pm,

~ the Atodels D and F steam generator ausiliary ceeded with t he htodel D steam generator for a longer
feedwater injection locations creates less recircula. period of time. Since the cladding tempemture is sen.,

tion driving head for N1odel D than for N1odel F. sitive to the estent and duration of core lesel deprev
The drising head is higher with the Stodel F steam sion, the peak temperature for the N!odel D
generator because the elevation difference is filled taleulation was abuse the 51odel F calculation
with cooler water than with Nfodel D. For full'; M'F versus 657'F) during the pre loopaeal.

> power, steadyatate operation, the N1odel D and F clearing time perk)d.
a recirculation ratios compare favorably 0.53 for
j N1odel D and 3.60 for N!odel 1) due to the high The different core lesel depression behasior in

i recirculating flow rates and the relatisely warm the Afodek D and F calculations was traced to
i main feedwater. Following turbine and main feed. minor differences in ihe manner in w hich Ihe pump
!

4
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|
suction dow nside, and inlet plenum / hot leg sertical tors resulted in a slightly more depreued core lesel

i section lesels comple:ed their draining processes, and a delayed loop 4 cal clearing, compared with j

! This is illustrated in Figure 24 for the broken loop, the Ntodel F cateulation.

i pump suction dowmide toel. Re ponses of thh
| loci for the Ntodels D and F calculatiom are sittu. In summary, only minor differences in behasior '

ally identical until the loels reach about 5 ft. Afler were obsened between 4-in.-diameter break calcu. ;

that, the $1odel D inel decreased more slowly than lations with Ntodels D and F steam generators. '
,

i the 51odel F loel. A similar, and slightly larrer, The behasior differences were found to be caused ;

difference esisted in the steam generator and serti. by the different ausiliary feedwater injection kica- |
,

? cal hot leg sections. The result is a delay in the cal. tions of theIwo configurations. Peak cladding tem- '

) culated N1odel D loop-scal clearing time (561 g peratures, prior to loop scal clearing, were f ound to

compared to that of Stodel F (529 9. Thus, the be slightly higher for the Stodel D steam Fenerator

| core heatup with the Ntodel D steam generator than for the Niodel l'. In general, the results diu

j lasted 32 s longer than with $1odel F. cuoed here were aim obsened for the other break ;

i sites as well. For break diameters smaller than
,

i
4 in., howner, differences in ausiliary feedwater i

These differences in the draining procenes throtthng behasior between the two steam genera- r

appear to be caused by the temperature dif ference tot configurations affected the results. f or htcak

] displayed in figure 21. Ilowner, while this was sites larger than 4 in. the effests discuned abose
; shown net to significantly affect the tube loets, it were leu significant became of the accelerated

!' did pros le in the Afodel D calculation for addi- sequence tirning.
tional condensation of the steam paning through

! the soided tubes, after they hase drained. This 4.1.4 Steam Generator Nodallration |
2

'

| additional condensation with the Stodel D steam Effect. Argonne National I.aboratory% analyse

| generators did two things: fa) produced the addi- indicated a potential esists for RI.I.APS small
! tional condensate apparent in figure 24 and break lOCA calculational results to be signifi-

(b) remosed some of the sapor in the proccu. As a cantly affected by the extent of the steam generator
result, the calculation with Niodel D steam genera- nodalitation To irnestigate Ihis pouibility,

|
,

31
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Table 8. Calculated sequence event timing fci fino and coarse nodalization steam
9enerators

Time of thents
b)

Ehent Coarse Nodalitation l'ine Nodah/ation

Break opens in cold leg 0 0 ;

Reactor trip 66 72

IIPI and makeup initiated 97 103

Ausiliary feedwater initiated 127 130

Core heatup begins 2003 1629

Ilroken k>op seal clears 2110 1979

Auxiliary feedwater throttled - 2N25

Intact loop seal clears - 3542

Calculation ended 3254 4515

- - - . - - . - - . - . -

RFI AP5 calculations of 2-in.-diameter breaks The nostalintion effcci on core lesel is show n in
were performed using the basic (fine) and coarse l'igure 26, and significant differences are noted.
Model D steam generator nodahiation schemn With the fine nodalitation, the core lnel decreases
presented in Section 3.1 The basic steam generator relatisely steaddy while, with the coarse nodaliia-
nodalitation contained about twice the number of tion, major perturbations are obscrsed from about
calculational celh as the coarse nodahiation. lor M10 to 2000 s. Aho, the minimum core loci was

j example, the U-tube primaries were simulated with about 2 ft lower with the fine nodalization.
16 cells in the fine nodahiation and N celh in the
coarse nodalitation. Results of the Model D steam Comparing iigurn 27 and 28, the ditferent core
generator 2 in. diameter break calculations with lesel behasior is shown to cause a more significant
fine and coarse nodalisation are discuned in this heatup with fine nodahiation than with coarse.

,

section. With fine mxlalitation, the core Inet decreased
sufficiently to cause a heatup in the top four core i

sectiorn w hde w it h coarse nodalitation only Ihe top
lable 8 compares the sequence nent timing for two core sect ons operienced a heatup. Aho, the

the coarse and Ime nodalization calculations. T he duration of the heatup was longer with fine nodali-
sequence timing for the Iwo calculations compare ration (107 s). T he rnulting fine nodalitation peak
well for early nents. Iloweser, for later nents (such cladding temperature (I199'l) was higher than
as clearing of the broken loop scal), the sequence of aM f nodahiation (H40%
esents was slower with the coarse nodalitation than
for the fine m>dalliation. .Ihe difIcient core loelinpon e was cau ed by sig-

nificantly different hsdranhe behavior in the steam
The effect of steam generator nodalitation on generator wcondarin. An indication of this shifer. I1

primary sister's prenure h shown m l'igure 25. No ence h show n by the intact loop steam generator rtvir.

major differentes are obsersed for this parameter, culation ratio in l'igure 29. As shown, with the line

32

__ . _ _ _ _ _ _ --



r
a

i

!
!
'

.

^*20.0 i i i i

b - 2126
4 Fiw

i ..coeree. . . . .

i
.

16.0 -~

2 4
~

-

, e

.$ 1726 E-

3 8
EE 10.0 -

i

-

.
... .-

,

.

.

....
' ' ' '

6.0 726
0 1000 2000 3000 4000 6000

Time (s)

CFigure 23. Effect of steam generator mxiahiation on primary sptem pressure.

164 672 i i
, i

Fine
c w ee4

2~ ..
5., h; | - 10 0

p- A -- e-

g s,e .
. . . . . . . : >.> ,

,,s.) ,i V <, J ! 2g
m 2.286- ? "O'

.
. ee t- *

.

en f 1 m
G .j O

?2 \| - 6 oo
O U

' ' ' '
0 O

O 1000 2000 3000 4000 6000

Time (s)

Iiture26. | ffett of steam generator natalitation on core locl.

33



-- . --. -. . _ _ __ - .-.-

1000.0 , , , ,
,

-- 1260
Ses Evenly Speeed
Core Secteene

.

|
O^ SettemE f\ . . b

3 000.0- ;s - ee
I B1 -.

s g s"
_ __ _

- - Tooj
-

:

|*
.0

|'

||/ ;l!
- 760 ee ;

l '

)|600.0-
-~ _ i

_

U

' ' ' '400.0 260
0 1000 2000 3000 4000 6000

!

