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ABSTRACT

~

&, 4a the Losg-sl-FlLid Tesw

1

Experiment LP«P-2 was zoncicted on Jusy 3,1

1D
Y

(LOFT) facilivy Locates at the Igaho Mational Esginesring anotatory  [THEL .
The LP-FP-2 exzerisent was the {inal -experiment in & seriss ol 4igns
axperiments cunducted under thne support and directien of the dDjesTives ol the
Organizatiopr “or Economic Cooperatisn and Development (DECD]. The objetives <f
tha experiment were to dptain information on the release of fission gruducts
from fuel =ods at tenperatures in excesgy of 2132 K (33208F), and o soserve
the ctransport of these fission prodlucta in a  vapoer/aerssol dosinstad
enviroment from the primary coclant system (PUS), throug: 8 simulsted low
pregsure imjecsicn system [LPIS) line, to a blowdown suppression tank (BST).
The thermal-hydraulic tonditions specified for the #xperiment were bageqd In 3
i=gequence accident scenariy. The emergency core cooling system (ICCH) injege
tion was delaved until the specified tenmperature limits on the centar bunale
thermal shroud were reached, tretely obtaining tae desired time-at-temperature
conditian for fissisn product relesse and tranport. The reactor was  then
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prought o a3 safe condition with Tull ECCS injection.  Specially  desigrad

fission sroduc® neasurenents were made in the PC%, LFIS, and BST quring the

transient, witi some measurements continuing for several weeks following the
e, yeriment. Fission products were <etected at all measurement locat ons;
hAvwever, the vast majori:y. of the released fissicn product asctivity was
cantained  in the PCT liquid following tie experiment. In agdition, it was
cbseyrved that¢ .arge quantities of contrcl rod aercscl =material were deposites ]
in the lower sections of the upper pleaum (near the top of the corsl. f

T8 deoument presents the  thermal-nyaraulis  30s87%2st  anaiysis of the

gxperinent conducted 3t Sgain by using the RELAPH/NMOSZ aad 3CDAS MCOL zomputer

codes .
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EXECUTIVE SUMMARY

Ixperimen LP-FP-2, conducted on July 9, was the second fission product
release and transport experiment conducted in the Loss-of-Fluid Tess (LOFT)
facility at the ldano National Engineering Lsboratory under the auspices =i
the Orgenization for Economic Cooperstion and Development (OECD)., The
principal cbjectives of the experiment were to determine the figssion product
release from the fuel during a severe fuel damage scenario and the subsequent
transport of these fission products (in 8 predominant.y vapor/aervosel
environment) in the primary coolant system,

The thermal«nydraulic bdoundary conditions for fission product release and
transport were generated by a simulated interfacing systems iosg=cf coolant
accident (LOCA), a hypothetical event labeled the V-sequence. The specifin
interfacing systems LOCA that was simulated during experiment LP-[P-2 invoived
A pipe break in the low pressure injection system (LPIS), also called the
residual heat removal system (RMRS), The system theim_l hyarsulic and core
uncovery conditions simulated those calculeted to occur in & four-loop
Pressurized water Reactor (PWR) from rupture of an RHRS pipe as a resuit of &
Vegaguence accident. The transient was initiated by a reactor scram foliowed
by the insertion of the central assembly ccntrol rods (designed te provide
typical control rod behavior ana potential aerocsol nmaterial during the
transient). A creak line in the intact loop cold leg (IL | was opened to
start the depressurization. A second break path, which simulated the LPIS
line, was cpened in the broken loop hot leg. The intact loop cold leg break
was then closed in accordance with the Experiment Operstion Specifization
(B08) procedures; however, the subsequent system depressurization was sjcower
than celculated and the pressure remained too high for operation of the
fission product neasurement system (FPMS). Therefore, in accordance with the
EOS procedures, the power operated rel,ef valve (POFY) and de ILCL break l.nes
were opened to agsist in lowering the system pressure. Before fission product
release, both the PORV and the ILCL break lines were closed, Consequently,
only the LPIS line eas cpened during the trensient when fissicn products werse
released from the zsore. The core was allowed to uncover and To heatup until a
high temperaturs trip on the outside wall of the center fuel nodule (CF¥)
shroud was reached. 3y that time, the estimated peak fuel temperatures in the
CFM exceeded 2100 K (3320%¢) far 4,% min, The emergency core cocling system
{ECCS) was then activated to reflosd the reactor vessel and recover the plant.

xv
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Comparison with the messured data shows ‘hat the passive  l.rw  setween
RELAPS/MOD2  and SCOAP/MODL .9 an  excel.ent toc 0 simulate i
thermal-hydraulic behavicur of LP<FP<2 exper.ment., The Timing and exzent of
the core thermal resgonse in closely caleulated, with She exception of the
lack of steam starvetion in the upper parts of the center fuel msdule. This
discrepancy results [rom a larger than calculated center “.el todule stesm
flow which, in turn, is Jjudged to be caused by a greater than zalculated
primary system pressure during tie severs core damage pericd of the transient.
This lower calculated system .ressure is thought to e due o some
inconsistency in the LPIS flow: eiiner a code deficiency or an unaccurate WPLS
line nodalization,

The LP-FP-2 experiment was successfully accomplished and represents the second
fission product experiment performed in LOFT and the lagt experiment in the
LOFT-QECD program., To date, it is the only severe fuel damage experiment
performed in an integral facility where fission product releass, transporse,
aeposition phenomena, and thermal-hydraulic conditions, wers simul taneousl:
measured throughout the primary coolant system (PCS) and simulated LPIS line
of a scaled pressurized water reactor (PWR). The data from “his experiment
have shown %o provide a very valuable infermation for assesping tre ability of
computer codes for calculating the effects and onsequences of similar
accident scenarios at large PWRs (LPuRs),

xvi



FOREWORD

This report represents one of the ascessment /application
calculations submitted in fulfilment of the Dbilateral
agreement for cooperation in thermalhydraulic activities
between the Consejo de Sfeguridad Nuclear of Spain (CSN) and
the United States Nuclear Regulatory Commission (US-NRC) in
the form of Spanish contribution to the International Code
Assessment and Applications Program (ICAP) of the US-NRC whose
main purpose is the validation of the TRAC and RELAP system
codes.

The Consejo de Seguridad Nuclear has promoted a coordinated
Spanish Nuclear Industry effort (ICAP-SPAIN) aiming to
satiefy the requirements of this agreement and to improve the
gquality of the technical support groups at the Spanish
Utilities, Spanish Retsarch Establishments, Regulatory Staff
and Engineering Companies, for safety purposes.

This ICAP-SPAIN national program includes agreements between
C8N and each of the following organizations:

- Unidad Eléctrica (UNESA)

~ Unién lberocamericana de Tecnologia Eléctrica (UITESA)

~ Empresa Nacional del Uranio (ENUSA)

- Centro de Investigaciones Energéticas y Medioambientales
(CIEMAT)

~ TECNATOM

« LOFT-ESPANA
The program is executed by 12 working groups and a generic
code review group and is coordinated by the "Comité de Coordi-

nacién”. Thie committee has approved the distribution of this
document for ICAP purposes.
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ABREVIATIONS, ACHONYMS, ANT NOTATION

BL Broken Loop
3LCL Sroken loop col leg
LML Broken loop hot leg
| )4 3lowdown suppression tank
CF™ Jenter Fuel module
cPU Central Processor Unit
4 Dayls)
CAVDS Cata agquisition and visual display system
DIRC Data integrity review committee
EASR L periment Analysis Summary report
ECCS Emergency core cooling system
£0S Experiment operation specification
£sD Experiment specification document
¥ Degree fahrenheit
ft Foot (feet)
P Fission Product
FPME Fission product measuremert system
F3 Fission producet Filter 3
8 Gram
| h Hour(s)
HL Hot leg
HPIS High pressure injecrion aystem
0 Inside diamter
ILCL Intact loop cold leg
in. Inch
[ INEL Idaho National Engineering Laboratory
: K Kelvin
g Kilogram
] Kilowatts :
L Liter
Loca Lesa-of-coolant accident
LOCE Loss=0f coolant experiment
LoFr? Loss-of-Fluid Test
| (8 Lower plenum

| LP<FP-2 LOFT Program Fission Praduct Experiment 2
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0BCD
00
8F
pCP
scs
PrW
PIE
PORV
ppm
SRA
psia

GLR
OBV

RELAP

RV

SCoAP

LOFT Program Small Sreak Experiment 3

Low pressure injection syatem

Large presgurized water reactor

Meter(s)

