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COMPARISON OF TRAC CALCULATIONS WITH EXTFERIMENTAL DATAY

James F. Jackson and John C. Vigil
Los Alamos Scientific Laboratory
University of California

Los Aiamos, New Mexico 87545

ABSTRACT

TKAC 1is an advanced best-escimate computer code for analyzing postulated
accidents in light water reactors. This paper gives a brief description ot
the code followed by comparisons of TRAC calculations with data from a variety
ot separate-effects, system-effects, and integral experiments. Based on the:es
comparisons, the capabilities and limitations of the early versions ot TRAC
are evaluated.

i. INTROOUCTION

The Transient Reactor Analysis Code (TRAC)Y 1is being developed at the
Los Alamos Scientific Laboratory (LASL) under the sponsorship of the Divizion
of Reactor Safety Research, United States Nuclear ReqQulatory Commission. TKAC
is an advanced best-estimate computer code for the analysis of accidents in
light water reactors (LWRs).

The iritial versions of TRAC are dirccted primarily toward large hreak
loss-uf~coolant-accicdents (LLOCAs) in pressurized water reactors (PWRs). The
first documented version, TRAC-Pl, was ccmpleted in March 1978. An improved
version, TRAC-PlA, was released through the National Energy Software Center
(Argorne National Laboratory) in March 1979.

The cuitrent development cffort is proceeding along two patls. The first
path 1s to continue the development of versions that employ very detailed
thermal=-hydraulic modelingy. The next version to be released in this serics i6
an improved (and faster running) versioun of TRAC-P)JA. This new version will
be designated as TRAC-PU. and is scheduled for release ir the rpring of 1980,
Future versions of TRAC will be designated as TRAC=-xyz where x=pP for PWR
versions and B for briling water reactor (BWR) versions; y=D for detaiied ver-
sions and F for fast running versions; and z i5 a version designation numbey.

Even thcugh TRAC-PD2 will bLe much faster runniny than TRAC-PlA, the
sophisticated multidimensional hydrodynamirs treatmert will still require
substantial running times for ldarge problems. For some applications, such an
parametric Atudies, much shorter running times are desirable. Fast runnina
versions of TRAC are under development to satisfy this need. Although thesc

*Wor¥ prrformed under the auapices of the U.S, Nuclear Requlatory Commission.
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versions will provide less detail (and involve more empiricism), they can be
calibrated against the carefully assessed detailed versions for specific
applications. The initial fast running PWR version, TRAC-PFl, is currently
under development at LASL.

The development of a version of TRAC designed specifically to analyze
accidents in BWRs was recently initiated at the Idaho Natioral Engineering
Labc.:atory (INEL) with some technical support from General Electric Company.
The initial BWR version, TRAC-BD0, was completed in December 1979. Develop-
ment of the initial release version, TRAC-BDl, is underway.

A key element in the TRAC effort is to establish the prediccive capability
of the released versions of the code. This is being done by a very careful
assessment against a broad range of experimental data. This involves both
blind pretest and pcsttest predictions and detailed posttest analysec. The
main purpose of this paper is to summarize some of the recent experimental
comparisons and give a brief evaluation of the current capabilities and limi-
tations of TRAC.

The results presented here were nearly all obtained with TR/AC~PlA. In
some rases, similar calculatiors have been perfcrmed with prere'ease versions
of TRAC-PD2. Some of these results will be mentioned where they differ signi-
ficantly from TRAC-P1lA. This is done to give a more accurate picture of cur-
rent TRAC capability.

2. TRAC CHARACTERISTICS

Detailed descriptions of TRAC can we found eleswhere.br2:3 A summary
description is given in this section to provide the appropriate background for
this paper.

TRAC can be characterized as an advanced, best-estimate LWR system
analysi- computer progran. It 1ncorporéetes state-of-the-art methods and
models. The models are designed to yield realistic solutions as opposed to
the conservative evaluation models used in licensing codes. 4 User-selected
options and "tuning dials" are minimized in the basic fluid dynamics and heat
transfer modeling. This apptoach places great demands on the basic thermal-
hydraulic modeling because the code must determine local flow topology and
supply appropriate constitutive relati.- ns, Thus, the development of accurate
flow-reain: -depender* constitutive relations is vital to the succens of TRAC.
An ultimate goal of the TRAC rffort is to procduce codes that have a demon-
strated capability to adequately preuict the results of a very broad range of
experiments with no tuning of basi- physical iodels from one test to another.

TRAC can be usSed to obtain steady-state suiutions o provide self-
consistent initial cecnuitions ftor subsequen* transient ca“culations. Both a
steady-state and transient calculation can be performed in the same run if
desired. An important characteristic of TRAC i3 the ability *to address the
entire LOCA (blowdown, bypass, refill, and reflood) in one continuous and
consistent calculation. 1rips: can be epecified to simulate protective syatem
actions o, cprrational procedures (e.g,, the opening or clesina of a valve),

TRAC is completely modular by component anl! by function. Conponent
moduler, which consint of subroutines or sets of s:broutines, are available to
mode!  vesaels (with associated internals), Bteam generators, pressurizels,
etc. The uscr can construct a wide variery of contiqurations by Jjoining
tocether an arbitrary number of these components in a meaninyful way. Thus,



the user can solve problems ranging from a simpls pipe blowdown to a multiloop
PWR LOCA. Component modularity allcws component models to be improved, nodi-
fied, or added wichout disturbing the rest of L.e code.

Tunctional modules, which also consist of subroutines or sets of sub-
routines, are available for multidimensional two-fluid hydrodynamics, one-
dimensional drift-flux hydrodynamics, thermodynamic and transport propertics,
wall heat transfer, etc. Functional modularity allows the code to be easily
upgraded ac imp:oved correlations and experimental information become
available.

A three-dimensional cylindrical (r-g-z) or two-dimensional Cartesian (x-y)
hydrocynamic calculation can be performed within the reactor vessel. coin=-
ponents outside the vessel are ‘*reated in one-dimensional geometry. ‘the
vesgsel module is used to model =21! reqgions inside the pressure vess»l includ-
ing the downcomer, lower p.enum, core, rpper plenum, and upper head. It is in
these regions of the reactor system that multidimensional effects are most
likely to be significant.