Time (s)
1

Ilgure 27. flot pin cladding temperatures with fine nodalitation

800 0 6 , , ,

-- 940
SesEvealv Spaced
Core bestnene

g settom g
*

-- 840 ~

e e
j 700.0- { )--

e 1 a---

Top. - -

740..

5
$

5
i

1- -

!
@ 600.0 -- ) 640 E-

,

g
N. V<

L
. .. . - - - -

,, s~U
., s40 |

U'

|

I 600.0 440' ' ' '
' '

O 1000 2000 3000 4000 6000

Time (s)
!

| | igure 28. Ilot pin (lad $ ling temperatures with toarse nmlalitation.

]

!

I
i

,14

:i

!

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



60 i i i
,

:

Fme j
- Coorse j

40-

.

.O :
.-

e .

"
30-c- ,

0 t
w :

.* :
:s t

2 20- i
'O i
e :
tr :

~::' . I,.

.';'-./ .:10 - , .
'

r.

. '. !
) **

.

'e :
,, . . --p. .i

O 600 1000 1600

Time (s)
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ruxlalization. the steam generators tended to recircu- 1igurn 33 and 34. With fine nodalization. break
late continuoudy and in a somewhat regularly man flow decreawd uniforml> from 10lM) to 1979 s
increasing manner. With coarse nodahzation, how- w hen the broken-loop seal cleared. Wuh coarse nixia.
eser, no recirculation occurred from atuut 250 to biation, the break thm was afIccted sipruficantly as

1(U) 5. Ihen, moderate recirculanon n otwersed the primary liquid shiited with changmy uram genci-
from about 1(u) s untd a ster jump in rearculanon ator behasior. Ihc aswxtated dif ferenon in break
occurs at about 1250 5. This irregular behasior with energy remosal rate catwo a shif t m the timing of the
coane nodalizanon resuhed in small steam generator remaming sequence cents. As a roult, the broken-
heat remosal rates dunng peraxis of no rearculanon kop seal was cleared 13: s later in the coarse nixlali-
and large remmal rato during penods of high rear. ration calculation than i rhe finc.
culation. Ilus ef fect is shown in 1igure 30 for the
lutact loop steant generator. Io dJtermine tbC causC of the dilICrCnl steam pCn-

erator secondary hydraube behauor in the soarse and

Ihe sudden dram'.oe mereases m steam rencrator fine mx!ahianon misfels, the major edds at 5n0 s

heat remosal rat .uth the coarse nodah>ation caused were cumined Ihk n m the time period when the
significant ~ndensation to occur, and as a result, U. coarse nodah/ation steam generator was not rearcu-

tube .voapssd lesels (upside and dow mide) increawd latmg but the fine nix!ahianon steam pnerator was
suddenly. As shown in f igurn 11 and 12, ihne (see ligure 29). t he edes chibit urmlar steam pener-

elfech cauwd sigmticantly ddfetcnt U. tube collagwed ator soid thstnbunom in the two cakulatiom. Ilow-

'nel behasior with coarv: and fine steam rencrator oer, about Nuo lbm more hqmd and about 1 It
nodalitation. The daergence in the I!. tube loel inyher steam generator dow ncomer locl were present

behaviors show n in f igures 31 and 32 corroponds to withm the line nodabrat on steam generator than
the core loel dacrgenen shown in Iigure 26 f rom within the coarv . As shown in lable I, No) Ibm is

about No to 15(o s. the apprmimate dif ferense betwcen the mitial suarw
and fine mxtah/ation steam generator massn. I hm,

The perturbatiom in primary mtcm hymd dnni- the dif ferent be';asior obsersed be:acen the coarw

bution in the coarse taxlali/ation calculation af fested and line nixlat /ation calculatiorn is prunarily tlue,
the break tnau flow rates as indicated by comparing not to a emitnit) of nodali/ation but rather, to a

35
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i

sensithity of initial secondary imentory. The fine initial secondary mass is not teamnable as well. The
i nodalization steam generator secondary contained 80tX) lbm difference in initial secondary man is well
j sufficient initial imentory to permit continuous recir- within the uncertainty in that plant parameter. A
i culation. The coarse nodalization model, howeser, threshold secondary man could reasonably exist
I did not have sufficient imentory until about 1000 s below which recirculation h lost. With no recircula. ;
I when antiliary feedwater addition had allowed liquid tion, the steam generator downeomer fluid tempera-

to enter the separator, restarting recirculation. tures can be expected to plunge w hich, upon restart of
recirculation, will came the outside of the ubes to be

Results of the calculations shown here indicate swept with cold water. The resulting increawd con-
lower peak cladding temperatures are associated more demation rate inude the U-tubes has the potential to
with the coarse steam generator nodalization than delay or rnene the decline in tube Inch as obwned,

] with the fine nodalization. Thew findings are comist- in Figures 31 and 32. Some Semi cale esperimental
ent with those of Argonne.2 These calculations also datal0 indicate a condema ion-induced inel ins reasei

] indicate a potentially significant, and proiou ly of thh t>pe. Further imestigation of Ihe wmitisity to
J

unobserved, semitisity of core inel and peak clad- initial steam generator imentory appean warranted.
ding temperature result s to initial steam generator see-
ondary mass. The obwned wmithity to initial steam generator

j secondary imentory implies a semithity likely aho
With a low init al man, a period with no recircula- exists to steam generator separator modeling. In'

i

tion existed followed by a recurrence of recirculation Riii.AP$ model doelopment, the separator region h
after sufficient secondary man addition. With a comtructed typically to span the ele atiom of the sep-

{ higher initial mass, recirculation was not lost. The arators and steam dryers. The intent of thh modeling
' difference in recirculation respome caused a corres- criteria is to place t he center of Ihe modeled wparator

i ponding difference in U-t ube and core collapsed loci cell near the center of the combined regiom where
responses. The behavior obsened w ith the higher ini- separation actually occun. This rnults in a R Fl. AP$
tial secondary maw is typical of that obwned in pre- wparator model that rnides higher than the wpara-.