Minute(s)

Megagrams

Megapascal

Megawats

Megawatt days per metric tonne uranium (burnup
Metal water reaction

Organization for Economic Cooperatisn and Development
Cutside diameter

Power Burst Facility

Primary coclant pump

Primary coolant system

Peripheral fuel module

Postirradiation examination

Power cperated relief valve

Farts. per million

Procabilistic risk assessment

Pounds per square inch, absolute

Pressurized water resuctor

Puick Look Repert

Quictk opening blowdown valve

Remote data acquisition system

Reactor excurcion and leakage analysis program
Residual heat removal system

Revolutions per min

feactor vessel

Second(s)

-Jevere Core Damage Analysis Package

Jecondary coolant system

Iteam generator

SQ;E-powircd neutron detector

Thermal -Hydraulic

Time zero (for LP«FP<2 this was Tuesday July 9, 1985 at
14 7 7 min and 44.9 s)

Thermocouple

Upper plenum

Xx
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PLOT IZENTIFIERS

The RELAPS/MCD2 calculational results zan Se identified in *he si3%3 uy

he following notation:

‘L:ﬁ.b.t; : sadesNumerizs sodes XX

The alohabeticz code indicates *he magnitud of the somputed wvariabie,
suh as

P o1 pressure

PHO for density

TEMPF for fluid (liquid) temperature

TEIMPG for gas vapor) temperature

HTTEMP for Heat strudture wall) temperature
MFLOWJ for Mass flow at a junction

CHTRLVAR for Cintrol variable, generaly in this repor® far a iiguid

Level

The ng@gr;g gode indicates the control velume of the aodalization
diagram where the variable is being calculated.

The XXX code is for distinguish Detween the bas~ or sensitivity RELAPS
caiculiation

RCR Reactor Core Rerodslization (BASE zase)
NEBN %o Reactsr Cors Renocalization SENSITIVITY case)

II. The Experimental mesassurements are identifisd 5y a simi.ar to ZELAPS

alphanumer.c -ode

égghlbct;: ?:ov-Alpnanggortc sode~Numeric ‘ode

The alphacertic :ode stands for the measured magnitud, whiles the rest of
.« code ‘alphanumeric-Numeric) indicates the instrument locza%tion.

xxi
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The 3COAP/MOC! calculational results are easily .dent.fisd
Tallswing 2ode

%Y the

\lghogot;: :9@9 = Numeric code

AS .suslly *he alpravetic sode stands for the magnitude, ..s,

CADCT for cladding temperature

THVFRC for vapor fraction

Nely for component gap inventory

CGGREL for componert gzap release

SGTFPRS  for bundle gap fision product release of solubles

SCTFPRN  fo. bundle gap fission product release of noncondensible
8GTHO for bundle total oxidation heat

8CTH for bundle total hydrogen generation rate
THFLWA for Sundle free flow area

And, again, the numeric code indicates “he component location of the
computed variable.
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THERMAL=HYDRAULIC POSTTEST ANALYSIS COF

SEC™ LOFT FISSION PRCDUCT TYPERIMENT LP-FP-2
i« INTRODUCTION

*hia report presents the Thermaleny? aulic posttest analvsis  of HebPag
Experiment, made by the spanish FP-2 calculation group using the RELAPS/NCD2

and SCCAP/MODL computer sodes.

Experiment LP-FP«d was the second F.ssion Product (FP) release aid transpor”
test performed at the Loss~of-Fluld Test (LOFT) facility, located on the ldanc
National Engineering Laboratory (INEL!, This experiment was initiated on July
2, 1968, and represents the eignth and final experiment csonducted under =he
suspices of the Organization for Economic Cocperation and Develiopment RECD

fxperiment LP-FP-2 oprovides information on .he release, transport, and
deposition of fission products and aercscls during a4 severs core damage event
performed in a large scale nuclear reactor facility., The phenomena governing
fission product and aerssol release, transport, and deposition are asscociated
with postulated severe pressurized water reactor (PWR) accidents that lead to
fuel rod fail. ., sontrol rod melting, fuel relocation, and the loss of
fission products from the uoz fuel, For the LP-FP-2 experiment, the fJel rod
cladding temperatures in the center fuel mc*uie (CFM) exceeded 2100 K (33209F!
for 4.5 min before test temination temperatures were reached on the exterior
wall of the CFM shroud. The 4.% min fission product releasse and transpore
.-ansient simulated the initial portion of a severe damage transient w«ith
delayed emergency core cooling system (ECCS) operation, wherein the core
damage originated {rom a Vesequence scenario.

Probabilistic Ri3k Assessment (PRA) ltudx.sl have shown that the interfacing
systems loss-of-coclant accident (LOCA), a nypothetical event first postulated
in the Reactor 3Zafety Studyz vand labeled the V-3eguence, represents a
significant contripution O the risk associated with PWR  operaticn.
Consequentiy, this risk dominant accident sequence was selected as he
thermal-nydraul.c svent in which fissiin product release and transport would
be measur 3 in Experiment LP-FP-2, The specifiz interfacing systams [OCA

associated with the Ve-sequence accident Scenario is a pipe break in the low
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Fressure injaction system (LPIR|, alie refarses - # the residiua,

"EMEVEL S/aten AHRI Y. ™iis svg=snr typical, ¥ 3 " rs '
coanersial AR Tal) it provides enecgencs ctolart inyed tion: ¥ * ThrT et
suring infersediate and large dreak LOCAS, and o .1 urey 8 Tor cecey nsas
removal during normal snutdown, The LPIS reprasents n Ydtential pathway ap
felesse of primary coclant from the Seactor veasel RV, If sere OViifigd were
0% MaIntalined during SudA an event and Lf fuel rods fxiled, Tigsion produss
Teiease o She environment could cecur 1Y the suxilliapy BuidiAg alve fsiled.

Ixperiment LP-FP-2 simulated the system tpermaLsnydraulice wi core fCovery

tenditions during fission product FRiease anc transport thut are excectad sn

sesur in & four-loop PWR from rupture of 4 W13 pipe uk 8 result of &
Y=sequence accident. The initial conditions for the exper,ment represented
t¥piceal commercial PWR  ocperations. The  Sreak size renul fed in a
~epressurization that was bSyunded Sy previously ceonflucted LOFT sxperiments
LB<2 and LSel on tne upper end and by bxpeciments L3«,, L3-%/3-854, and

R3B/LB=1 on the lower onds.

The Thermalenycraulic posttest caleulation of the LOFT System as @ “nole was
perforred using the RELAPS/MODR/36.04° computer code. Un the sther hand the
sanP/noox;zxs computer code wvas used *5  calculate the detailes
thermoe-mechanical sore behaviour during the heatup phage of the experiment.
Tigure 1.1 shows the interdependency betwesn these two CUGES UBURLLY Known as
the RELAPS-SCDAP passive link.

The RELAPS/MOD2 and SCDAP/MODL input decks used for this snalysis were hased
on those used oy the INEL o grepare the Best Istimate Predictisn voeument
thP)s' several iTprovements and error correctiins on the prevest deck were
made: (2] To correct some errars, (5) %o mateh the experimental sequence of
fvents, c) to improve the primary system depressurization process, and (d4) to
STY to aveid the steam starvation observed in the pretest caleulation.

The calculation results have Seen compared o the meassured data to assesa tnhe
capab.lites of RELAPS/MOD2 and SCDAP/MODL far simuiating the thermal-hydrsulic
conditions which mignt sccur during 4 PWR severe accident, Sectisn 2 of this
FePOrt presents cne objetives and o brief dJesriription of the LPefPel
experiment. Section 3 summarizes the thermal-nydraulis results measursd during
the transient, Ssction 4 describes the KELAPS/MOD2 input model used far rthe

=i
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base case calculation. Section $ discusses the results of the posttest
£

caleulation in comparison with the measured data. Section 5 Indes 3 AELA
gensitivity study compared o the Ddase case results. Section 7 intraoduces the
SCOAP/MOD1 nodalization model. Section 8 diacusses Ihe SCOAP »esuls in
comparisen with the nmeasured and “the RELAPS data:. Conclusions and
recomendations derived from this analysis are presented in section 9. A short
description of the special configuration ol the LOFT opiant and L%
instrumentation for the LPF-FP-2 experiment is shown in =tne Appendiz A,
Appendix B gives a orief description of the computer codes used (n our
analysis. Appendix C contains a full l.sting of the RELAPS/MODZ .input model
uged for these analyses, while a full listing of the SCDAP input data is given
in Appendix D. Appendix £ presents some statistics of the computer Time

consumed durirg the calculations,

Tak
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RELAPS/”

gerieral dehaviour of tre LOFT olant

2
Vegequence trangiant “neraal-nydraulic

GEOMETRY
CHANGES

. BLOCKAGES)

A

CORE TH BOUNDARY
JONDITIONS

-~CORE PRESSURE
-CORE LIQUID LEZVEL
=CORE INLET FLOW

including
models
for

SCDAP/MCD1

Core Fuel temperatures and nechanicael Sehaviour

~Radiation

~Metal-water reaction

-Clad salliconing and rupture
«Control rod models

~Fuel liguefaction and
rcoclxdtfx:nt;cn

TGURE 1.1 Flow chart of computer ccdes used in tie analysis, showing the
interdependency hetween them.