Two-phase flow 1in the wvarious TRAC componen:s is treated using
nonhomogeneous, nonequilibrium models. A two-fluid six-equation nodel is used
within the reactor vessel. These equations are b.sed on the conservation of
mase, momentum, and encray for t.e separate liquid 2:nd vapor field:s. Supple=-
menting these field cquitions are so-called constitutive relations (or closure
equations) that rpecify (1) the transfer of mass, energy, and moumentum hetwrrern
the liquid and vapor phases ané (2) the interaction of these phases with the
system structure. The nature of these intertacial transfcres and interacction:
15 dependent -n flow topology and, therefore, a flow-regime-dependent consti-
tutive equation package is included in TRAC. This package is continually
being tested and upyruded a- new information becomes available and as our
unders.anding of two-phase fluw improves,

The flow in the one-dimensional loop components is descrived by a five-
equation drift-flux model. These equations are baced on counservation of mars,
energy, and momentum for the mixture and conservation of mass and energy for
the vapor. Liquid and vapor "'2locitles are not assumed to be equal. but are
expressed in terms of a relative velocity that is dependent on fiow topoloay.

Heat transfer models in 7RAC (ncl ‘de (l) conduction models to calculate
temperature fields In structural matcrials and fue: rods ana (2) convecticn
mode)s to provide heat transfer between s.ructure and coc lant, Heal transfep
to tl,e two-phate fluid it calculated using a generalized boiling curve con-
structed from a library .. heat t'ansfer correlations based on local surlac
and fluid, conditions.

Conduction models are availalble for ohtaining temperature ficlds in
one-dimrnsioral (cylindrical) pipe walls, lumprd-parameter Slabs, and one-
dimensiunal (cylindrical) fuel rod geometries. Pipe wall conduction is used
in the compunents outslide the vessel, whereas, the slabh end fuvel rod conduc-
tion models are used in the vessel mndule. The fuel rod conduction aralysis
accounts for gap conductivity changes, metal-water reactions, and guenchinua
rhenomena. A fine-mesh axial renoding capability is available for fuel rods
to ullow more detailed modeling of reflood heat transfer and tratk:.ng of
gquinch tronts due to hottom flooding and falling films, Quench front: are
advunced usingy an empirical velocity correlation.

-



The system of field a2nd constitutive equations in TRAC is solved wusing
efficient spacial tinite-differ 'nce techniques. A semi-implicit time differ-
encing technigue is normally used in most components. This technique is
subject to the Couranc stability limitation that restricts the time step size
in regions of high-spced flow. A fully implicit time differencing option is
available for the fluid dynamics in most of the one-dimensicnual components.
This option allows fine spatial resolution in reg.ons of high velocity (e.g.,
in a nozzle) without restricting the time step size.

TRAC is designed to run on a CDC 7600 computer, but standard programming
techniques are being used to ease its conversion to other computers. All
storage arravs are dynamically allocated so that the only limit on problem
size is the available core memory. A capacity of 60K words of small core
memory and 220F words of large core memory is sufficient to handle most pro-
blems of interest,

3. TRAC ASSESSMENT

comparisons of TRAC calculations with experimental data have been made for
testc in a wide variety of experimental facilities as pert of a broaa code
assessment and testing program. Two phases are involved in this program.
Developmental assessment is the first phase and is performed prior to wnublic
release of a particular code version. It involves primarily posttest analyses
and is closely coupled to code development since results can hive an immediate
impact on the code models. The primary objrctive of developmental assessment
is to test the code models ajainst avai.able experimental results.

A code version is released for p lic use when developmental testing
indicates that its reitformance objectives have beer met. Independcent assess-
ment, the second assessment phase, hegins at this point and mainly involves
pretest and posttest pred ctions of testc< in desigrated facil.ties using the
publicly rcleased (and frozen) versions of TRAC. The primary objective of
this phase is to dectermine the predictive capabllity of TRAC when applied to
new  teosts involving differint scales and experimental confiqurations. In
addition, results from this usscssment phase provide guidance for future code
versions,

The terms pretest prediction, posttest prediction, and p sttest analysen
have the following meaning as uJsud in this paper. Pretest prediction. refer
to calculations perforned prior to performance of the test. They are alsu
callerd double-hiin!' predictions because neither the actual initial and
boundary conditions nor the transient test results are known. An.icipated
initial boundary conditionrs are used in a pretest predicticn., Posttest pre-
dictinns are alsc called sBingle-blind calculations because the actual initial
and boundary corditions a1~ known, hut che transient ternt 1.sults &re not
available. Pcottest analyses refer to calculations p>rformed after all test
results are available,

The compariscns presencted in this paper represent unly a sampling of the
developmental and jndependent assessment calculations performed thuce far. The
results are Jeparated into jeparate-, systems-, and inteqral-effecuir test:,
TRAC haa also becn applied to transients Jn full-scale PWRs and to planned
large=scale refloyd facilitier in Gepnany and  Japan. These applicationn
activities, 1ncluding calculations of the Thyce-Mile-Island accident, are pro-
viding information on the ability of ""A( %o Oroperly handle the effects of
Acale,



4. SEPARATE-EFFECTS TESTS

Separate-etfects tests basically involve only one LWR component (or part
of a component in the case of the vessel) and one phase of a LOCA. Examples
of TRAC comparisons with these rypes of tests are given in this sectioun.
Included in these comparisons are posttest analyses of a blowdown of a large-
scale vessel, refill of a l/15-scale vessel with counter-current steam-water
flow in the downcomer, and forced reflooding of a full-length electrically
heated rod bundle. More detailed results of these posttest analyses can be
found in Ref. 3.

4.1 Marviker Full-Scale Critical Flow Test 4

The Marviken full-scale critical flow tests? can be used tc assess the
ability of computer codes to predict larqge pressure vessel blcwdowns. Four
major components are included: a pressure vessel originally .designed to be
part of the Marviken BWR nuclear power plant, a discharge pipe, a test nozzle
with the minimum flow area in the system, and a rupture disk assembly. For
Test 4, 'he nozzle had a minim'm diameter of 0.509 m with a length/diameter
ratio of 3.