1 siom calculatiom of this type. This does not mean, tors and lower than the dryen in the prototy pe srcam
howoer, that the behasior observed with the lower generator. l'or example, in the RilSAR Model 1)

!

l 3M

i
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Table 9. RELAPS run time statistics

Break Transient CPU Time
Diameter Tir*.e Required CPU Time /

(in.) SG N1odel (s) b) Transient Time

1.5 F 6157 I8902 3.67
2 D(Fine) 4512 13855 3.07 1

2 D(Coarse) 3254 7658 2.35 )
2 F 4518 14951 3.31

3 D 2529 7942 3.14
3 F 2928 9951 3.40
4 D 1144 3740 3.27
4 F 1152 3695 3.21
5 D 789 5011 6.35
5 F 824 5192 6.30
6 D 548 3481 6.35
6 F $54 3478 6.27
7 D 398 2533 6.36
7 F 396 2512 6.34

steam generator RELAP5 model, the separator were performed specifying a 0.1 s masimum time
extends from 38.4 to 45.1 ft abose the top of the step sire, while for the calculatiam with larger break
tubesheet. In the prototype, the separator inlet is at diameters 0.05 s maumums were specified. This was
35.8 ft and the swirl sane centerline is at 43.2 ft. In done as an opediency to asoid mmible code running
the REI_AP5 model, separation, and therefore recir- problems when using a larger time step for tramients
culation, recurs when significant liquid fractiom with accelerated sequence timing. Ilad budget, rather
appear at the 38.4 ft cloation. The corresponding than schedule considerariam been paramount, a!!
eloation for beginning of separation in the prototype RELAP5 calculatiom could have been performed at
is not known; howoer, it may be as high as 43.2 ft. CPU-to-real time ratios from 2 to 3.
Further imestigation into determining the cloation
required for separation in the protot> pe appears war- 4 7 5 2 com resums ou. to Moser ror u rma Mo<*.e
ranted. Once determined, this information could then ing The RELAP5 RESAR model simulamd the
be used to reise the RELAP5 separator modeling direct moderator heating of fluid within o e core
philosophy, through auuhary heat structures (other th. thme

representing the core nxh) connected to 11 e core
4.1.5 RELAPS User Experiences. T his section hydraulic celk. These heat structures simulated mod-
describes the user experientes from performing the crator heating by dehsenng the appropriate power
RELAP5 calculatium presented in thh report. fraction to the liquid phase within each u re cell.

Because mme small break calculatiom perfermed
4 t 5 7 ner or computer rime us.g.. In general, the imohed tot,I dryout boid traction 1.0)of regions

RELAP5/N10D2 computer code performed comen- of the core, thh scheme for moderator heating
iently and economically. Computer run time statistics resulted in a code failure when allliquid in any core
for the 14 calculations are shown in ikble 9. The cell sanished. Thh failure was enmontered in only
modch with fine steam generator nodali/ation con- two calculatiom. When tha f ailure occurred, it was
tained 188 solumes,192 junctiom, and 225 heat circumsented by remosing the malerator heat murce
structures. The model with coarse steam generator momentanly, then testoring it, atter a hquid imentory
nodali/ation contained 146 solumes,150 junctiom, had returned in all core celh. While this was a practi-
and 175 heat structures. As shown, the ratio of cen cal solution for the calculations performed here, it
tral pmcessing unit (CPU) to tramient time rannd was insomenient. N1mlerator heatmg simulation i
from 3.07 to 6.36 with the line nm!ali/ation model. rewmmended, using the option for it on the murce
Calculations for break diameters smaller than 5 in. data canh for the core nxl heat struttures rather than

39



._ _ _ _ _ _

through separate heat structures as was done here. Section 4.2.2 diseuwes the effects of break si/c,
Using this option, moderator heating is properly sim- and Section 4.2.3 presents user esperiences using
ulated, and the incomenience of circumsenting code the TRAC code for this application.
failures is eliminated.

4.2.1 Representative Results. TR AC calcula-

4153 Separor Modehna PMosophy As diwuned ti ns were perfonned for 2 ,3 , and 4-in.-diameter

in Section 4.1.4, a new sensitiuty to initial steam gen- e ld leg breaks in a RESAR plant with Ntodel 1

erator secondary mass and philosophy of steam sepa_ ueam generator. This section describes Ihe simula-

rator modeling has been identified. Steam separators tion of the 3-in.-diameter cold. leg break beginning

hase been modeled with a single cell simulating both kom fuH power conditions. AlthouFh esent times

the separators and dryers. This cell typically has been differ, the 2- and 4-in. breaks produce similar phe-
nomena.centered at the midpoint of the separators and dr>rts.

The effects discuued in Section 4.1.4 suggest, ho*- The calculated sequence of e ents for this see-
eser, separators may be modeled more appropriately nario is presented in Iable 10. Ihe trantient was
with the bottom of the cell at an elesation coinciding initiated at zero seconds (0.0 s) by opening a 3 in.-
with the prototype minir um steam generator boiler diameter break in the cold leg. Imtially the primary
lesel required for rec rculation. While this minimum 9 stem pressure fell rapidly as shown m Figure 35.
required feel is not known with certainty, it is likel) Within 16 s, the reactor tripped on a low preuur-
near the swirlwane eloarion. Using current practice, irer preuure signal at 1860 psia. Ihis resulted in
the bottom of the separator cell is typically modeled turbine and reactor coolant pump trips. A safety
below the swirl-vane cloation. Niore imestigation of injection signal was generated at 27.5 s on a low
this modeling effect appears to be warranted. preuuriier preuure signal at 1760 psia, and lipl

was initiated at $2.5 s. At 77 s, the auuliary feed-
4. f.5.4 upper Plenum to Hor leg Connection A water system was actisated. This time corre-

RELAPS code user decision is required for modeling sponded to 61 s after the reactor trip.,

the connections between the reactor sessel upper'

plenum and the hot legs. Iwo options are asadable for During the initial 200 s of Ihe tramient, the pri-
these junctions in REl.APMIOD2, C)cle 21, the mary 9 stem preuure was characterized by a con-
code used in these analyses. The junctions may be tinuous decrease due to decreadng core deca) heat
cormected either f rem the upper er lower reactor sem and shrinkage of the primary coolant man. Ihe
sel celh adjacent to the hot leg centerline. Referring to shrinkage was camed by man remmal from the
Figure 1, the hot leFs may be attached c:ther to the break and primary-toactondary heat t ramfer.
bottom of cell 122, or the top of tell 120. Prehminary Af ter approumately 200 s, the primary 9uem
calculations were performed using each option. Non. prenure response lescled at approximately
phydeal draining beheior of the RESAR hot legs iIN psia, shghtly above the secondary ustem
was obsened ming the connection to the upper cell. preuure. The lower secondary 9 stem preuure
Specifically, using this option, no liquid drainback enabled the secondary side to function as a heat
from the hot legs to the reactor seswl was obsersed smk, permitting natural circulation to continue
folkning termination of loop natural circulanon after reactor coolant pump coaudown. ligure 36
flow; the hot legs remained liquid filled. Udng con. presents the total (4-loop) mid-leg and hot-leg
nectiom to the lower cell, howcer, rnulted in reason. mau flow ratet
able countercurrent flow behmior in the horizontal T he steam generator secondars prewares im-
sections of the hot legs, with increasmg soid f ractions '

t ally increased tIigure 35) as a consequence of
typified in Iigure 9. As a result of these findoygs, all feedwater and steam stop sabe cimure. I'rcuure
calculations presented in this report were performed

rel ef n the sewndar> noem was maintained byusing connections from the lower reactor seuel cell to
the ueam generator safety rehef sahet I he safetythe hot legs.
relief sabes maintained the secondary nuem prev
sures below the pnmary 9 stem preuure. Ihe lower

4.2 TRAC Results semndar> yuem preuurn mamtained inc steam
generaton as heat dnks until 900 s when the loop
seah sleared

Results of the TRAC analyds are presented m.
this section. Section 4.2.1 preents a discunion of Af ter 200 s, upper head flashing slowed the
the results of a representatne calculation. decrease m the primary miem prenure. II.c steam

40

1

1



_ _ _ _ _ _ _ _ _ _ _ . ____-

Table 10. TRAC calculated sequence of events for 3.in. break, Model F steam generators

Time
Event (s)

Break initiated 0

Reactor trip, turbine trip, 16

trip reactor coolant pumps

Initiate high pressure injection 52

(HPI) and makeup flow to intact
loop only

.