(PASSIVE LINK BETWEEN PELAPS/NCD2 AND SCCAP/40D1Y)
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2. LP<FP-2 FXPERIMENT DESCRIPTICN

€idi gg}eciivgn

The governing objective for the LP«Freg Experiment was:

Te sbtain fission product release, transport, and deposition data during the
early pheses of a risk dominant reactor srangient in order to establish a

benchmark daty pase for!

1. Assessing the understanding of the physical phenomena sontrolling reactar
gystem fission proguct behavior.

2. Assessing the capability of computer models to predict the resctor system
fission produtt release and transport,

To support this objective, the following two thermal-hyaraulic and four
finsion product objectives were defined:

Thermelsnyaraulic Sbjectives:

1. To provide LFIE interfacing system LOCA thermal-hydraulic conditions from
vhe iritiation of the LPIS pipe break .through the early phases of severe
core Jdamage.

1, Te provide transient fuel rod temperatures in the center fuel assembly up
to the rap.d ~etal-water reaction temperature of 2100 K [3320%) with
seroscl generation from the (Ag/in/Cd) control rods.

Fission Proguct -biectives:

1. Te determine the fraction ¢f the volatile fission products (Cs, I, Te, Xe,
Kr) and aercsols released to and from the upper plenum region.

e
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To determine the fraction of wvolatile f.ssien Produets  and  aersscls
trarsperted out of the primary coolant systenm.

3. To determine the retention of volatile fission products on resresentarive
primary coolant system surfaces in the plenum ana piping.

€. To deteraine the general nass Salance of volatile fission products ia the
fuel, primary coolant system, and 5lowdown tank,

in order %5 meet the former objectives the LOFT plant was specially modified
4% .8 summarized .in the next section.

gxper ment,

The LCFT PuR is an 1/%0 size model of a commercial d4-loop PWR that nas peen
<864 to stucy phenomens essociated with loss of coolant, supsequent ECC
injection, and finally fission product transport with aercsols At the initiasl

Stages of core damage.

The experimental assembly includes five Major suosystems cthat have been
instrumented in such a way that System variatles can e measured and recorded
during a LOCA sinulation. The 3ubsystems irolude the reactor vessel, the
tRtact loop, the Sroken loop, the dlowdown suppression sank (B3T), and the EOC
Systems. Compieve information on the LOFT system is provided in Refersnce 7
and a discussian 7 the LOFT scaling philcsophy and specific modifications for
LP=FP-2 sxperiven: s srovided in Refersnce 3,

The following i3 a orief description of the LOFT facility as it was Suilt for
the LPFP-2 experiment,

The arrangement of the major LOIT components is shown in Figure 2.1. The
inTact 1oop simulated three loops of a commersial four-locp PWR and contains a

I e N I —
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steam generator, two primapry osoclant puMps 1n parallel, @ sreasuriger, 4
Vensursy flowmeter, and CORnecting 2:Ding. A 099, PL90R 448 SCnnestes 5 %
intact loop 25ld leg aeownatream ol the pump 1 ssharge. THig rrovided the
taitial preak path during the Slowdown. The piping of this Droav -asy 1§ L.5/d
it asminal SoR 160 pipe havimg an laner diameter of 1.8 4. The Uil Tlow
area was used to vent PCS covliant. THis line was closed frisr %0 fission
product release sO0 the fission product transport would De salely .n 4ne
simulated L2IS line.

The Broken loop consists of a not lag and » *2id leg For this experiment, the
oroken loop cold leg was flanged off and the oroken locp ot leg pump and
steam generator simulators were removed. The simulated LPIZ line was connected
o the end of the broken locp hot leg and provided i) vath  fsr fisaion
product transpert from the primary system 22 the BST. The simulated LPIE Line
i illustrated in Tigure 2,2, The pipe size selected for the LOFT LPIE pige
simulation line was i-1/4 in, nominal Schedula 180, naving an inner diameter
ef 0.029% m (1.18in.). The entire LPIS line was designed with a total length
of 21,34 a (70 fr) and the distance tetween the iaclation vaives CV P138-100
and CV-Pl38-191 was 19.67 m (81.4 f%},

The LOFT resctor vessel, zhown schematicaily in Figure 2.3, hes an annular
downcomer, a lower plenum, lower core support plates. & nuclear sore, ang an
upger plenun, The downcomesr (s connected to the cold legs of =he intact ard
troken loops, and the upper plenum, to the hot lega. The core cunsists of 1136

4nriched uranium fuel rodc arranged in five square and four triangular

(vorner) fuel issemblies (see figure 2.1). The fuiel rods were designed to
commercial PWR specificaticas except that they are only 1.68 n (5.8 f¢) long
and several fuel rods have special instrumentation.

= ok o el o e Lt B
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Figure 2. co “chematic of the LPIS )ine showing !ins lengths.
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The requirements .mposed on the LP~FP-2 Lxperiment, f{rom t=he standpoin® of

facility decontamination and recovery, were:

1. Experiment LP-FP-2 must De cunducted with peripneral assembly Tuel rod

claading temperatures limited to 1533 K (2300¢ F).

2. The structural integrity of the center fuel assembly must be maintained to

facilitate removal from the reactor vessel.

To meet the above facility requirements, & center fuel module was specially
designed and fabricated for the experiment (see figure 2.4). The fuel module
songisted of 11 sontrol rods, 100 prepressurized (2.41 MPa, 350 pai) fuel rods
enriched to §.744~w1% Ua”. snd 10 inetrumented guide tubes. The CFM was
separated from the peripheral fuel assemblies by & 0.02%-m (l=-in.) thick,
girealoy cladding, zirvoniun-oxide insulated shermal shroud. The center fuel
asyembly was designed to enable the 9.744-w% enriched fuel rcds, or simply
referred to as the test rods, to heatup above 2100 K (332C¢F), wnile
maintaining the peripheral fuel rods below 1390 K (2044fF) for a sufficient

period of time t2 allow for fission product relesse and transport.

lable 2.1 gives a more datailed description of the fuel used for the LP-FP-2
experiment.

The twe LOFT ECC systems are capable of simulating the emergency (njection of
a commercizl PWR. Each of them consisus, of an accumulator, a high-pressure
and a low-pressure injection aystems. There were no programmatics
sansiderations i:nherent in ECC operation; therefore, the ECC injection was not
scaled Lo represent commercial PWit operations during Experiment LP-FP-2.