Before the test, deionized water partially filled the vessel and was
heated by taking water from the bottom of the vessel out through an electric
heater and addiny it back into the steam dome at the top of the vessel. This
procedury produced a ratner complicated initial temperature distribution in
thae vessel. Saturated oteam filled the vessel region above the inivial water
level, and the water at the nozzle 1inlet had a substuntial amount of sub-
cooling (about 60 K). The test was initiated Ly irelease ol the ruprure disks
and terminated after about 48 = by closing a ball valve in che discharge pipe.

The TRAC model of Marviken Test 4 includes four components. A zero
velority FILL models the vessel upper boundary; a seni-implicit PIFE models
the vessel above the 2.6-m level, Iincluding the maximum diameter regicn and
the top cupole; a fully implicit PIPE models the lower part of the vessel,
discharge pipe, nozzle, and rupture disc assembly: and a BREAK component pro-
vides a pressure houndary condition at the rupture disk assembly lower
boundary. Fifteen fluid cells were used Jin the semi-implicit pipe and 45 in
the fully implicit pipe. It should be not?d that there i no empirical break
model ‘a2 TRAL-PIA and that the break flows are, therefore, calculatea directly
from the basic [iow equations.

TRAC result:z vere compared with the Marviken blowdown flow rate and the
presrsures and terperatures at several locations. Figure 1 shows the TKAC mass
flow rate compared with the flow rate derlved from velociiLy (pitot-static) and
differential pressnre measurements, TRAC results agree very closely with the
initial peak, somewhat underpredict the subcuoled part of the blowdcwn, and
agree very well with the saturated portion of the blowdown (20-45 =).

The pressure near the vessel ctcp {s shown in Fig. 2. All calculated
veas-~] preasures are very close Lo the experimental results after the first
few seconds. During this carly perind, the data show a dip probably duc to
delayed nucleation in the deionized water that TRAC-PlA does not model, The
agreement of the calculated fluid temperatures with measurements at various
‘ocations in the vessel is similar to that for the pressure.
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The good agreement between the calculated and measured results for
Marviken Test 4 indicates that TRAC properly treats scale effccts in one-
dimensional critical-flow configura*ions. This calculation also iaentified
the need for a delayed-rucleation model in TRAC. Such a model is now being
addeu.

Calculations of six other Marviken tests, including twe biind posttest
predictions, indicated that two-dimensional flow effects in the nozzle become
important as the nozzle length/diameter (L/D) ratio decreases. This effect
was particularly noticeable in Test 24 where L/D=0.3. This indicated that a
critical flow nodel may be required in certain situations to provide adequate
1-D modeling. Various models are now being investigated for possible
inclusion in TRAC.

4,2 (reare (Quasi-Static Countercurrent Flow Experiments

The Creare countercurrent flow ex;u.rirnonts6 investigated the effects of
countercutrent steam flow rate, downcomer wall superheat, and ECC subcooling
on the delivery of ECC water from the downcomer to the lower plenum. The
Lasic component of the Creare test facility is & 1/15-scale (lineur dimen-
glon), multiloop, cylindrical model of a PWR downcomer region. The Craearc
vessel can be arranged in at least six different jeometrical confiqurations.
The configuration used In the tests analyzed here is the so-called "base-line"
configuration having a 0.0127-m (U.5-in.) downcomer gap and a "“deep plenum"
geometry. The vessel huc four cold legs oriented 90? to each other. Three
cof the cull legs are assumed to be "intact" and are connected to ECC injection
lines., A single "broken" cold leg connects to the pressure suppression tank.
There ares alsn four hct legs; how ver {1 the tests presently being connidered,
the hot leygs are closed oif,
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The test procedureé for the quasi-static countercurrent flow tests are as
follows. Steam is injected at the top of the vessel, flows down the center of

the vessel into the lower plenum, up the downcomer, and out the broken cold
leg. After reaching the steady steam flow rate, water is injected simulta-
neously and equally into the three intact cold legs at a constant preset flow
rate. After a short transient period, the plenum normally begins to fill.
The test is run until the lower plenum is full or until the filling rate can
be determined from strip chart records. A complete penetration curve i3
composed of a set of tests at a given liquid injection rate and liquid tem-
perature with the steam flow rate varied over a range such that water delivery
ranges from complete delivery to complete bypass.

The Creare vessel w2  modeled using 7 axial levels with each level
" subdivided into 2 radial and 8 azimuthal zones for a total of 112 me: h cells.
The calculational procedure parallels that of the Creare experimental proce-
dure. A steady-state calculation is performed to establish a constant reverse
steam flow and. K lower plenam pressure. The intact cold legs are isolated and
the broken cold-leg back pressure is selected to give the correct lower plenum
pressure. This assures the correct Jliquid subcooling when the ECC is
injected. This steady~state calculation is run until Jw c (dimensionless
reverse stcam flow rate, see Ref. &) reaches a constant value. The transient
" calculation is then started from the steady-state initial conditions, but with
the inlet conditions in the three intact cold legs specified to give the cor-
rect ECC injection flow and temperature.

The transient values of J*_. and J*g4 (dimensionless water flow rate
delivered to the lower plenum) are calculated at the bottom of the downcomer,
and the ccllapsed liquid level in the lower plenvm is calculated based on the
liquid fractions in that region. The plotted values of J*,. and J*;,; for
each calculation are determined as follows. The value OSf J*,. is the
injitial steady-state value. This variable undergoes an initial  transient
following ECC injection and may not return to the full value due to steam
condensation. The calculated value of J*¢q is determined from the average
lower plenum filling rate as is the case with the experimental results.

The Creare quasi-static countercurrent flow experiments covered a wide
range of ECC flow rates and subcoolings. Four TRAC calculations were made tu
generate two complete penetration (or flooding) curves. These two curves are

for the following ECC flow rates and injection temperatures: (a) 1.86 x
1073 md/s and 373 K (30 gpm and 212°F) ard (b) 3.78 x 10°3 m3/s and
339 K (60 gpm at 150°F). The reac:or scale injection flow rate is 3.78 x

1073 m /s 160 gpm). The first case has very low subcooling and, there-
fore, the only effect that can produce bypass is the interfacial drag between
the steam and the liquid. Figure 3 compares the results of the low subcooling
case, Near the complete dumping location at J* » 0,043, the calculated
J*¢q 15 equal to 0.047, which is in excellent agreement with the measured
value of 0,05l. At a high steam flow rate, J* c " 0.14, there is almost
complete bypass of the injected liquid. At this steam flow rate, TRAC also
predicts nearly complete bypass. The calculated J*;y ls equal to 0.005,
while the measured value is 0.004.