Initiate auxiliary feedwater (AFW) 77

|

Broken loop seal clears 900

Intact loop seal clears 950

Accumulator injection begins 2200

End of calculation 2457
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Figure 36. TRAC hot and cold leg mass flow rates 3-in. break, Model F SG.

bubble formed in the upper region of the reactor asymmetries in the now regimes at the steam gener-
vessel contained sufficient expansion energy to sta- ator tube inlets and outlets. At the steam generator
bilize the primary system pressure. The transition inlets, upward 11ow induces a countercurrent flow
from forced circulation to natural circulation loop regime at the tube entrances which retards liquid
flow significantly reduced primary-to-secondary drainage into the hot legs and inlet plenum due to
heat transfer so the primary system cooldown was steam originating in the core. At the tube outlets,
retarded also. the column of liquid is not supported by the

. upward thrust of steam exiting the core. As a conse-
During the period of loop natural circulation quence, the drainage rate in the steam generator

flow, the primary system mass inventory was pro- downside regions exceeds the drainage rate in the
gressively reduced since the break flow exceeded the

upside tube regions.
total ECCS injection flow (Figure 37). loop stag-
nation occurred at approximately 900 s w hen soid-
ing at the top of the steam generator U-tubes Unlike the RELAP5 simulation presented in Sec-
prevented liquid from flowing through the U-tubes tion 4.1.1, the steam generator level asymmetries in
in both the intact-loop and broken-loop steam gen- the TRAC calculation did not induce a significant
crators. core level depression after the loss of natural circu-

lati n. A detailed explanation for this difference is
Figures 38 and 39 present the collapsed liquid

discussed in Section 4.2.2. Figure 40 presents the
levels in the upside and downside of the U-tubes of

c Ilapsed hquid levels spanning the top of the reac-the intact-loop and broken-loop steam generators.
tor vessel upper plenum to the bottom of the lowerThe upside and downside levels span the lengths
plenum f r the core and downcomer regions. Afterfrom the tops of the SG U-tubes to the inlet and
the loss of natural circulation, hquid remaining inoutlets of the U-tubes, respectively. The tube level
the hot legs dramed back into the top of the core,responses in the intact loops and broken loops were

virtually identical. replacing the core mventory. As a consequence,
sufficent core cooling occurred to present any rod

The asymmetric behavior between the U-tube temperature excursion. Figure 41 presents response
up ide and downside levels is the consequence of of the cladding surface temperature at each

42
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|

elevation. The core temperatures approsimately lesel. A further discussion of this problem will be
follow the surrounding fluid saturation tempera- presented in Section 4.2.3.
ture.

Continued primary system depressurization caused
At 970 and 1000 s, respectisely, the broken-loop initiation of the accumulator flow at 2300 s when the

and intact. loop pump seals cleared. As a conse- pressure reached (410 psia. The initial accumulator
quence, a direct steam path from the reactor vessel injection caused cold leg steam condenution. This
outlet to the break was established. As steam condensation induced a temporary manometer oscil-
reached the break, the break flow transitioned to lation between the core and dow neomer regions, fol-
single-phase steam, producing a decrease in the kmed by increased levels in both regions (Figure 40).
mass flow rate and an increase in the volumetric Prior to accumulator injection, the ECC How had
flow rate. The increased break volumetric flow begun to eweed the break flow. The calculation was
caused the primary system pressure to decrease terminated at 2400 s with the primary system pressure
(Figure 35). decreasing and w ith the net reactor s essel liquid im en-

tory increasing.
As the pump loop seals were cleared, liquid from

both the intact loop and broken loop was swept into As was done in Section 4.1.1, a comparison of
the reactor vessel downcomer. The corresponding the TRAC results with empirical countercurrent
level increase can be seen in Figure 40. However, flow limiting (CCFL) correlations was made. At
after 930 s, the liquid forced into the sessel was the junction between the steam generator tube
comected out of the vessel back into the hot legs. sheets and inlet plenums, the Wallis correlation was
Most of this liquid was convected into the intet employed. Figure 42 shows a comparison of the
plenums of the steam generators. During the loop TRAC-calculated liquid selocities and the Wallis.
seal clearing process, the interfacial drag in the correlation liquid velocities at this junction. The
reactor sessel region was probably overcalculated period of interest is from 600 to 900 s when the
by TRAC. The continued suspension of liquid in loop Dows stagnated, causing the flows in the
the steam generator inlet plenura is the principal steam generator inlet plenum to transition to CCFL
cause of the downcomer lesel exceeding the core conditions. The comparison indicates the upside
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Figure 42. Comparison between TRAC simulated and Wallis correlated liquid selocities.

level draining process occurred, on the average, employed. Thus, the results shown in Figure 43
; slightly faster than predicted by the Wallis correla- should be considered only as a possible indication

| tion in the time interval from 600 to 850 s. By that the TRAC results may be overcalculating the
0$0 s, the tubes had emptied. Tht.s, the TR AC cal- drainage rate out of the steam generator plenum
culation is slightly nonconservatise because the U- prior to loop-seal clearing.
tube upsides drain faster than expected using the
Wallis correlation. This, in turn, produces a lower After loop seal clearing, the flow regime at the
gravity head relatise to core-lesel-depression steam generator plenum / hot leg interfaces oscil-
dynamics, which lessens the chance of a core rod lated between concurrent upflow and countercut-
heatup developing. rent flow conditions (Figure 44). This oscillatory

behavior tended to maintain significant amounts of
| Liquid cascaded from the t:am generator tubes liquid in the steam generator plenums after loop-

into the steam generator inlet plenum which, in seal clearing. The periodic flow regime transition-
turn, cascaded into the hot iys. An investigation ing prevented a continuous draining of the steam
of the drainage dynamics at the s: cam generator generator plenums. Some of this oscillatory behav.
inlet plenum / hot leg interface was made using the ior may be model-dependent and not physical. An
Kutateladze correlation previously employed in additional discussion of the TRAC calculated
Section 4.1.1. Figure 43 presents the calculated behavior is cosered in Section 4.2.3. Continued
and empirical liquid s elocities at this interface. Ini- suspension of liquid in the steam generator inlet
tial agreement was obtained between the calculated plenums was concluded to hase made the TRAC
and empiricalliquid junction selocities. The overall simulation more conservative due to manometric
results between 600 and 1000 s show significantly considerations.
more liquid drained back in the calculation com-
pared to the correlated rate. As stated in The principal conclusion drawn from analysis of
Section 4.1.1, a significant number of uncertain- the 3-in.-diameter-break TRAC simulation was that
ties exist relative to using experimental correlations adequate core cooling was maintained during both
at junctions with complex geometries. The concern the pre- and post-loop-scal-clearing phases of the
is regarding the correlation constants to be transient. The principal concern was the
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Table 11. Event times for 2,3, and 4-In.-diameter break TRAC calculations