The LOFT steam generator, located in the intact loop, is a vertical U-tude
design steam gererator, Operation of the secondary coolant system during

Experiment LP-FP-I approximated that of a commercial PWR,

A complete Fissien Proauct Measurement System (FPM§) was designed au.
fabricoted for the devestion, idemtification and collection of radicactive

il
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TABLE 2.1, LPePP. FUEL JESORIPTION

F.el 438 Carirecers

g%t ve 0§t 87 n

< eeding 0 R.7
< 488149 Thisxness 282 ™
<lagaing mater'al ired

34D hckness 8.308 =m

Toe' 3undle Farameters

Numcar af T.al dogs, Suter Scuare 3unclas 204
Numoe® of fuel Rggs, Corver 3undlen 79
Numoer of Fuel Rods, Center Fungle 00
Tota! rumber of “.a! %00 1136
Rge Array, Scuare arc Centar 15 2 18
¢ Array, Cormer e 1 12, sriangular
A3g Piszh, In 0.583

T.el Parameters M Peioghery!
Total UO2 ser 3in 1,337 110 g
f.0) Dansity 3% 7%
Sarichment 9 744 Wt 4 0% -t

Contral R4 Pgrameters

| “ata) zantral 2ds n core 30

| TPM zontrp! regs for aeresal source W9

' Jlacding mater‘a! 104 S8

| <lagding tnickress 0.51 mn
29130n Yatariy) 80Ag-181n-8Cq
20ison Rods 2er CJluster 0

CPM Therma! Shiela

Slagaing materta!l lr=d
Suter Clacatng tnhiziress, om .47
inner Clageing taizkress, 3. 62
Insylation mater‘a! Zﬂbz
Tasylation cens'ty
lower segtion (2-0 1Cw) 2160-2480 ng/m3
second section (2 10<0.3lm) . 2000-2160
third section (2 3i-! 42a) 2160+2480
Lop section (1. 42<. Tém) 2480-2720
Total sntela snigkress, wm 292
Total shinlg neigne, = 1.78
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sotopes in the OFT PCS, L2IS, and 95T, *his system., .litst=ated
S, consisted of “hree 24810 sudavEtenms 4 gamma B nete
MG N6 GrOeS gamma 3eTector, B a deposition SAMPLLING 3YSTeN, ang
sampling systems, Zach of these subsystems s iksf descrized ~ef#
Because the S*iect of A ANBLYSLS are only the erfaL~nyaraul
Jring the LP=FP-2 transient we do not get inte further details sf the
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TRACTIr scran, and als0 the estanlishment of Sypica. pressure, ctamperature,
and flow conditions that would simula®e a :omnercial PWR. Thia phase »f r»=e
experiment .mmediately fcllowed tre terminatiasn 27 the preconcditioning rnase
and ended with the iritiation of the %ransien: znase at tj resctor ssrami.,
The pretransien® .ncluded the operation of the LOFT reactor at an average
thermal power of 31 Mé for 28 h, Tollowed By 1% add: ticnal hours »f
irradiation at approximately 2€.5 MW, The estimated burnup on the COFM
following %his irradiation w*. 84 MWD/MTU, Consequently, %he total burnup on
the CFM prior te test lnitiations was 4.0 MWD/¥TU. The JRIGENZ =a'zulated core
decay heat at 200 s was 684.1 kW, well within the plared Limi®s

The actual “uraup on the CFM was wuch higher taan eriginailv planned. This
occurred hec.ouse the LP-FP-Z Experiment was initially planned to be run on
July 3 with a OFM bdurnup of 3486 MWD/MTU: however “ne CFM sontrel rods would
net during this firts attempt and the experiment had %o ne aborted, .t
was ...er discovered =hat high flow conditiors in the core =~aused this
condition and tripping the primary coclant pumps (PCPs) fariy inte the
transient wou.d allow the CFM control rods to fall. The LP-FP-2 ixperiment was
successfuliy run 6 diws later on July 9. A serendipitous result af the
extended down time and extra irradiation ~as the achievement of a higher Ca %o
I ratio than originally predicted (e.g.. 4.0 vs. 2.9).

The LP-Fr-2 transient was initiated 5y a reactor 3cram at 14:07:44.9 on suiy
9, 1385 (defining tg}. followed by the insertion of the CFM control rods 2.4 s
‘ater. The main purpose of the CFM control rods was o provide Ag/in/Ca
materiai for aercsol generation and depos tion sites for fission products
during the high temperature portion ~f <he experiment, as would te present in
a PWR during a V-sequence accident, The Sreak line in the intact locp ceid leg
(ILCL) was opened at 32.3 s %o degin depressurization of the PC8. At 221.8 s
The other break l.ne, which simulated the LPIS, was 2raned in the broken looyp
not leg (BLAL/. Tne I[LIL breax was closed after 735.3 § in accordance with the
experiment coperational lp.czt:cn:xan.g. However, the subsegquent system
depressurization w~as mucn slower than sxpected and the pressure remained tao

high for operation »f she fission product measurement system (FPMS).
In order to reduce the system prossure below 200 Pl (L.28 MPs), ths ILCL

bresk was recpened ar 877.8 s, and the PORV from the pressurizer was opened at
882 Sec. With the PORV, ILCL, and LPIS linee .nen, the 23 pressure fell below

16
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3. SUMMARY OF THE THERMAL/HYDRAULIZ TATA

This section summarizes *xe thermal/hydraulic ("H) =easured fata of

TNE Srasem

prior to and during fission product releass and transport and has been

Saxen

3 4 :
from the QLR". Inciuded are =he hydraulic regsponse during the slawdown, *Re
fluil and meta. temperatures during tission product release and wranspors, snd

the fuel rod cladding response during the Dblowdewn and Neatup phases.
Reference 9 gives a full description of the TH resulcs.

Table 3.1, lists *he specitied and measured system zonditions imnediatess

prior to the LP-FP-2 transient. fxcept for *he liquid level ia sne 85T, all
initial conditions were within the iimits specified in the Ixperiment

Specification Document (ESD)e. Since no attempt rad been made %o use “ne BST

to simulate a containment vessel, this single sut-of-specification value digd
ret affect the sutsome of the experiment,

The significant events for Experiment LP-FP-2 ar~ chronclogically listed in
Table 3.2. The intact loop pressure nistory is shown in Figure 3.1 along with

the identifization of imporrtant events.

The LF«FP=2 transient was initiated Sy scramming the reactor with the
peripheral control rods, which defined ¢, The primacy sosolant pumps {PCPs)

e

were then turned off at about 10 3 (op tjvlo 3 note that all axperiment

times are referenced relative teo to). After tne PC3 flow had iecreased to 130
kg/s (1.5 x 105 iom/h) at 22 s, the center fuel assemdly control rods were
unlocked from =he D1 device and allowed :o fall intc the CFM. At 24 s the
control rods were fully inserted in =ne ore. The ILCL break was then orened
at 33 s, and tne LPS iine was opened at 222 s The core started neating up wnen
the liquid level decreased in the peripheral dundles at £82 z. The COFM Segan
neeting up 3t 583 8. The ILCL bSreak was closed at TI6 s, nowever, it was
Tecpened at 373 31 to acselerate the PCS depressurization rate.

13



Table 3.1 Initital conditions for axperiment LP-FP=Z

Daramezer

Primary Coolant System

Core del2a T (X)
(*F)

Drimary System pressyre
(no* lag) (MPg)
. (psta)

mot leg temperature (K)
0
\

Coid 'eg temperature (K)
(°F)

La0s mass flow (kg/s’

(1om/h 2 10%)
Soran concentration (pom)
Crimary coolant pump injecticn

(soth pumps) (L/s)
(gem)

Aeacto” Vesse!l

Sowe. level (VW)
Decay heat (200 s) (kW)

Maximum |finear heat genreration
rate (kW/m)

(kw/fe)
Cantrol rod positicn

(above full=in position) (m)

(in.)

Steam Generater

Secondary system pressure (MPa)
(psia)

water Tevel® (m)
(in.)

19

Spect fiadt
va'luye

o

14.9% 2 0.
2168 = 1%8.0
871
569 =

LN L
L

479 = |
3.820.15

"

©
P
ra
-~
"

: 0.01€
2.020.28

26.520.8
585 ¢ 10

s
.
o
L2
ra O
oo

Measured
Va8
11.7 & L.=
21.1 2 2.%
14 98 = 0.1
2173 = 18
571.6 = 0.8
569.2 z 1.4
§88.9 = 1.1

548.2 = 2
47% ¢ 2.5
3.77 = 0.02
498 = 1§
C..28 ¢ 0.002
1,98 = 0.02
5.8 s1.4

584 .8

2.6 23.6

12.97'4-3.3
1.38 5 0.01
54.3 £ 2.0
6.38 : 0.08
928 = 12
0.17 2 0.06
§.7 = 2.4
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Table 3.1, (continued]

-
“°ameter

Fressurizer
+iavig volume (33)
(#e%)
Aam volume (m3)
(12

witer tsmperature (X)
(*F)

Pressure (MPa)
(psia)

<124id level (m)
(in.)

Suppression Tank
Liquid level ()

{1n.)