The sBecond case has significant subcooling, and interfacial heat transfer
now becomes significant in determining the quantity of liquid de)ivered. The
penetration curve becomes much flatter, which means that the system tends to
operate in either a complete bypces or complete delivery mode. Operation in
the intermediate delivery/bypass cange is thus experimentally difficult to
achieve as the change in steam flow rate required to cause a transition from
complete delivery to complete bypass is very small. Figure 4 compares the

-7-
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The test procedure was as follows. The lower section of the flow housing
was filled with water to the bottom of the heated rod length. Power to the
rods and housing was applied and maintained until the desired initial rod
cladding temperatures were attained. Flcoding at the specified rate was then
initiated and simultaneously, the power wcs ramped on the desired decay
curve. Temperatures and related fluid conditions were recorded until the
bundle was completely gquenched.

The sindle-channel geometry of thise experiments lends itself very well to
the use of the slab vessel option in TRAC. As a matter of fact, a one-
dimensional representation was obtained by using only one cell per axial
level. The base case model contained 9 axial levels in the core with each of
these 1levels containing 5 fine-mesh axial intervals for the reflood heat

transfer calculation. Conduction in the electrically heated rod was repre-
sented with 8 radial nodes. Initial ccnditions were set at measured input
valurs for rod, housing wall, and fluid temperatures. Since sufficient

experimental detail is not available to determine all necessary input values
precisely, some interpolation or estimation of initial temperatures was
per formed.

Test conditions for the three cases presented here are given in Table I,
and a summary of the calculated and measured results is given in Table 11.
TRAC-P1lA predicts the maximum temperature (and hence the temperature rise)
quite well for all three tests. For the high flooding rate case (Test 03541),
the calculated turnaround time and quench time alsn agree very well with the
dataz. This is not the case, however, for the low flooding rate tests where
the code predicts early turnaround and gnuenching. The early turnaround times
are believed to result from excess vapor generation calculated in the lower
region of the rod bundle. Underprediction of carryover rates results in a
capid refill of the core region and accounts for early guenching.

TRAC tends tc overpredict the heat transfer coefficient for the upper
regions of the rod bundle from the turnaround point to the quench time. This
resulted in wall temperatures that were lower than the experimental data.
Conseguently, the guench temperatures were also low as compared to the data.

The comparisons of the TRAC predictions and the FLECHT reflood data were
used to evaluate the two-phase flow and reflood heat transfer moasls in the
vessel component. It was apparent that the reflood heat transfer models in
TRAC-PlA are less than satisfactory for predicting the low reflood rate pheno-
mena observed in the FLECHT forced flooding experiments. Specifically, the
quench front propagation, liquia entrainment, and transition and film boiling
heat transfer models were items that required further development. These
areas, along with aifficulties encountered under gravity-flow and systems-
response conditions, are being improved in the next code version (TRAC-PD2).

TABLE 1

FLECHT EXPERIMENTAL TEST CONDITIONS FOR TRAC CALCULATIONS

Test Pressure Inlet Fluid Flooding Peak Power
Number _{MPa) Temperature (K) Rate (m/s) (kW/m)
03541 0.39 337.6 0.25 4.07
04831 0.28 324.8 0.04 3.12
02414 0.28 327.1 0.02 2.76



TABLE II

SUMMARY OF CALCULATED AND MEASURED RESULTS
AT THE FLECHT BUNDLE MIDHEIGHT

Test 03541 Test 04831 Test M”14
Initial Temperature (K) 1143 1144 1144 1144 1144 1144
Max. Temperature (K) 1193 1190 1333 1333 1453 1449
Temperature Rise (K) 50 46 189 189 308 305
Turnaround Time (s) 8 6 74 40 96 g0
Quench Time (s) 71 72 219 170 345 210

A completely new reflood treatment that explicitly treats axial heat corauc-
tion near the guench front has been implemented. Tests to date are showing
significantly improved results.

5. SYSTEMS-EFFECTS TESTS

Systems effects tests involve several coupled LWR components up to and
including all the major primary system components arranged in a closed-loop
configuration. These tests address only a portion of the LOCA. Unlike
integral effects tests, however, systems effects tests omit some major feature
of the transient. Examples are omission of ECC injection during blowdown or
core heating during refill. To illustrate TRAC comparisons with these tvpes
of tests, we have chosen a heated blowdown test without ECC injection in the
Semiscale Mod-1 facility and an unheated blowdown test with ECC injection in
the LOFT facility. Further details of these posttest analyses are given in
Ref. 3.

5.1 Semiscale Mod-1 Heated Blowdown Test S$-02-8

The Semiscale Mod-1 test apparatus (Ref. 17) is an improvad version of the
Isothermal Semniscale system. In the Mod-l system, nuclear heating is
simulated by a core comprised of 39 electrically heated rods with both the
power and volume scaled to a typical PWR in a ratio of approximately 1 to
3000. The test apparatus consists of a pressure vessel with simulated reactor
internals; an intact loop with active steam generator, pump, and pressurizer;
a broken loop with simulated steam generator, a simulated pump, and pipe
rupture assemblies; and a pressure suppression system with header, auxiliary
steam supply and suppression tanks.

Test S5-02-8 was a simulation of a double offset shear (200%) cold-leg
break. It differed somewhat from other Mod-1 tests in that the resistance of
the simulated pump was reduced by a factor of about 4 below the more typical
value. Prior to the test, the system was brought to a steady-state condition
ard blowdown was initiated by L eaking the two rupture disks.

The TRAC model of Test S-Ce-% contains every component modeled by TRAC,
except an accumulator. The model contains a total of 111 fluid cells in one-
dimensional components and 152 fluid cells in the three-dimensional vessel
compon2nt, The 1initial conditions calculated with TRAC for use at the start
of the blowdown are compared with the experimental data in Table III.