_

Time
N

Esent 2-Inch 3-inch 4. Inch

Break initiated 0.0 0.0 0.0

Reactor trip, reactor coolant 36 16 8
pump (RCP) trips, shut turbine
stops, main feedwater (.\lFW) stops

initiate high pressure 68 52 41
injection (llPI) and makeup flow

initiate ausiliary feedwater ( AFW) 97 77 69

Broken loop seal clears 2500 900 480

Intact loop seal clears - 950 520

Accumulator injection begins - 2200 1200

End of calculation 2826 2457 1300

anomalous comection of liquid from the core region perature excursions, and the RELAP5 calcularions
to the steam generator inlet plenums after loop-seal did, are detailed in Section 4.3.2.
clearing. This behavior tended to make the simula-

Figure 45 presents comparisons of the primary
tion conservatig based on core-lesel-depression ,g ,;
response. But, this overcalculated com ection behas-

Each calculation had a period of rapid depressuri-
ior should be resobed to ensure that future TRAC

fou d W W i 4 I m W of Msimulations represent best estimate plant behauor. g ,

Rod heatup was not encountered m this calculation
tioned from single-phase liquid to predominately

because the drain rate from the U-tubes and steam single-phase sapor conditions, the calculated
generator inlet plenur a was larger than predicted by

depressurization rates increased. The final inercaseflooding correlations.
n the calculated depressurization rates were coinci-
"I * ' " E '# # "E # * #' " ""4.2.2 Break Size Effect. This section deals with pplicable during the period of primary systemthe parametric differences obsened between the 2 ,

E'#""# '*" #" "" "### "# "3 , and 4-in.-break simulations. The trends f or all
"

three transients were sery similar. Table 1I presents
a summary of key events for each transient. The Figure 46 presents a comparison of the sessel
principal effect of sarying break size in the TRAC collapsed liquid levels spanning the top of the reac-
simulations was to affect timirg changes in key tor vessel upper pienum to the bottom of the lower
events. Break size reduction delayed such key esents plenum. Each calculation was characterized by an
as time to k>op stagnation, and loop seal clearing. initial drop in lesel during the periods of pump
Each simulation exhibited the same qualitatise coastdow n, and natural circulation loop tiow con-
trends relatise to system depressurization, break ditions were reached w hen the collapsed lesch sta-
flow response, and lesel trends in key regions such bilized. The stabilization was the consequence of
as the reactor vessel, steam generators, and pump sufficient liquid drainback from the hot legs to
suctions. None of the three TRAC simulations maintain the lesels. In each simulation, liquid
exhibited core lesel depression sufficient to induce drainage from the hot legs was sufficient to replace
cladding temperature excursions. Specific reasons liquid which was flowing out the reactor sessel
why the TRAC simulations did not produce tem- dow ncomer.
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T"ble 12. TRAC run time statistics

Break Transient CPU Time CPU Time /
Diameter SG Time Required Transient

(in.) hlodel (s) (s) Time

2 F 2727 58394 21.4

3 F 2457 26994 10.98

4 F 1200 13764 11.47

After the upGow sides of the loop seals cleared 1. What methods can be employed to sim-
(2-in. break simulation was stopped after intact- plify the model to reduce computer run
loop-seal clearing), each calculated collapsed vessel times without significantly reducing code
level was characterized by a temporary level accuracy?
increase followed by a decrease back to approxi-
mately the lesel present before loop-scal clearing. 2. What additional coding modifications can
The return to pre-loop seal conditions was caused be made to further imprme code run times?
by liquid convected out of the reactor sessel back
into the steam generator inlet plenums and hot legs. One recommendation is that further work be
This comective phenomenon may not be physical done to determine what is the minimum noding
since the rate of convection greatly exceeds any core requirements for accurately simulating small-break
decay heat boiloff rates. This comection is sus- transients. Clearly, this investigation requires addi-
pected to be related to the manner in which the tional code benchmarking with experimental data.
TRAC code calculates interfacial friction. Also, preliminary indications from the 'IR AC

RESAR simulations show detailed simulation of
The 3- and 4-in.-diameter break simulations three dimemional reactor sessel now dynamics are

~

indicated that after loop-seal clearing sufficient not necessarily applicable to the question of how
ECC liquid replacement would be asailable t the core liquid lesel is depressed during a small-
maintain core cooling. The 2-in.-diameter break break loss-of-coolant accident (SilLOCA). Again,
simulation was not continued to the time where the additional experimental and theoretical work
calculated ECC mass flow rate exceeded the break should be done to imestigate when reactor sessel
mass flow rate. Howeser, by extrapolating the multi-dimensional How dynamics are impor ant.
results from the 3- and 4-in.-break scenarios, the Using simplified reactor sessel models will signifi-
rate of core boilof f was concluded to be insufficient cantly reduce computational run time require-
to significantly deplete the core liquid msentory by ments because of significant reductions m storage
the time ECC would exceed the break Dow rate. requirements.
Therefore, post-loop-seal-clearing core tempera-
ture excursions would not occur. Run-time efficiency was also limited by caleu- ,

4.2.3 TRAC User Experiences. This section detail, I ted thermal-hy&aulie conditiom. In particular,

user experience relative to using the TRAC-PFI (Ver- the average size of the computational time step was

sion 12) code in performing the 2, 3 , and 4-in.- limited by nonequilibrium thermal-hydraulic con-

diameter break calculations. Recommendarons will be ditions in the intact-loop cold leg region, where

made for improving code run times, improsing code subcooled ECCS was injected, and the tops of the

accuracy, and enhancing user modeling capabilities. ? team generator downcomers u here subcooled aux-
iliary feedwater was injected. Typically, computa-

Table 12 summarizes the run time statistics for tional time-step problems would result in a code
the 2 , 3 , and 4-in.-diameter LOCA calculations. abort rather than any obsious computational dis-
One conclusion was that code run time statistics tortions. After a code abort, the simulation can be
could be improsed by addressing the following restarted by reducing the size of the maximum time
questions: step. Howeser, the attendant cost of reducing the

50

_ . - _ _ _ .