Gas volume (ms)
(#23)

water temperature (X)

(°F)

Pressure (7as space) (kPa)
(psifa)

STIn concentration (ppm)
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a.v 3.1. (continued)

Soectfingt Veasured
Facameser value iaue
Cmergency Core Cooling System
3orated water suorage tank
Temooratyre (K} L3 =13 301.3 23
(*F) 85 ¢ § 82 2 3
rccumulator A Tiguid Yevel (m) 2.17 1.81 ¢ 0.02
{1r,) <86 71.3 2 2.8
Accumylator A pressure (M) >4 21 .1 2 0.08
(psia) >611 740 = §
Azsimulator A liguig
| temperature (%) 303 2 3 303.1 £ 0.7
| (°F) 885 2 5 86 2 1.2
| acsumyigtor 8 1igui‘e level (m) <2.16 +.81 £ 0.02
(in.) <86 71 £ 0.8
Accumulater 8 pressyre (MPa) »4.21 6.95 ¢« 0.0b
(psta) »611 71829
Agcumuiascr 8 Yiaytd
semperacure (K) 303 23 308.6 £ 0.7
% (°F) 85 = & $0.4 ¢ 1.3

3. ¥ no value 1s 'isted, none was specified.

5. Steam gensrazor !iauid Teval referenced t0 2.95 m (116 1n.) adove

=op of the tube sheet.

&. Agpreztmately ecual 0 this value.




Table 3.2, Chronolagy of events far experiment [P.Fp.2

-,’. A‘:ew -:v:.p"né.:

. initiation
vent (s)

Scram 0.0
contral rods fully inserted 2.4 £ 0.1
PCP coastdown in1tiated 9.7:0.1
C™™ control reds Fully inserted 2.4 £ 0.8
[L0L oreak ‘nitiated 3.3 0.1
PCP zoastdown complete? 5.120.1
End of sudcooied blowdown® 33 &1
Seconcary relief valve cycle 56 2 |
frassurizer empty 60 = §
LPIS Yine Dreak initiated 21.6 £ 0.1
Secandary pressure exceeded primary system 260 = 10
oressuTe
Saritest coolant thermocouple deviation
from satu=ation (voizage at that location)

Uoper plenum 300 £ 10

Wet leg pipe 3%0 = 10

Jowncomer 730 £ 10

Lower plenum 800 = 20
Fuel rod clagaing neatup started in PFM 662 ¢ 2
Fuel rod clacding heatup started in CFM 589 = 2
[LCL Dreak ¢losed 736.§ = 0.1
[LLL break recpened 877.6 £ 0.1
PORV opened 882.0 £ 0.1
F3 filter cn line 950.8 2 0.1
“PIS oypass closed $81.9 £ 0.1
FPMS lines spened 1613.1 2 0.1

"
2



Table 3.2. (continued)

tvent

ILCL closed

PCRV clesed

“irgt ingication of (zap) fission products at Fl
First ingication of (gap) fission progucss at F2
First indicaticn of (gap) fission products at F1
Peripneral fue)l cladaing reacned 1460 K (2172°F)

Maximum upper planum coolant temperature reached”
Cirst ingication of (fuel) FPs at Fl, F2, and 73
lagding temperatures reach 2100 K (3320°F)
Shroud temperature reached trip setpoint

15t thermocouple
2nd thermocoupie

Maximum cladeing temperature reached

LIS line Sreak closed

FPMS Tines closed A
Maximum ypper tlenum metal temperature rcacnodd
Deposition coupons Ssolated

ECCS initiated

Acsumylater flow stopped

Maximum LPIS 'ine coclant temperature reached
Core quenched

Cooldown initiazed

Stuam gererator feed-and-bleed started

PORV opened
PORV closed

PORV opened
PCRV closed

Saperiment terminated

L)
(%)

Time Afser Zxperiment

Mitiation

(s)
1021.5 ¢ 0.1 |
1182.0 2 0.1

1200 = 20
1200 ¢ 20
12¢9 2 60
-t
1495 2 §
1500 2 10
1504 ¢ |
1743 ¢ 1
1766 = 1
-

1777.6 2 0.1
1778.1 £ Q.1
1780 ¢ §
1780.6 = 0.1
1782.6 = 0.1
1796 = 2
1800 = §
1795 + 8

=¥
2600 ¢ 10
3350 ¢ 10
3380 2 10
3680 = 10
3690 = 10
el
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Table 3,2. (continued)

a. The pumps were allowed %o coastdown .nder *n influence of the motar

generateor flywheel until the Pump speed reached 7S50 rpm. At that time, rne
flywheel was disconnected from the motsr generatar and the pumps quickly
stopped adding energy to the fliuid., The time at which the flywheel was

disconnectec is defined as the time the PC° coastdown was complete,

End of subcooied blowdown is defined as the time when the first measured

fluid temperature ocutside of the pressurizer reaches saturation conditions.

None of the cladding thermocouples in the peripheral fuel bundle measured
validated temperatures abuve the setpoint. The two that gave readings abcve
this setpoint failed before reaching the setpoint.

These temperatures represent the maximum measured temperatures hafore
reflood at these locaticns. The thermocouple output during reflood could
not be interpreted.

Because of the larje number of cladding thermocouples in the central fuel
module that failed at Aigh temperatures during the transient. it is not
possible to determine the srecise maximum temperature or the time at which
it occurred, The time is estimated %o be ne<ween 1782 and 1795 s. The
faximum temperature exceeded 2400 K (3860#F) pased on extropolations from
valid temperature readings before thermocouple failure.

The peripheral fuel modules wers quencred by (733 g, Mcst of t=he central
fuel module cladding t.ermocouples were guenched by 1795 3. Some isolated
thermocouples indicated persistert nigh .superneated) temperatures a few
minutes later. Interpretation of =he temperature cata is complicated by the
large number of thermccaouples in the center {uel module that failed during
or just before reflond.

Because of the hign background in the area surrounding the Gl, G2, and 42
Spectrometers, data were ~gllecred for several weeks after termination of
the thermal transient,
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In addition to reopening the ILTL oreak, the PORY was opened ar 387 5.
the system pressure dropped Selow 220 P8L (1.38 WPa), the ILTL and PORY l.nes

were closed at 1022 and 1182 =, raspectively. Fission produces iac

ad

ivity was
first detected in the Fl and 72 lines at about 1300 3. The hottest measured
cladding temperatures reached 2100 K 3320%F) oy 1804 s. The “ransisnt
continued until the outer shroud wall temperature limitation of 1517 &
(2272%F) was reached at 1766 s. Subsequently, the FPMS lines veres .3olated at
1777 & and ECCS injection was iniciated at 1782 s. The core was quencaed at
1795 s {aithough a few isolated thermocouples indicated temperatures is excess
of saturation for several minutes thereafter!, and the plant was maintained in
3 quiescent state for 14 days while fission product measurements were ctaken
4Sing the on-line measurements systems. Also, batch samples were taken from
the 35T ans PCS for several days: BST liquid sampies (21 4), 387 vapor samples
(28 4}, and PCS liquid samples (44 d). During tne early part of the csoldown
or pestiransient phase, the PORV was cycled twice (see Table 3.2) %o prevent
the PCS from cverpressurizing, and a feed-and-bleed operation on the steam
generator was initiated,

2:1. Blowdown szruul;gﬂ

This section discusses the reactor vessel liguid level, PCS mass inventary,
center fuel module mass flow rate, and PCS reflood.

The experiment hydraulics res.lted in a gradual PC3 level decrease and,
ultimately, in a slow core boil-off. The loops began t2 void at approximately
% s (intact loop st leg) as shown 1in Figure 3.2, w~hich compares the
individual average chordal densities measured 9y the gamma cdensitometer in
this leg. The level decreased until *he loops were completely voided by 470 s
(bases on dryout of thermocouples in the upper plenum). The upper plenum was
voided by approximately 500 s and the ievel continued to drop, entering the
top of the ~ore by 700 5. The entire core was voided by approximately 135S s
as indicated by the level srobe in the 3rd. fuel module. The data from this
probe are shown in Figure 3.3, As discusreed below, the zompletion of voiding
a8 indicated by the level arobe sccurred more than 300 s afrer all cladding

thermocouples in the core indicated heatup,
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Figure 3.3, Conductivity level probe response above Fuel Assembly 3.
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The PCS mass inventory declined to a minumum of approximately 800 kg icased on
the blowdown suppression tank level .ncrease) Dby 1300 s. At that time, the
center fuel module mass flow had decreased to approximately 0.04 kg/s  this
mass flow rate was calculated from the measured cladding temperature response;
che details of the csalculation zan de found in Reference 9/ and the flow out
the LPIS line, to approximately 0.3 kg/s. This mass {low, though very small,
was sufficient to sustain a rapid metal-water reaction in much of the central
fuel module as the temperatures increased above 1700 K (2600%F), The center
fuel module mass flow resulted in an average of 0.4 gm/» fuel rod (0,04 kg's
per 100 fuel rods). Data from th. ..wer Burst Facility indicate that flows as
little as 0.1 g/s/fuel rod are sufficient o sustain the metal-water reaction

without steam starvation ®,

When the shroud temperatures reached the experiment termination setpoint of
1517 K (22729 ), the FPMS and LPIS lines were closed and reflood of the glant
was initiated usind both ECC systems. Rapid injection of approximately 1000 kg
(2200 1om) of water from the accumulators resulted in a PCS repressurization
from 1.2 to approximately 3 Mpa (174 to 435 psia). This caused the accumulator
flow to momentarily cease. Additional cycles of accumulator flow and PCS
repressurization were required bLefore all cof the demaged core could be
quenched; the ECCS was fully capable of accomplishing this and the plant was
in a safe shutdown condition within a few hundred seconds of ECCS injection
initiation. The peripheral fuel rods quenched rapidly, in a manner gimilar <o
previcus LOFT core uncovery expsriments. Host of the center fuel module also
quenched rapidly, though more slowly than in previous experiments. A small
fraction of the center fuel module, however, tock much longer to quench,
indicating the disruption of the fuel rod geometry in part of this module.