-10-



TABLE III

COMPARISON OF CALCULATED AND MEACURED INITIAL CONDITIONS
FOR SEMISCALE HEATED BLOWDOWN TEST S-02-§

Pa "ameter Units Te_. Data TRAC
Core Power* MW 1.59 1.59

Intact loop co.d leg f1l
temperature K 556.5 553.7

Ho%t to cold leq tempercture

differential K 37.8 39.7
Pre s rizer preccure KPa 15600.0 15596.0
Pump mass flow rate kg/s 7.35 7.38
Pump speed Rad/s 295.3 .96.0
Pump Pressure KFPa 283.0 268.0
*Inpat to TRAC-P1A
Differences are Qqenerally due to inconSistencies in the test data. Nonc of

these inconsistencies are felt to seriously affect the results of the tran-
sient analysis.

The comparison of TRAC-predicted lower plenum pressure with Test §5-02-8
datal® presented in Fig. 5 indicates that TRAC 77=5 a good job of predictina:
system performance. The slight underprediction .. pressure beginning at 1l to
12 s 15 probably due to prediction of less superheat in the upper part of the
core than was present in the actual test.

The most important variable that a LOCA analysis code calculates is the
maximum cladding temperaturn. Tigure 6 presents a comparison of the TRAC pro-
dictions of this variable with a band of temperatures that includes all of the
heater rod cladding thermocouples in the hig-est power step in the Semiscelc
syster., With the exception of a slightl, advanced time to Departure ficm
Nucleate Boilina (DNB), TRAC does an ex..llent jobh of prciicting the cladding
temperature response in the high power zone.

A meaningful compurison of predicted and test-derived core inle. me s flow
rate 15 limited to the first 6 s after rupture duc to the dead band in the
core inlet turbine flow meter. This comparison is shown in Fig. 7, and indi-
cates that TRAC predicts the maanitude of the immediate ~ore f{low rever=al
well, but predicts the core flow to return to a positive direction about 1 s
before the test data,

Figure 8 shows that TRAC doers an excellent job of predicting the hot-leg
break mase flow rate. 17The cmall increase in the test data between 10 and 15 =
is due to a slug of higher density fluid coming from the intact hot leg. TKRAC
calculations of pressurizer suryc Jine flow (Fig. 9) and pump flow rate (Figq.
10) also aqree well with test data, demonstrating that TRAC Jdoes an excellent
job of predicting intact loop fluid {low ratcs,
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In summary, TRAC posttest analyses of ™:Lt S-02-8 are generally in very
good agreement with test results and illiLstrate the ability of the .ude to
accurately predict the thermal-hydraulic response of a PWR-type system during
blowdown but without ECC injection.

5.2 LOFT Nonnuclear Isothermal Blowdown Test Ll-4

The Loss of Fluid Test Facility (LOFT)!Y is a scale model of a large
pressurized water reactor (LPWR). The volume scaling ratio between thc LOFT
system and the LPWR is approximately 1:60; flow and break areas are also
scaled using the same ratio. The LOFT Ll-4 sgystem consists of a pressure
vessel; an 1ntact loop with a pressurizer, steam generator and two pufps; o
blowdown lrop with a simulated steam generator, a simulated pump and tw.
quick-opening valves:; And a pressure suppression system.

The pressure vessel contains a hydraulic core simulator, upper and lower
plena, a downcomer, and a core support barrel. The blowdown loop is a volume-
scaled representation of one liop of a four-loop LPWR. The simulateoc steam
generator and pump consist of piping containing many orifice plates to achieve
the decired hydraulic resistance. The intact loop has a volume approximateijy
three times larger than the blowdown loop and represents three intact loopn of
a four-loop LPWR, This loop has a u-tube steam generator, two centritugual
pumps, and a pressurizer. ‘The pressure suppression system simulates thce lavgn
containment volume and back pressure of the LPWR and contains the blowdown
vifluent.

Teat. Ll1-4, a 200% double=ended cold=leg break with cold-leg ECC injection,
was performed to provide infurmation on drlayed High Pressure Injection System
(HPI1S) and Low Pressure Injection System (LP1S) cold-leg injection, ob.ain
data for evalueting dow:icomer bypass and mixing of the ECC with the prinary
coolant, and provide thermal-hydraulic daota for comparison with test predic-
tions and other experimental data for code asse sment puiposes,  Prior to the
blowdown, the primary system was brought to its initial temperaturc, pressare,
and flow rate of 552 K, 15.75 MPa, and 268B.4 kg/s, rernectively, using the
wor k-cnerqy addition of the primary coolant numps. The nressurizer heater:s
were de-cnergize ! and the blowdown wan initiated Ly opening the twhr uick-
opening valves. Flectrical power to the primary system motor gencratcer was
terminated within ) 8 after blowdowa inititation, which allowed the pumps to
conast down under the influence of the flywheels and the fluid dynamic forces
on the pumps. ECC injection wan directed to the intact cold leg during
blowdown. Injection from ar accumulator was initiated at a system low
pressure trip of 4.24 MpPa (absolute pressure). The NPIS pump was preset to
inject at 1,085 x 10”4 mJ/u and to initiate at I/ = after blowdown. The
LPIS pump wan adjusted to initiate no sooner than 35.5 s after the initiation
of blowdown, and its flow rate varies from ¢ to 0,0} ml/s. depending on the
ayste: presssurr.

The TOFT nystem conue'ns g variety of components intoerconnected  n terien
and parallel branches, Furthermore, this system {5 complicated by area
chanqens and orifice plates,  TRAC n lels the blowdown and iatact loops with
one-dimensional components,  The reactor vessel component in modeled with the
three-dimensional VESSEL module.  The TRAC mo.el uvsen 26 components with i
junctionn and a tolal ot 210 tluid celln.  The reactor vessael <omponent
divided anta 9 axaal, 2 radial. and 4 azimuthal seygments for a total of 7Y
flutd cellu.  The upper and Jower plena contain 4 and 8 fluid cellr, respec-
tively. The TRAC repreosentation of the ECC syatem conninte of an accumulator
connecterd to a series of two teen,  Thege teen are connected to two FILL
modulens apecifying the HPIS and 1LP1S [lown.
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The TRAC calculation for this problem was performed in two stages. First,
steady-state initial conditions were obtained by running . transient calcula-
tion (i.e., use of the transient option in TRAC) starting from an initial zero
flow rate, a uniform pressure and temperature, und with the two quick-opening
valves closed. As shown in Table Ivj all the calculated steady-state para-
meters are within 3% of the measured’Y values. The blowdown portion of the
calculation is performed by restar’ing from the dump file obtained from the
steady-state calculation and activatiig the twn quick-opening valves.