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

time step below a threshold of 0 001 s tended to Relatis e to imprm ing code mer com enience, one
make the simulation extremely expensise. recommendation is that future 1 R AC-PFI ser sions

base the capability to model stored energy in
Due to the intrinsic structure of the TR AC code, PLENUN1 components. An additional sugge tion

some reduction in computational ame-step site as s that the capability to connect multiple one-
well as additional computational iterations will dimensional compiments to the same VESSEL. cell
occur in order ta simulate nonequilibrium condi- also be added to the code.
tions. Howne one conclusion was that a further
imestigation must be made to mitigate the effects
of nonequilibrium conditions on run times. 4.3 Comparison of RELAP5 and

As proiously noted in Sections 4.2.1 and 4.2.2,
an unusual degree of oscillatory behasior occurred
at the hot legateam generator interfaces after the in Sections 4.3.1 and 4.3.2, comparisons will be
pump suctions were cleared of liquid. A prelimi- made between the 2 ,3 , and 4 in.-diameter-break
nary imestigation indicates this calculated result simulations performed with 1 RAC and REI AP5.
may be a function of nodalization in the plenum Section 4.3.1 will detail differences between the 3-
regions. The hot leg was modeled as horizontal sol- in.-diameter break calculations ming I RAC and
ume connected to the sertically-oriented steam gen- RELAP5 simulatiom. Section 4.3.2 presents addi-
erator inlet plenum. The sudden change in cell tional details of how sai.,ing break sire affects rela-
orientation (horizontal to s erticall may cause com- tise differences in the TR AC and REI APS
putational discontinuities in the momentum solu- simulations.
tion scheme sufficient to induce Dow osedlations
which may not be physical. One possible solution 4.3.1 Representative Comparison. This section
to the abose difficulties is a finer cell-to-celi nodali- details comparisons between the TR AC and
zation scheme in this region with small changes in R El.AP5 3.in.-diameter. break simulations. Iloth
cell angular orientation. simulatiom showed a number of similar respomes.

In particular, the calculated primary sprem pres-
All TRAC simulations were characterized b) sures, break flow s, and nent timings were generally

rapid liquid comeetion from the core region to the in good agreement. The principal dif ference
steam generator inlet plenums af ter the pump seals between the TRAC and RELAP5 simulations was
were cleared. The most likely cause was concluded the absence of a core lesel depression in the TR AC
to be mer calculation of interfacial shear in the calculation that was sufficient to induce fuel clad-
TRAC simulation. One recommendation is that ding temperaturc excursions.
sensitivity studies with code updates and modeling
changes be performed to confirm this suspicion or F gure 47 presents a comparison of the cateu-
identify some other cause for the large comeetion lated prenure te ponses. Iloth simulations show
rates. the following similar trends during the three key

.. phases of the transient:
In the course of performmg the steady-state im-

tialization, the potential was diseosered for caleu-
lating unrealistical!y large pressure drops across 1. Ilreak initiation to low of natural circula-
either a PLENUM er TEE component if the fluid tion.
veloci*ies are large and if there are internal sign
changes in the selocity fields. As an example, liquid 2. I on of natural circulation to loop seal
entering the secondary cell of a TEE component, clearing.
imernally splits and mixes with liquid flowing out
both ends of the primary side. This problem did not 3. Inop seal clearing io time at which ECC
manifest itself in the transient simulations because injection e cceded the break mass flow
of relatisely low selocities. Howner, these prob- ra t e. .

lems were obsersed during the steady-state initiali-
zation calculation and were mitigated by increasing Explanations for the controlling phenomena lead-
the now areas at the junctions with large selocities. ing to the abme-mentioned phases base been proi-
These modifications did not significantly af feet the ously detailed in Sections 4.1.2 a nd 4.2.2,
final steady-state results. res pectis ely. During period I, ihe IRAC
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Figure 47. Comparison of REl.Ap5 and TRAC pressuriier pressures.

simulation produced a slightly faster depressuriza- distributed to the pressuriier. The two models had
tion than RELAP5. The principal cause of this dif- pressuriiers with the same total solumes.
ference during the initial 60 s was related to initial
differences in the pressuriier liquid les els. The initial After natural circulation was established in both
liquid lesel in the TRAC model was len than the simulations, the primary system pressures stabi-

' initialliquid leselin the RELAP5 simulation. As a liied at approsimately the same salues. After loop
consequence, the pressuriier emptying occurred seal clearing, a slower deprewurization rate was cal-

s ~ ner in the TRAC simulation. The loss of all pres- culated in the TRAC simulation. This uas the con-
s iiter liquid inventory resulted in a temporary sequence of a slightly larger break solumetric flow
increase in the primary system Jepressurization rate. rate being calculated in the RELAP5 simulation.
Once the pressuriier is empty, additional liquid is The principal phenomena controlling primary sys-
not immediately asailable to flash into steam. A fur- tem pressure in both simulations was the calculated

ther reduction in the depressurization rate will not break flows. Figure 48 presents a comparison of
occur until flashing occurs in some other region of the calculated break mass flow rates for the TR AC
the primary system. The RELAPS pressurizer initial and REI APS simulatiom,

levelis consistent with that of the plant.
In general, the two simulatiom yielded break

flow responses which were similar, with the escep-
The larger initial pressurizer liquid inventory in tion of the initial period w hen the primary coolant

the RELAP5 steady-state initialization calculation loop flows transitioned from natural circulvion to
is probably not responsible for any significant stagnant conditions. During this period prior to
differences between the TRAC and RELAPS simu- loop-scal clearing, the TRAC-calculated break
lations. The principal reason for ihe larger pressur- flow remained relatisely constant; the REl.AP5-
iter liquid imentory in the RELAPS model is a calculated break flow underwent a temporary tran-
consequence of slightly different totalloop primary sition to a much higher value during this period.
system volumes in the two models. The larFer over. The transition to a larger maw flow rate was coinci-
all loop volume in the TRAC model, relative to dent with flow resersalin the broken loop. In both
RELAP5,is suspected of caming less liquid to be simulatiom, the broken loop flow resersal was
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Figure 48. Comparison of RELAP5 and TRAC break mass flow rates.

coincident with loss of natural circulation. During the period after loss of natural circula.
I~igure 49 presents a comparison between the inte- tion and before kmp-scal clearing, the fluid volume
grated break flows. After 500 s, a significant diver- draining back into the reactor sessel was less than
gence occurred between the integrated flows, with the mass flow rate of fluid exiting through the
the RELAPS integrated flow exceeding the TRAC downcomer to the broken loop cold leg in the
integrated break flow. In the RELAPS calculation, RELAP5 calculation (Figure 50). In contrast, dur-
the liquid convected to the break plane came from ing the same period in the TRAC simulation, the
both directions: from the pump and from the reac. net mass flow into and out of the reactor vessel were
tor vessel. By 1200 s, both the integrated break approximately equal (Figurc $1). A comparison of
flow s were again in close agreement. The integrated the collapsed liquid lesels spanning the top of the
break flows converged again because in the TRAC reactor sessel upper plenum to the bottom of the
simulation the transition from two-phase liquid to reactor sessel is shown in Figurc $2. After loss of

predominantly sinF e-phase steam flow conditions nat ural circulation, the core level in the TR AC sim-f

took approximately 100 s longer. ulation stabilized. This is consistent with the reac-
tor vessel mass flow behavior shown in Figure 51.
Approximately as much mass was entering the ves-

One conclusion is that the differerwes between sel due to draining from the hot legs as was exiting
the calculated break flows were not a direct cause the vessel cold leg outlet. In the RELAP5 simula-
explaining the differences between TRAC- and tion, the mass exiting the downcomer to the cold
REL A PS-calculated core les el-depression legs exceeded the mass draining from the hot legs
responses. A further conclusion is that the into the vessel. Thus, in the RELAP5 simulation,
differences in calculated vessel flow rates at the ves- the reactor vessel lesel dropped at an accelerated
sei inlet and outlets were the main cause in the dif- rate, beginning at 750 s.
ferences between the TRAC and RELAPS core
level responses. In other words, differences between In the REl.AP5 simulation, the accelerated rate
how the gravity head distributions in the primary of core lesel depression was coincident with the
system were calculated caused the differences in time when the downside pump suction lesel
core level response, not the break flow. dropped below the upside pump suction lesel. As
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Figure 53. TRAC calculated broken loop U-tube and pump suction lesels.