3.2 Core Thermal Response

This section sumrarizegs the fuel rod cladding temperature response, including
the initiction of dryout at various core locations, the effect of control rod
melting on the thermal response, the occurrence and propagation of a rapid

metal-water reaction, and the quench of the cere during reflood.

The temperature sexcursion Degan in the upper part of the peripheral fuel
modules at 562 s and moved downwards as fthe cooclant boiled away., The

propagation of the core heatup was genarally top-to~bottom ir the peripheral

29
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module,with the dryout reaching elevations af 1.18, .38, amd 5.28 a8.1%,
and 11 in,) akove the core hottom at 582, 730 and 3230 s. respectivel/. This s
illustrated in figure 3.4, which comrares cladding and saturation temperatires
at these elevations in the 2nd fuel module. The guench at the 10«-in, elevatinn
associated with the opening of the PORV is alsc geen. Figure 3.5 is a similar
figure for the central fuel module, with Semperatures shown from rthe L7,
0.69=, and 0.2%5-m (d2-,27«, and 10-in.) elevations 1he dryout started a
little later in tnis module, with the corresponding times veing 689, 740 and
938 §, respectivaly.

At approximately 1080 K (1430¢F), she guide rtube temperatures responded o a
phenomena =hat is thought to bYe connected with melting of the absorber
material (Ag-In-Cd) at the 0.89-m (27-in.) wlevation. The temperatures on
guide tubes S5J13 and SKOY% poth show a definitive decrease .n *he heatup rate
ifrom 1.2 K/3 down %0 0.7 K/8) which iy interpreted as resulting from the
meiting of the contrel rod material in these guide tubes, The argument is that
tne latent heat of melting sbsorbed some of the decay heat, causing a decrssge
in the heatup rate. This is consistent with the cbservation thet the heatup
rate of guide tudbe SHOB, which does not contain a contral rod, was not
similarly affected. Figure 3.8 comparas these throe temperatures. The latent
neat associaved with the melting of the control rods could account for a
temperature shift of up to 280 K (S02%F), The difference between this value
and the S50 K (90%F) neasured shift could be explained 2y the netal-wvater
reacticn, which was ccourring at that time,

At abeout 1550 s, several control rd guide tube thermovouples at the 27-inch
elevation showed a small dissontinuity that (s thought to be associated with
the failure of the rod (see, for example, figure 3.8). This occurred at
appraximately 1200 K (i7001%K). Once again, the effect is absent from
“hermocouple TE-SHO8.027, which i1s in an empty Juide rtubo.

The first reccorded and qualified rapid temperature rise associated with the
rapid reaction vetween zircaloy and water accurred at about 1430 s and 1400 K
on a guide tube ar the 0.5%-m (27-in.! elevation. This temporature is shown in
Figure 3.7. A cladding thermocouple at the same slevation 'sae Figure 3.7)
reacted ear .., but was judged to have failed after 1310 s, prior to the
rapid temperature incresse. Note that, due %o the limited number of measired
cladding temperature locations, the precise location of the initiation af
metal water reaction on any given ftuel red ar guide tube is not likely to
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reguiar fuel rod geometry. This is postulated tH be =he cause of the

tonidown manifested by hérnocouple TEL 8007027 Tailed) ShowA ia  Plgure

3.15. ‘¥ven though =ris taesmecouple failed, 1= is celieved *hat the
mode ig 3 jumction ralocation and that the thermocoupls 18

v ™ r 1A ’ i
smperature at some lozavtioa in the center fuel module !, Teaat thermocouple wasg

slowly 3a0ling tovarss saturasion witil 2010 s,vhen the ‘unction

el
Uroke. Thus, aven Shuugh the sore had Seer essentially quenched far more vhan

200 s, the vemparature was only slowly denrass.ng, scdicaving the

effect of 3 largy nass of material aurrounding the thermocouple.
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The cross flow model was applied %o the junctions conrecting the sold legs
0 the vessel and to the junction sonnecting the presguriger ty the intace
locop not leg.

The emergency core coolant system (ECCS) and its “wo injection locatiosns
for the LP-FP-2 experiment (sne into *he lower plenum and the aother inzo
the downcomer, were modeled, in osrder co simulate the seflovd.

The. blowdown piping was attached %o the ILCL leg with a nodalization
similar to that used in the BEP c-lculutxons s DUT using %he cross-flcw

b
model for simulating the tee connection of the break Line to the ILC { R

RELAPS/MCD2 ccde does not include a metal-water reaction model. However,
when the fuel rod cladding temperature rises above 1273 X (1832¢F)
metal-water reaction becomes the principal heat source., Therefore, a
metal-water reaction model was included using the RELAPS control system &
eat generation was calculated using the Cacncart-?:uollls model for
cladding temperature in the range 1273 =5 1883 K (1832 to 2876!F) and th

Url'nmc:!‘6 model for zladding temperatures above 1853 K (2876¢F), A steanm
limitation model was included %o account for the Steam availability for the
reaction. The main limitaticn of the model is that the center bundle flow
should always te positive, The metal-water reaction was alsc calculated on
the cladding of the gui® zudes and the inner surface of the therme.
shroud. These models we - 1cluded in the input deck and can be seen in

Appendix €.

Detailed upper plenun aodalization was designed o better simulate the flow
mxxzngé .The deta:led upper plenum model specifically considers the mixing
ifi the uoper end Sox represented by Volumes 240 and 241 with a cross flow
Junction Letween tnese volumes, The mixing between the flows soming from
the center bundles celow tne 5.33 m (224 in,) elevation, with referance to
the bottom of the reactor vessel, is also modeled oy the cross flow
Junction between Volumes 24% and 248. Me mixing is allowed between Volumes
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o, Remodalization ~f the LPIS break iine Raference 7). ‘ew bresk
Yilve aren [valve 388, 1 2882104 n*), ¥ren bioase i

%

esiation
HREOLA ATLVe She
segth of volume 325 i3 18.02 m; wnen sne FOVE .3 diigred §Y0,

.

3 sec) the
LALT line was renmcdalized o include “he new sengeh of 21.83 w.

Additional loeses from valves and bends were taken into ASEOUAY! aheR

Dypars line i3 used the added lces coeffizient wa8 43.59; for the plowsswn

through the FPMS <he loss csoefficient was 47.29. Jischarge coelficients far

the sub. . oled and saturated flows were Y93 ang .82 rvlacc:xvoi/;'.

__-.._.-_-.
T = LR e P

3. Tu parform these calculatisns with ILCL break, LPIS line and PURY cpened as
in the eaperiment. The final closure time of the I.0L sreak and TRV was

simulated when the primary system pressure dropped Dbeiow 1.J8 WPa,
following *he experiment spocirxeneiont‘

4, Simplification of the lower plenum rnocdalization, in order to aveia 2ore
flow oscillations during the transient.

5. Downcomer annulus is modeled a3 a single volume stack, similar =o
LPegp-3>®1i8,

6. Filler gap was separately - - o4 *9135%,

s e maell-ae e i e b e 1 Tl BN T :

7. New steam generation (SG) 3reak nodalization: Components 549 and %80 uf +he
REP deck were deleted. The 5C leak was simulated Keeping a minimum area of
the % 3team Isclation Valve (MSIV) of 0.2 % (Yalve %40),

Jther minor changes weers applied: .

a) To correct some errors in several control variables.

b — T W R —
Ul e | e ey Sty SR

8] To finely tune the experimental sequence of evenrs
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B 79 finely tune the exper.mental sequence of events

2) T¢ mateh the initial reactor vessel pressure drop and, in turn, the in_%ial
PuUmp speeds removing several adaittional loss cpetfficients 1A the Lpper
pienum) .