Figures :1 and 12 compare mass flow rates per system volume from tLhe
blowdown legs. The measured mass flow rate from the simulated pump side of
the break (Fig. 1l1) is approximately constant in the interval 3-10 s. This isg
probably because the pressurc losses associated with the many orifice plates
in the simulated steam generator and pump result .n an approximately consta .t
upstream choking pressure. No attempt was made to model in detail these
numerous orifice plates. The mass flow rate from the vessel side of the break
(Fig. 12) decreases morotonically because the pressure losses in this leg are
not sufficient to maintain a choking upstream pressure. Oscillations in the
measured mass flow rate beginning at approximately 25 s are due to ECC
bypass. TRAC predicts these oscillations in mass flow rate and fluid density
very well.

Figure 13 compares the f{low rate per system volume in the intact cold
leg. The sharp initial increase and decr-use in this variable at rarly times
is due to the initial reactor vessel decompression. Osciliations in the
measured flow rate at the intact cold leg beginning &t approximately 23 s are
due to the ECC injection. TRAC predicts the init::l sudden increase and
decreasr as well as the later oscillations in the flow 1ate,

A compurison of the measured and calculated reactor vessel liquid mass s
given in Fig. 14. TRAC predicts the reactor vessel liquid mass quite well,
including thc time to refill and the cubsequent oscillations in the reactor
vessel liquid mass due to sluqying ECC delivery. The early time (0-20 s)
rapi1d depletion of mass in the data is thought to be due to the lack of water
level instrumentation within the core. Thus, the core water level is assumer
to he equal to the water level mrasured by the downcomer instrument staiks.
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TABLE IV

COMPARISON OF CALCULATED AND MEASURED INITIAL
CONDITIONS FOR LOFT TEST Ll1-4

Parameters Calculated Measured
Loop Mass Flow Rate (kg/s) 261.06 268 .4
Pressurizer Pressure (MPa) 15.7 15.75
Pressurizer Wate: Mass (kg) 419.2 418.8
- Pressurizer Water Level (m) 1.1/ 1.16
Steam Generator Primary Side Pressure (MPa) 15,70 15.75

Steam Generator Pri: ty Side Inlet/Outlet

Temperature (K) 5%2.3/553.0 554.0/552.0

Steam Generator Secondary Sidc
Temperature (K) 552.0 552.0

Steam Generator Secondary Side Pressure

(MPa) 6.66 6.h5
(ore Inlet/Outlet Temperature (K) 552.7/552.6 552.0/%%4.9
Total Systen Water Volume at 552 K

and 15.75 MPa (m?3) A K 7,72
Differential Precsure in Intact loop

Across Primary Pumps 1 and 2 (MPa) 0.139 0.140

LOFT Test Ll-4 provided an opportunity to test the ability of TRAC to
predict system3 effects during the blowdown and refill stages of a LUCA. With
the exception that the core simulator did not contain any heat=grnerating
rods, all the TRAC components nervded to analyze a full-scale LWR LOCA wore
exercisnd in this problem. The good agreement obtained hetween calcul.ted anii
measured rcxuits indicates that TRAC-PIA provides a good representation of
systems effects duriry blowdown and refil) for o facility whose scale i
intermediate betwecen Semiscale and a full-scale PWR, In particular, these
results indicute that the effeccts resulting from cold leg ECC injection and
bypass during an unhhrated blowdown/refill transient arr properly repiresentoed
by the physical mndels and correlations in TRAC.

6. INTEGRAL-EFFECTS TESTS

Inteqgral-effects testa fnvolve all the major components and phenomena that
are expected during one or more phasrs of a LOCA. Because LOFT {n the only
nuclear-heated integral-effacts test {facility available, we have _hosen two
LOFT nuclear tests for comparison with ThAC results. The {irat test (L?-1) i
a double-cnded cold-leg large-break LOCA with ECC irjection. The second tent
(L3=1) is similar, except that it is a single-ended small-Lreak LOCA. Ca}vgr
lated results for both testn were obtained from pretent predlutlonn2 142
using TRAC=-PlA,
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6.1 LOFT Large-Break Nuclear Test [.2-1

The nuclear LOFT facility is the same as described previously for non-
nuclear *test Ll-4, except that *he nuclear core is ir place. T sts in the L2
seriesz are loss-of-coolant experiments conducted at gradually increacing
initial power levels to determine the nuclear core and integral sy:tems re-
sponse during all phases of a TOCA. Expzriments fin this se-.jics simulate a
2008 double-ended offset shear in the cold leg with ECC injection. Test Lz-1
was conducted fiom an :nitial power level of 37 MWt (758 of full power), 15.1
MPa system pressurc, 573 K hot-leg temwperature, »nd 200 kq/s coure flow rate.

The TRAC model for L2-3 contains 27 components with a total of 322 fluid
mesh cells. The entire reactor vessel is modeled using the three-dimensioncl,
two=-fluid VESLI. module, while all other comporents are modeled using onc-
dimensicnal modul es. There arc a total of 12 ax:al levels in the vessel,
including 5 axial levels within the core region. Each level contains 12 fluid
cells within the core radius and 4 fluid cells within each downcomer level.
Thus, there -“te a total of 192 flvid cells within the vessel, ineluling 60
within the core itarlf. The reflcod fine mesh is initiated 10 a after accunu-
lator injection is started. There are 5 uniform fine-mrsh intervals ftor each
axial level, giving a total of 25 fine cells.