the downside level dropped below the upside, an these simulations are identified. Differences and
additional gravity head was generated to depress similarities between all three break-site simulations
the core in the RELAPS simulation (Figure $3). are also summarized.
The same process occurred in the TRAC simula-
tion, with one major difference: the liquid in the In general, the trends and timing of esents
steam generator inlet plenum region dropped dow n between the two sets of simulations using T RAC and
into the hot legs (Figure 54) coincident with the RELAPS were in good agreement. Table 13 presents
above changes in the pump suction levels. Thus, in a summary of key events between the two sets of
the TRAC simulation, the net gravity head change simulations. The smaller break size tended to
was not sufficient to induce a core level depression enhance the dif ferences in event timitig. A progres-
of the magnitude calculated with RELAPS. As a sisely larger difference in break flow response
result, a core heatup was calculated with RELAPS, occurred as the break size decreased. Comparisons
but not with TRAC. are presented in Figures 55 and 56 for the 2- and 4-

in.-diameter-integrated break flows. f or the 4-in.
break, the integrated break flows are in excellentIn conclusion, most calculated trends from the ,

agreement, but for the 2-m. break, the integrated
RELAP5 and TRAC simulations were in close agree-

break flows show significant differences betweenment. The major aception was TRAC did not calcu-
1000 and 2000 s. The larger mtegrated break flow mlate a core les.el depression sufficient to induce
the RELAP5 simulation is believed to be responsibletemperature ocursions w hereas the RELAP5 simula-
7g ; ; ; ;9 ;9g g

tion did. Possible causes as to why these differences
clearing in the 2-m.. and 3 .m. simulations. The best

.

exist are pursued in Section 4.3.2.
agreement in integrated break flow and timing
events was for the 4-in.-diameter. break simulation.

4.3.2 Break Size Effect. This section details the
effect of break size on the differences between the Differences in integrated break flows did not sig-
TRAC and RELAP5 simulations. The RELAP5 nificantly enhance the differences in the calculated
and TRAC 2- and 4-in.-diameter break simulations depressurization responses. Comparisons of calcu-
are described, and similarities and differences in lated pressurizer pressures for the RELAP5 and
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TRAC simulations are presented in Figures 57 differences h integrated mass llows before loop stag-
and 58. The pressure responses are in good nation. Second, differences in the inass-donoring
agreement. Differences between the RELAP5 and schemes for the cell immediately upstream of the
TRAC simulations are similar to those noted in Sec- break plane were responsible for the differences after
tion 4.3.1. loop stagnation.

The most significant differences between calcu- With respect to initial pressurizer conditions, the
lated break flow responses occurred after loop stagna- larger pressurizer mass imentory in the RELAP5 sim-
tion. Figures 59 and 60 present the calculated ulation maintained the primary pressure at a higher
RELAP5 and TRAC break How comparisons for 2- value than in the TRAC simulation. This is due to
and 4-in.-diameter-birak scenarios, respectively. The more liquid being asailable for flashing in the |
RELAP5 simulation consistently showed transitions RELAP5 pressuriier. The higher pressure in the
in break flow magnitude after loop stagnation. The RELAP5 simulations produced integrated break
biggest difference was between the 2-in.-diameter- Hows which initially eweeded those in the corres-

|
| break simulations when flow reversal in the broken- ponding TRAC simulations. These differences |

loop cold leg caused a significant increase in break resulted in earlier drainage and loss of natural circula-
flow in the RELAPS simulation. No discernable tion in the RELAP5 simulations.
break flow increases or decreases occurred in the
TRAC simulations immediately following loop stag- After loop flow reversal, the break flow in the
nation conditions. Becauw of tl e greater rate of pri. RELAP5 simulation increased because of mass
mary system mass reduction in the RELAP5 donoring from the regions where ECCS was being
simulation, events occurred sooner. In particular, injected. The coarser cold leg noding in the
loop stagnation was calculated to occur sooner in the RELAP5 model probably allowed more subcooled
RELAPS simulations. Differences in event timings liquid from the intact cold leg to be convected
became progressively larger as the break size became directly to the cell upstream of the break plane. The
smaller. Two reasons account for the above differ- finer noding in the TR AC model allowed more cell-
ences. First, differences in initial conditions in the to-cell mising of ECC liquid before it reached the
pressurizer mass inventories were responsible for the break plane. The warmer upstream conditions
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Table 13. Comparison of TRAC and RELAPS event sequence timing

Event Time
(s)

Break
Diameter

Esent (in.) TRAC RELAPS

Break opens 2 0.0 0.0
3 0.0 0.0
4 0.0 0.0 |

Reanor trip, RCP trip, shut stop 2 36 72
valves and main feedwater (MFW) 3 16 35
valves 4 8 22

Initiate high pressure injection 2 68 103
(HPI) and makeup Dow 3 52 65

4 41 51

Initiate auxiliary feedwater (AFW) 2 97 133
3 77 %
4 69 83

Natural circulation ends, loops 2 144) 1000
stagnate 3 600 490

4 220 220

Broken loop pump suction clears 2 2500 1930
3 900 873
4 480 529

Intact loop pump suction clears 2 - -

3 950 -

4 520 -

Accumulator injection begins 2 - -

3 2200 2104
4 1200 980

End of calculation 2 2826 4518
,

3 2557 2928 5
4 1300 1152

relative to the RELAPS simulation prevented any sons for the 2- and 4-in.-diameter. break simula-
substantial increase in TRAC break Dow. tions are presented in Figures 61 and 62, in the

4-in.-diameter-break simulation, the net integrated
Although differences in break flow affected break Dows are in excellent agreement during the

event timing between the TRAC and RELAP5 sim- period when the TRAC and RELAl'5 core level
ulations, these differences were concluded not to be responses differ. In the 2. and 3-in.-diameter break
the principal reason for the dif ferences in core lesel simulations, the REI APS integrated mass Hows
responses. Vessei collapsed liquid lesel compari-
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are significantly greater than with TRAC, but the tions, but not in the corresponding RELAP5 simu-
differences in core level responses are unchanged. lations. One possible reason deals with differences

in how the plenums were nodalized in the two
One conclusion was that no core heatup was cateu- models in the TRAC model, the plenums were

lated to occur in the 2 , 3 , and 4-in.-diameter-break nodalized with two solumes, w hile in ihe RELAP5
TRAC simulations because of how the TRAC code model the plenums were nodalized with only one

j simulated the dynamic response c fliquid in the steam solume. Other possible reasons include intrinsic
| generator inlet plenum and pumi. suction regions as differences in how the two codes generate solu-
,

compared to the RELAP5 s;;nulation. In the tions. A discussion of differences between
| RELAP5 simulations, the liquid suspended m the algorithms in the two codes is beyond the scope of

steam generator inlet plenum remained in the plenum this report, but future work is recommended to be
until pump suction loop-seal c' earing began. Ihe done in this area to clarify how differences in code
combined static heads from the cpsides of the pump solution schemes may affect final calculated results
suctions and steam generator inlet plenum were suf- in systems dominated by grasity head forces.
ficient to depress the core lesel so clad dryout and
cladding temperature excursions occurred with
RELAP5. In the 2- and 3-in.-diameter-break TRAC in conclusion, the REl.AP5 and TRAC simula-
simulations, the liquid in the steam generator inlet tions were generally in close agreement. Overall
plenum dropped into the hot legs as lesels in the pressure, break flow, and mass distribution trends
downsides of the pump suctions dropped below those were in close agreement. The main exception was