The final version 4f the input model “ortains & total of 134 control valumes

and 147 junctions. A full input data listisg (8 supplied i(n Appendix U,

4.3, !iﬂ!il!igﬂ g; the core jgeometry changes in  the base RELAPS MOD2

£ A3 :

Because of the sjecial configuration of the LOFT core for the LP=-FP«2
Experiment the damage was reduced to the center fuel module (CFM) (See
Reference 8 and % and alsc section 2.2, of this report). Therefore, following
the general methodology descoribed in section d.1,, prier %o the main RELAPS
caleulation, & SCDAP calculation was performed for the center bundle to
estimate the amount of blockage +ue %o the fuel cladding ballooning and
rypture, the zontrel rod material relocation after the contrel rod failurs,
and the fuel cladding relocation due t5 the melting of zircaloy.

A preliminary posttest nnnlylxoxg using HELAPS/MODZ provided the TH boundary
conditions (CFM pressure, CFM inlet flow, CFM liquid level) %o »un SCDAP.
SDAP c.leulatoaao approximately a 53% blockage as a result of fuel cladding
balloening and rupture at the nhot plane, an add tional 5% Dlockage at the
first elevation due 0 control rod material relocation, and at the
correspond.ng vemeéperatures of approximately 1200, 1700 K, respectively.

No blockage aue %o fuel liguefaction was calculated by the code, bhecause the
naximum caloulaced clad temperature was oniy 2500 ¥K, Up to this temperature
the outer zroz iayer d4id not Tail, thus avoiding the =elted zircaloy relocas
tien,

However these results were not zonsidered as best estimate by the greup. By
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This section presents the “rermale-hydraulic reguivs of Ixperiment LFP-FP-d base
pesttest caiculation, Prior to perform the posttest salcuiation, 8 @teaqy
state calculation was executed o chtaLn the Anitiag c;pa::xans measuren
during thne experime~t, Followihg "he steady state :l;c;;aixcn. the trarsient
salculation was started with the trip setpointe taken from tHe experiment
sequence =f eventa, The followang subpestionsg distues the steady astate anc
transient calculatiocns.

S.1. Calculatio ih tate

Using the steady state coitroller pecvage added to the FEP input dccks. the
simulated LOFT system was brought to the reguired initial conditions., The
steady state calculation was performed with the transient option., The
calculation was continued until the obperves variations of the calculated
values of these parameters from sheir des.red values wers acceptable., The Kkey
parzmeters controlled using the control verisbles were the primarv sysiem
pressure, pressurizer level, cold leg ‘temperature, primary system mass flow
rate and steam generator secondary Level, The venavicrs sf the secondary side
feed and steam flows, pump speed gpnd  ead, pressurizar heater power,
pregsurizer spray valve and steam gessrstop main stemm valve positions, and
primary side charge sr let down flowan were the ather parameters checked for
the steady state.

The gystes pressure was controlled by the pressurizer spray which injected
cold leg fluid to the pressurizer to reduct the pressure if Tthe pressure was
caleculated t¢ be greater than the nersured value. The second controller on the
system pressure «as the pressurizer ‘eaters, These nheaters, although 1in
reéality were located close to the oottom of the pressuriser, were placed at
the mixture level in the RELAPS model fto incresse the boiling. The pressurizer
level was controlled by twe contreolliers. One controller which charged fluid at
the cold leg temperature to the sold ieg 4f the pressurizer level was lower
than the getpoint. The second contrel.er dumped thie system fluid %o a time
dependent volume if the pressurizer lL,uysid le L was ‘igher than the set-
point. The final values of the grimary pressure and pressurizer level were
calcuiated tc De almest the same as their measured vaiues, The final valve
positions controlling The pressusizer spray, primary system charge or let down
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flows were terc, The {inal pressurizer Meater sower «as 28rs, ~re IreESLrLi2er

surge line fltw «us negligicle st %ne end of “re steady state -sic..at:

The primary loop flow was acjusted by using a proportional/integral sontrollier

based on 1o flcw error o 2ontral pump speed, The $teady $tate intact loa

©

flow was calculated =0 be the fane &8 e exgerimental value, The pump apead
and head were in agreenent «ith the mesyured .nitial values. The troken 1eop
flow (from the vesse. o the cold leg and via %ne rafliond assist valve =5 the
he'  4g and pack to the vessel' was small and zased on the leak flow tarough
the reflood assists by-gass vaive. The total hy-pass iesk filow based on “ha
flow loss coefficients used in =he (nput deck was calzulated o be #,9% ~f +he
total loop flow. This value compares well with *he generally accepted ™ of
the loop flow.

The cold leg temperaturs wag controlled by the main steam valve positizsn with
8 proporticnal/integral contral system. 3ased on the steam flow rate and neat
transfer to the wsecondary side, the code calculated the secondary system
pressure. Another control logic «as used to adi 2* the feed flow to Jontral
the steam generator required level., This conuraller was also coupind to the
Tain steam flow. The scteam generator lavel =ain stean arnd feed w jer flows
were calculated to be the same as measured, A though the steam and feed water
flow rates were correctiy calculated, the stewn generator .:condary side
pressure vas the only parameter ceing calculated otfcet by 0..9 Mpa from the
measured eguivalent,

After about 200 s of calculation the steady state was considered accaptably
stable. Tables S.1 compares *he calculatsd and measured steady stats values.
Most of the values are in goocd agreement wiih the messured imitials
conditions.

Despite of the trials done %2 increwse tne steam generator secondary pressure,
{decreasing the ‘ydraulic diameter) no success was reached. The complex
geometry and atypical internal structure of the steam generatur with rather
simple nodalization are “re pjossidle causes of the .roclem.










Table 5.2. Crrone ogy of events for Experiment LP-FP-2, lomparison

Setween calcoulated and measured values.

REL 4PS/MOD2

Time After Experiment

Calculated thitietisn
Evert Time '8 . 9)

Scram 0.0 Q.0
PCP coastdown initiated 9.7 9.7 + 0.
ILCL bresk initiated 2.9 2.9 » Cu
PCP coastdown camalotc‘ 28.% 2%.1 +« 0.
End of subcooled blévdovnb 82.0 83,0 + 1.0
Secondary relief valve cycle 70.0 6.0 » 1.0
Pressurizer empty 60.0 0.0 + 5.0
LPIS line break initiated 221.6 2.6 + 040
Secondary pressure exceeded pri.mary system
pressure 230.0 260.0 + 10,9
Larliest coolant thermocouple deviation
from saturation (voidage at that location)

Upper plenum 415.0 300.0 s+ 10,0

Hot leg pipe 390.0 390.0 + 10.0

Downcomer 741.0 730.0 s+ 110.0

Lower plenum 970.0 800.0 + 20.0
Fuel rod cladding heatup started in PFY 666.0 662.0 + 2.0
Fuel rod cladding heatup started in CFM 711.0 689.C « 2.0
ILCL break closed 738.8 738.8 + 0.1
ILCL break reopered 877.6 877.6 + 0.1
PORV opened 882.0 882.0 + 0.1
F3 filter on line 280.0 350.8 » 0.1
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Table 8.2, (continyed)
RELAPS/MCLZ2  Time Af%er Sxceriment
Talculated Intsiation
Svens (Time i8) §)
ILCL cicsed 2%0.0° A001.8 o 0.l
PORV closed 980.0° 1182.0 2 9.1
First indication =f (gap) fissizn praducts
at F1 (clad rupture at abeut 1200 K, SR PN 1200.0 + 20.0
Control Rod Failure (1280 *K) 1420.0 1500.0
Peripheral fuel cladding reached 1460 X
(2172¢F) 1789.3% ol
Maximun upper plen «Olant temperature
reached” 1767.0 1498,0 . 8.0
First indication of fuel) FPs at 71, F2,
and F3 (Fuel Failure at about 22485 ) 1539.8 18%00.0 & 0.0
Cladding temperatures reach 2120 &
(33204K) ~490.9 1%04.9 : 1:9
Shroud temperature reached trip setpoint
ist thermocouple . 1743.0 » 1.2
2nd thermocouple - 1786.0 - 1.0
Maximum cladding temperature reached 1769,0 -
LPIS line break closed 1778.5 1777.6 + 0.1
Maximum upper plenum metal temperature
reacned” 1770.0 1760.0 &  $.(
CC8 inmitiated 1769.3 1782.6 - 0.1
Accumulator flow stapcoes 1328.0 1788.0 + <
Max:imum LPIS line cosiant temceratuse
rescned 1777.8 1800.2 + 8.0
Core quenched 1808.0 1798.0 8.8

P D ST —.
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8.2 legntinued!