The initial syatem thermal and hvdraulic conditions for the pretest
calculation of LOFT Tent Lz-) were obtained using the steady-state cption of
TRAC=P1A. Calculated initial system conditions are compared {' Table V with
the npecified test conditionc. The actual test initial conditicns were as
specified within the uncartainty of the measurements. Good aqreement was
obtained between the calculated and specified initial conditions.
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TABLE V

STEADY-STATE INITIAL CONDITIONS FOR LOFT TEST L2-3

LOFT Initial

Parameter TRAC-PlA Conditions
Core Pcwer (MW)* 37.2 37.2
Max Heat Generation Rate (kW/m)+ 39.4 39.4
Hot Leg Temp (K) 591.14 591.5 + 1.1
Core T (K) 35.6 35.8
Intact Loop Flow (kg/s) 185.4 167.7
System Pressure (Pa) l.bOxlo7 1.50x107

*Input to TRAC-PlA,

Pretest calc.lated results obtained with TRAC-PLA are compared with the
data?d in Figs. 15 to 18. The upper plenum pressurc is showr in Fi1g. 1Y,
Although the agreement is generally quite good, the calculition depressurized
more slowly than the data and resulted in delayed ECC injection. Figure 16
shows the hroken loop cold-~leqg mass flow, The cdrly underprediction ot ‘he
break {low is consistent with the overprediction of system pressurc, The
broken colu leg was predicted tn void less rapidly thar. the data and showed
more evicance of ECC bypass (sustained high dencity).

The calculated velocities in the intact loop demonstrated trrnds similan
to the data; however, the magnitudes were not Aalways in good agreement. The
intact loop hot- and cold-leg densities generally demunutrated good ayreement.

Figure 17 compares the calculated and measured cladding temperatures in
the central ring for elevations between 0.533 and 0.762 m (the high=-fownrr
zon»). The data show an early dryout and rewet followed ty a secord dryout,
‘v*RAC=P1A predicted only the early dryout and, thercfore, overpred.cted the
peek cladding *emperatutre. The timc to> [inal quench was also overpredicted.

TRAC previnously had demonstrated an inability to calculate the hot rod
dry sut-rewet phenomena in LOFT for Test L2-2. It was suspected that tle
minimum film boiling correlation in TRAC-P1lA might be at fault &ince 1t was
based onr 1low pressure data. The minimum film boiling correlation of
Ilor.-je25 waR subrecjuently tried and found to give much bette. results for
lest L2-2. PRecauss~ of this, a blind pretest prediction nf Test Ls-3 war also
mode using Lhe Iloeje correlation in TRAC=-PlA. The regsulta of thir calcula-
tion are also shown in Fig. 17 for the hiyhest power region in the core. Fur
this calctilation, the cod: predicted the initial dryout and rewet and the sun-
tained Jdryout, The calculition ended just before the rewet time in che data

The calc.lated cladding temperatures tor the lower power rodn aL the core
vuter periphery were in guite g i agreement with the data for both pretest
predictions (with and without the lloeje correlation). An example of thina s
shown in Fig. 18.
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Liff.cultiesn [n predicting the dryou* °®'ashuvior 'n patts ct the core are
related to the underprediction of the ‘1 .ken cold=leva flow during the firet
5 5 of the t-ansjent. Undsrprediction of the cold-leg hrealr flow i5 duc to
"he fact that the vapor gencration mode]l docs not account for the effect of
delayed puclesrion.  Briofly stated, when the fluld cells in the break nozi.le
depreasurlze to saturation, immediate vapor qgeneration oc~urred and the criti-
coal !Jow characteristics changed from noneyuilibrium/scheooled to near equiig-
brjum/saturation conditions, resulting in underprediction of critical flow.
Th: problem wai not as nevere in the brolen loop hot lec because of the ngher
flow resictance and temrperature,

The calcula.ed behavior in the intact lonp was yualitatively qucd. the
detailed comparisons might anprove with a better calculatior of the breal tlow
and ¢ore thermal res! anse,  The cowmpar:non to the ¢ote the-mal retpontie (n-
dicated difficultjer in calculating both dJdrysut and 1ewetl,  The rerults with
the Ilnedje correlatijon indicates  hat an improved minimu: film botling cotre=
lation {3 necessary to calculate 'he rewet phenomena 1. LOFT. Befare any one
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correlation is accepted for general use, its abhility to predict data from
other facilities must be demonstrated. Further testing aga.nst experimertal
data if underway.

6.2 LOFT Small-Break Nuclear Test L3-1

following the Thiee-Mile 1lcland (T™I) accident, the planned small-break
tests (L3 series) in LOFT were moved uhead and the remaining large-break tests
(L2 series) were postponed. Test L3-l1 was a single-ended small bLreak in the
cold leg with ECC injection. The Lreak orifice was sized so that the break
flow is greater than the ECC fluw and the systcem will depressurize, Test I3-]
was to be c.hducted from steady-state conditions of 50 MWt initial power and
primary coolant loop flow of 478.8 ka/s. The actual conditions differed
slightly from these values. ECC consisted of th. HPIS, the accumulator, «nd
the LPIS injecting into the intact loop cold leg. The Lroken lacp hot-leg
isc "2tion valve was clcsed. Trha2 break simulator orifice installed in the
bcc n loop cold leg ad a l.6-cm i.d. The test wa: initiated by manuall-
tripping the reactor. When the control rodr reached bottom, the pumps we,e
tripped, and the quick opening blowdown valve in tue broken loop cold leg wus
opened.

The TRAC model for Test UL3-] used simjilar comoponents to that tor [.2-3,
except that fewer mesh cells were used to speed up the calculation for the
much larger transient time of Test L3-i. The L3-1 model contained 24 separate
compor.ents involving 124 flnid cells (36 in the vessel).

The power decay curve used in the calculation was based on the [roposed
1977 ANS 5.1 rtandard sincr the information on the 40 hours operation decay
curve f.r LOFT was unavailable. Th' s difference results in sigaificant over-
predictica of (drcay power late in the transient (agproaching 21% at 1500 s).
The pump coastdiown was specified based on L3-0 data.éY

The 1nitial steady-state conditions woere again calculated with  the
generalized steady-state option in TRAC using the tipecified power of 50 Mwt,
A comparison of the cilculated initLial conditions is made in Table VI with tie
sprncifie.]l and actuil test conditions. Note that tihie actual initial eonditjounc
deviated somewhat from thuse specitied; huwever, the calculated initial condi-
tions agrec within the uncertainty of the measurements for most of  the
variable® compared.