,

in the pump suction upsides. In the 4-in.-diameter- RELAP5 consistently calculated temporary core
break TRAC simulation, a depletion of liquid in the lesel depressions that were sufficient to induce clad
pump suction upside regions occurred prior to loep- temperature excursions, whileTRACdid not. Also,
seal clearing. Unlike the 2- and 3-in.-diameter-break each TR AC simulation calculated rapid comeetion
TRAC simulations, the 4-in.-diameter TRAC simula- of liquid from the core region to the steam genera-
tion did not exhibit significant depletion of liquid in tor inlet plenum after loop-scal clearing. To resolse
the steam generator in.'et plenum. The TRAC simula- these differences, several areas for imestigation
tion included a deerrae in the pump suction upside were identified which include:
levels relative to the 4-in.-diameter break RELAP5
simulation. This decrease was sufficient to present a 1. Identifying how differences between
core lesel depression large enough to cause a core TRAC and RELAP5 model nodalization
heatup in the TRAC simulation. Thus, the net grasity may affect calculational results.
head asailable to depress the core in the TRAC simu- !

lations was always smaller than in the REIAP5 simu-
2. Identifying differences between TRAC

lations (Figures 61 and 62).
and RELAP5 solution schemes which may

Several probable causes exist as to why the two affect calculational results.
codes simulated inventory responses in the steam
generator inlet plenum differently. Moreoser, these 3. Identifying needed imprmements in cod-
same causes are suspected to be responsible for ing algorithms to improse computational
clearing both loop seals in all the TRAC simula- accuracy.

I~
t
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5. CONCLUSIONS AND RECOMMENDATIONS

A series of calculations were performed, using diameter break to 0.89 ft for the 7-in.-diameter
the TRAC-PFI and RELAPS/NIOD2 computer break. These loch are incomistent with Semiscale
codes, to imestigate RESAR-3S plant response to S-UT test series data which showed core heatup
small break loss-of-coolant-accident sequences. beginning at mid-core loci for both 6.7- and 9.5-in.-
The peak cladding temperatures experienced in equivalent diameter breaks. Further imestigation of
each calculation are summarized in Table 14. In all this discrepang, including awessment of the codes
cases, the peak cladding temperatures shown were against experimental core doitoff data, is recom-
experienced in the hot pin, and a temperature entry mended.
is shown only if an excursion from saturation tem-
perature was calculated. Results of calculations comparing coarse and

fine steam generator nodalization were comistem
As indicated in Section 2, both the RELAPS/

with those presiously reported by Argonne.2 Peak
510D2 and TRAC-PF1 codes hase been shown to be cladding temperatures were found to be higher
capabic of predicting the liquid holdup and related

when using a finely-noded steam generator. These
core level depression and core heatup phenomena for calculations also showed significant proiously-
Semiscale Te3t S-UT-8. The calculations presented in

enreported sensitisities of peak cladding tempera-
this report represent an evension of code application ture to initial steam generator secondar) man and
for different break sizes and facility scale than those

separator modeling. We recommend a thorough
used in Test SUT-8. This extemion invohes consider- semitisity s:udy be performed to oaluate steam
able uncertainty as oidenced by the signiGeantly dif- generator nodalization, initial s condary mass, and
ferent cladding temperature responses calculated with separator madeling effeets.
RELAP5/5tOD2 and TRAC-PFI for the RESAR
N!odel F steam generator 2 , 3 , and 4-in.-diameter- Clad temperatures excursions were encountered
break sequences. Further assessment of both codes in in RELAP5 simulations, but not in TRAC simula-
predicting this phenomena appears to be warranted. tions for 2 , 3 , and 4-in.-diameter breaks. Com-

Both RELAP5/NIOD2 and TRAC-PFl predicted plete explanations for these differcnces hase not

liquid drainback from steam generator U-tubes to been found. Pertinent differences in code behasior
plenums in a manner consistent with the Wallis were obsersed, howoer, m the followmg areas:

Dooding correlation. Similarly, the cod , predicted
drainback from steam generator inlet pie ums to hot (I) Voiding characteristics in the pump sue-
legs in a manner consistent with the Kuto eladze cor- tion uptiow sides.
relation. Howoer, considerable uncertamty exists in
the applicable constants to be used in these correla-

g ; g
tions for the geometries present in a pressurized g g ;g
water reactor (PWR). Further experimental imesti- g gg
gation into flooding correlation constants applica-
ble at these locations appears warranted.

(3) Sensitisities to nodalization in the pump
Only minor differences were obsersed in plant suction, reactor coolant pump, and steam

behavior due to differing steam generator configu- generator plenum regiom. '

ration. Results of calculations using N!odels D and
F steam generators were comparabk.

(4) N!inor differences in calculating counter-
The RELAPS-calculated collapsed core lesel at current flow limiting Hooding phenomena

which core heatup begins was found to be strongly within the hot legs and steam generators
affected by break size. This loci ranged from 7.28 ft which had a major impact on core loci
(above bottom of heated length) for the 1.5-in.- and rod temperature respomes.
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Table 14. Summary of cladding temperature excursion results

Clad Temperature
Escursions Peak

Ilreak i oop Seal Clearing Cladding
SG Diameter

_

Temperat ure
Code Configuration (in.) Pre- t h t- Pil Notes

RELAP5 F 1.5 Yes No 744 -

RELAP5 D 2 Tes No 1199 -

RELAPS D (coarse node) 2 Yes No 840 -

TRAC F 2 No No - -

RELAPS F 2 Yes No 959 -

REIAP5 D 3 Yes N3 768 -

TRAC F 3 No No - -

RELAP5 F 3 Yes No 790 -

RELAP5 D 4 Yes Yes 912 11

TRAC F 4 No No - -

RELAP5 F 4 Yes Yes 860 Il

RELAP5 D 5 Yes Yes 969 11

RELAP5 F 5 Yes No 760 -

RELAPS D 6 Yes Yes 1026 C

RELAP5 F 6 Yes Yes 1148 C

|
- RELAPS D 7 Yes Yes 678 A

RELAP5 F 7 Yes Yes 962 C

NOTES: A = Peak occurs prior to loop-scal clearing.
Il = Peak occurs following loop-scal clearing.
C = Rewet does not occur when loop seal clears, pre- and post-loop-scal-clearing escursions

merge.
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