The pumps were allowed to coastdown under ¢tre inlluence of the =matir
generator {lywheel until She pump speed rescned T5C rpm, AT That Time, the

lywheel was disconnected from the motor generator and tRe JuUmpyd JUicKLY
stopped adding energy ¢ the fluid, The time at w«hich the [l whee. was

disconnected 18 defined as the %ime the PCP coastdown was tomplets,

£nd of subcocled blowdocwn is defined as the time when the first meagsured

fluid temperature sutside of the pressuriier resches saturation conditions,

The ILCL Sreak and the PORV were closed when the calculated primary system
pressure dropped oelow 1.38 MPa.

Nene of the cladding thermocouples in the peripheral fuel bundle measured
validated tempecatures apove the setpoint., The two that gave readings above
this setpcint failed before reaching the setpoiint. However the caliulated
tladding temperatures reached thig ECCS trip setpoint bvefore that the
shroud setpoint.

These temperatures repregent the maximum measured temperatures before
reflocd at these |acationg, The Sshermocouple output during reflooed could
not be interpreted.

Because of the large number of cladding thermocouples in the central fuel
module %. 4t failed at high temperatures during the transient. it is not
possible to determine the precise maximum temperature or * » time at which
it occurred. The time is estimated o te Detween 178 179% 8. The 7
maximum temperature exceeded 2400 X [(38800F) basad an e .polations from t

valid temperature readings hefore stnermocouple failure.

The peripneral fuel modules were gu~nched by 1793 s, Most of the central
fuel module cladding thermocouples were juenched by 1795 5. Some isolated
thermocouples .ndicated jersistent nigh (sup ‘neated! temperatures a {ew
minutes later, Interpretation of the tempersture data i1s complicated by the
large number of thermocouples in the center fuel module that failed during
or just before reflocd.
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In contrast with the good agreement for tne geriod srior %o L Line Srean
initistion (221.8 8), the subseduen?t depredsurization ATE WES  (MLNLElL)
underestimated until 350 sec, and overestisated from 42% 3 up %o trne closure
of the ILCL bresk at 735.%5 s. This anomalous behavisur is not well understocd,
it was postulated in the 2LR3 thATt the complisated netwerk 5f bdends in the
LPIS lane resulted in 3 higher flow resistance under single chase conditions
and also inhibited the draining of liguid from the line unger two phase
conditions. Trere is an indication {rom measurements of the fluid tempe-ature
that the LPIS line a3 not completely 4drained until after avout 1200 s, The
latter effect ditfers from the calculationm in which the LPIS line was
completely void after about 42% 8. The venting of steam, calculated by the
sode, would not readily take place winh liguid remaining in the line. The
higher system pressure observed aflfects all the comparisons of system
hydrauiics and core thermal response beyond 425 s.

The LPIS line and break characteristics had praviously been considered =0 be a
major source of uncertainty. 6. An attempt was made in the BEP document to
estimate the affect of the uncertainty oy perfarming a sensitivity zalculation
with the bresk flow areas reduced by 30%. This provided a slightly better
agreement, bdut still overpredicted the depressurization rate.

In fact, our group found one error in the BEP input deck, This w23 a4 wrong
area in the component 355 which simulated the LPIS isolation valves. The srue
ares is & 42% lower than the LPIS line full :low area (6.818 E-d n° | -See
reference 17 for more details., This update along with new length and loss
! coefficients in the LPIS pipe component 32% (alseo wrong in the BEP deck) nave
| been taken inte consideration in our analysis, as .t was discussed in sertion
4.3 ~f this report. It is obvious that the present poSttest INALYSIS improves
largely the BEP results, But it 13 still unable to give a full satisfactory

representation of the LPIS line flow characteristics.

, 1t is not clear enough 1f it is still a nodalization _roblem or & code
deficiency i{errors in the critical flow medel ).

The present analysis could pe improved using two different discharge
coefficients for the two-phase and single phase flow periods of the LPIS
discharge process (0.82 nas been employed for this calsulation all trough Sthe
transient - see 3ection 4,2-). Hewever this does not seem to be very
consistent with previous experiences using RELAPS/MCD2.
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After the initial closure of tne IL0L break a+ 738, & gas, «xa 818yl ated
GEPressuriiation raves agreed well with the 2ath. e SRAY EXOFETLSR 4
the ciosure times of the I1LIL Sreak and the PORY | Progure lowsr *nas 1.38 WPy

wore calculated very soon (gee table 5.0, d.¢ == the Lswer than TensLred

caiculated pressure.

The measured and calsulted secondary system sressures are shows in Figure 5.2,
The measured steam gensrater gecondary pregsurs, aflter “armination of
feedwater and atesm flows, imcreassd to the main steam vaive tycliing setnoing
of 7.1l MPas (1031 peia! at %6 3 compared with the 70 8 predicred. The
differences in pressure increase and *ime of ‘alve eycling are poanihly dus %©
slightly different initial conditiong and %= che 3G liak model. The secondary
system continued to act a8 4 heat sink until the primary pressure had dropned
2¢low the seccndary pressure, This was predicted at 230 & zempared with the
cbaerved time of 250 s.

The rate of depressurization is slignhtly overestimated due to the d4ifferences
in the primary system pressure ang possibly *o sume unaccuray of the steam
generator simple leak modelling, used for *he analysis.

Figera 5.3, snows a comparison of the calcuiated and measured collapsed liguid
level in the ste , generator. The discresancies can be assoniated to the Lenk
modelling, but they are cousidered =0 be unrelevant for the caleulation.

Figures 5.4 and 5.5 show the aversge fluid densities measured by the gumma
densitometers in the broken and intact loop hot legs conpared to she values
caloulated by HELAPE/MOD2. The germa densitometer sources were premasurely
igolated, These density data are available anly for the first 260 s &I the
trareient. These data ahcw that the veiding started at abous %0 3. 'n *he
intact loop not leg and at 8% s ir the broken loop hot leg what (s in good
agreement with the IELAPS, MUD2 resulzs, Whnile =ne level decrease in the loops
could not be directiy moniiored lacer thar 280 s, it i clear from thermoe
soupie data on the upper pienum that the loap was void zy 470 ag. A8 snown in
Figures 5.4 and §.5 RELAPS/MOD2 czalculated tnat the iatact loop and broken
ioop hot legs were vorded at 230 3 and 415 3 respectively.

The pressurizer emptied at anout 40 g, time which was well determined by
RELAPS/MODZ as 1t 18 shown in Figure 5.8,
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The experimental nass {1l « rate i SLigntiy greacter “rnan the aisu.ates sre,
#Hat L8 consigtent with the Nagher soimary Jrsten presilute. However she
differences with the zalcul ted values 7 =3 19% i(n flow) are fuch smal.er
than those tound in the planning of the LP<FP.2 sxperinent (see Appendix F af
Reference 3.

In any case these differences in the break flow have ar impect 1% the zore
flow. Although there was "o direct measurement of she =ore mass flow, cthe
experimental steam flow rave in the center fuel moduls was sbtained in
Reference 9 from an analysis of the core thermal measured data. The resulting
total mass flow rate for the center fuel module was 0.04 g/ (0.09 lbn/s) or
0.4 g/n (9 x 10" lom/s) poer fuel rod, which 18 3 times the value calculaeoe"
srior to the onpcr:nont’. The mass flow rate was sufficient o allow the
metal-water reaction to proceed without steam starvavtion, as Lt was ovserved
in the experiuent,

This value can Se compared to the core flowe saleulated by RELAPS/MOD2 which
are shown in Figursa 5,12, The calculated CFM (nlet flow during the damage
phase (1200 to 1780 s) is a fac=or & vo 25 lower tRan the experimental.iy
derived value. This will be the cause sf the caleulated steam starvation
conditions that will be shown later on thig section. This enormous difference
in the CFX inlet flow calculation -an rot bHe explained in terms of <the
differences in the LPIS line flow.

As will be explained in section 5.3, the lower than measured CFM inlet flow
CAn be related to either errors in the caloulation @f the core f{low
redistribution due to tlock<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>