At the beginning of the transient calcula.iorn, a trip was Bct to initiate
core power decavy and pump coastduown. HPIS was initiated on a trip signal
Lased on the {ntact loop hot leg pressirre. The accumuiator injection way
paseively initiated Ly a check valve opening in responnse to falling system
pressure. The calculation was completed through 1500 s. At the end of the
calculdtion, the LPIS had not come cn.

compar isons shown here are with data (rom the Li=-1 gmick=look repn:t.‘7
Mote detailed comparisons with the data .n the L3-1 full d.ta rE|mrtzu are
in progress. Fiqu:e 19 snhows the comparison of the calculated hot-lerg ptes-
sure and the datu. Tie prersure was cverpredicted for the firsc 1 200 s. The
calculated preesure rise trom 150-250 8 wag relate) to the loms ol patural
circulation cooling, and the coie, whil:r not drying nut, hHegan to hea
slowly. Th. prersure viae wasx terminated by cleuring the 'ntact luop seal and
venting z+team from the hot-.ey side tu the break, Lxperimentally, the loop
neal did not clear. Apparently, lcakaje through the retlood ussist bypasa
valves, which wan not modeled in the calculation, war suf{icient to releane
otenm from the hot-leg -ide without foiiing the loup seal co clear,
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The overpre'iction of pressure was the direct result of underpredicting
the cold -leg break flow (Fig. 20). (The firsc five data points were shcwn as
discrete points in the quick-look report.) The subcooled critical flow was
significantly underpredicted, and then from 50-400 8, the calculated flow
leveled out on a platesu of much longer duration than can be inferred from the
data. The calculated and measured cladding temperatures essentially followed
saturaticn with no sustained dryouts,

As discussed earlier, the main recson for underpredicting the cold leg
break flow was the lack of a delayed nacleation model in TRAC-PlA. In addi-
tion, it wag found that ssall amounts ¢of void were being incorrectly convected
into the nozzle even though the water was significantly subcooled.

TABLLE VI

LOPT TEST L3-1 IN1TIAL CONDITIONS

Parameter EQS* TRAC Actual

Power (MW) 53.0 50.0 48.9 + 1.0
Intoct locp {low (ky/s) 476.8 481.4 484.0 + 6.3
Intact loop hot leg pressure (MPa, 14,95 14.95 14.85 + 1.04
Preseurizer ligquid volame (mJ) 0.634 0.614 0.620 + 0.008
Intact loop cold leq temperatur-: (K 556.7 556.5 554.0 + 3.0
Iatact loop hot leg temperature (K) 576.0 %74.0 + 1.0
Pump spred (both) (rad/s) 224.0 323.0 (Pump 1)
Steam generator cecondary 328.0 (pump /)

Pressure (Mpa) 4.89 5.43 4 0,11

*Experiment Operating Specification.
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Fig. 21. Comparison of pocttest and pretest
calculated intact loop c-old-ley pressure
to LOFT Test L3-1 data (PE~-PC-1).

A posttest calculation was performed with these two deficiencies cor-
recied. Compari.ons of the posttest and pretest calculated intact loop cold-
leg pressures to the data are shown in Fig. 21. While the pretest calculation
overpredicted the pressure throughout the 200 s shown, the posttest calcula-
tion is in better agreement with the di.a. The posttest calculation pressurc
comparison further supports the conclusions drawn relative to the break macs
flow comparisons.

In addition to difficultias in calculating the subcooled break flow, other
factors affecting the calculated pressure response include:

1. Use of the 1977 ANS decay curve (instead of the LOFT 40-hour
operation decay curve) overestimates the decay heat.

2. llcat losses to the environment were not modeled, and these could be
significant for this long-term transient.

3. Bypass flow through the reflood assist line was not modeled.

Code probhlems jdentified in the L3~1 anulyses are being rectified in the next
code ver:sion (TRAC-PD2). Input-related p.-oblems are currently being studied.

SUMMARY AND CONCLUSIONS

The reusults presented in this paper are only a sampling of che expurimen-
tal assessment comparisons performcd to date for the TRAC code. They ure
repregsentative of the broader assessment sct, howeve., and can serve as a
hasis for evaluating the capabilities of the current version of TRAC and
establishing areay of needed improvement. In general, the comparisons have
been very encouraqing. They have indicated that :he basic modeling and
numerical framework Luing developed in TRAC is fundamentally sound. The
comparisons have identified several arean where specific models needed to be
improved, howcver. These lumprovements are beiny implemented in later versions
of the ccde.
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Experience to date has shown that TRAC generally does an adequate job of
predicting blowdown and refill behavior. 1In particular, the multidimer.sional
two-fluid treatment of the vessel downcomer flow seems to do an excellent job
of predicting bypass behavior. The one-dimensional treatment of loop compo-
nent flow also appears to do a good job, including the adequate prediction of
most break-flow situations (without the use of an empirical break flow
model). As pointed out in the paper, however, several improvements in the
constitutive relationships are being implemented to alleviate specific diffi-
~ultieg, such as the underprediction of subcooled Lreak flows.

The modeling of reflood behavior in the early version of TRAC has been
less satisfactory. Although the approach of using a guench front velocity
correlation did a reasonable jobh of predicting high flooding rate FLECHT
experiments, the comparisons with data were less satisfactory for low flooding
rate tests. This was partly due to an inadequate treatment of liquid carry-
over and, consequently, rod precoocling. An entirely new reflood treatment is
being implemented into TRAC-PD2 along with improvements in the entrainment
modeling.

An important conclusion to be drawn from the early experimental assessment
of TRAC is whether or not it is feasible to develop a code that can predict a
broad rarge of experiments without allowing numerous user-celected options and
parameter variations from one test to the next. As mentioned in the introduc-
tion, this is believed to be an essential element in providing confidence that
a code has predictive capability for situations where direct experimental data
does not exist (e.g., an actual r2actor u:nder accident conditions). Our
experience tc date indicates that this is indeed possible, although quite
difficult. The denmands on the fluid dynamics modeling are enormous since the
flow-regime--dependent co stitutive equation package must adequately recognize
and model a broad range of constantly changing two-phase flow conditions.

The experimental assessment Dprocedure becomes very tedious for this type
of approach. Whenever significant che- ges are made to the modeling, the

impact on the entire experimental assessment set must be evaluated. This
becomnes very time consuming as the number of experiments encompassed in the
set hecomes large. Nevertheless, experimental compairisons of the type

presented in this paper are demonstrating that the basic approach is viable.
Further, we belicve that as the assessment set 1is successfully expanded to
encompass all available data (including planned fuli-scale separate effect
tests), a solid technical basis for predicting fuil-scale LWR behavior will
have been provided.
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