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ABSTRACT

Experiment LP-FP-2 was conducted on Juiy 3, 198%, in the Loss-of-Fluid Test
(LOFT) faciligy located at the Idaho National Zngineering Laboratory {INEL}.
The LP-FP-2 exseriment was the final experiment in a series <cf eight
experiments ccnducted under the support and direction of the objectives of the
Organization for Economic Cooperation and Development (OECD). The objetives of
the experiment were to obtain information on the release of fission products
from fuel rods at temperatures in excess of 2100 K (33202F), and to soserve
the transport of these fission products in a vapor/aerosol cdominated
enviroment from the primary coolant system (PCS), through a simuiated low
pressure injecticn system (LPIS) line, to a blowdown suppression tank (BST).
The thermal-hydraulic conditions specified for the experiment were based on 2
J-sequence accident scenario. The emergency core ccoling system (ECCS] injec-
tion was delayed until the'specified temperature limits on the center bundle
thermal shroud were reached, thereby obtaining éhe desired time-at-tamperature
condition for fission product release and tranport. The reactor was then
brought to a safe condition with full ECCS injection.- Specially designed
fission product measurements were made in the PCS, LPI5, and BST during the
transieht, with some measurements continuing for several weeks following the
experiment. Fission products were detected at all measurement locations;
however, tne vast majority— of the released fissicn product activity was
contained in the PC3 liquid following the experiment. In addition, it was
observed that large quantities of control rod aercsol material were deposited

in the lower sections of the upper plenum (near the top of the core).
This documemt presents the chermal-nydraulic posttest analysis of the

experiment conducted at 3pain by using the RELAPS/MC32 and SCDAP/MCD1 computer

codes.,
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EXECUTIVE SUMMARY

Sxperiment LP-FP-2, conducted on July 9, was the second fission product
release and transport experiment conducted in the Loss-of-Fluid. Test (LOFT)
facility at the Idaho National Engineering Laboratcry under the auspices of
the Organization for Economic Cooperation and Development (OECD}. The
principal objectives of the experiment were to determine the fission product
release from the fuel during a severe fuel damage scenario and the subsequent
transport of these fission products (in a predominantly vapor/aerocsol

environment) in the primary coolant system.

The thermal-hydraulic boundary conditions for fission product release and
transport were generated by a simulated interfacing systems loss-of coolant
accident (LOCA), a hypothetical event labeled the V-sequence. The specific
interfacing systems LOCA that was simulated during experiment LP-FP-2 involved
a pipe break in the low pressure injection system (LPIS), also called the
residual heat removal system (RHRS). The system thermal-hydraulic and core
uncovery conditions simulated those calculated to occur in a four-loop
Pressurized Water Reactor (PWR) from rupture of an RHRS pipe as a result of a
V-sequence accident. The transient was initiated by a reactor scram followed
by the insertion of the central assembly control rods (designed to provide
typical control rod behavier and potential aerosol material during the
transient). A break line in the intact loop cold leg (ILCL) was opened to
start the depressurization. A second bresk path, which sir;mlatgd the LPIS
line, was opened in the broken loop hot leg. The iﬁtact loop cold leg break
was then closed in accordance with the Experiment Operation Specification
(EOS) procedures; nowever, the subsequent system depressurization was slower
than calculated and the pressure remained too higﬁ for operaticn of the
fission product measurement system (FPMS). Therefore, in accordance with the
EOS procedures, the power operated relief wvalve (PORY) and de ILCL break lines
were opened to assist in lowéring the system pressure. Before fission product
release, both the PORV and the ILCL break lines were closed. Consequently,
only the LPIS line was opened during the transient when fission products were
released from the core. The core was allowed to uncover and to heatup until a
high temperature trip on the outside wall of the center fuel module (CFM)
shroud was reaqhed. 8y that time, the estimated peak fuel temperatures in the
CFM exceeded 2100 K (33202) rfor 4,5 min. The emergency core cooling system

(ECCS) was then activated to reflood the reactor vessel and recover the plant.



Comparison with the measured data shows that the passive link Dbetween
RELAPS/MOD2 and SCDAP/MOD1 Is an excelient tool %o . simulate <he
thermal-hydraulic behaviour of LP-fP-2 experiment. The &timing and exztent of
the core thermal response is closely calculated, with the exception of tha
lack of steam starvation in the upper parts of the center fuel! module. This
discrepancy results from a larger than calculated center fuel module steam
flow which, in turn, is judged to be caused by a greatar than calculated
primary system pressure during the savers core damage period of the transient.
This lower calculated system pressure is thought to be due to some
inconsistency in the LPIS flow: either a code deficiency or an unaccurate L?IS

line nodalization.

The LP-FP-2 experiment was successfully accomplished and represents the second
fission product experiment performed in LOFT and the last experiment in the
LOFT-0ECD program. To data, it is the only severe fuel damage experiment
performed in an integral facility where {ission product'release. transpore,
daposition phenomena, and thermal-hydraulic conditions, were simultaneously
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 to provide a very valuable information fer assessing'the'ability of
computer codes for calculating the effscts and consequences of similar

accident scerarios at large PWRs (LPWRs).



FOREWORD

This report represents one of the assessment/application
calculations submitted in fulfilment of the bilateral
agreement for cooperation in thermalhydraulic activities
between the Consejo de Segquridad 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
satisfy the requirements of this agreement and to improve the
quality of the technical support groups at the Spanish
Utilities, Spanish Research Establishments, Regulatory Staff
and Engineering Companies, for safety purposes.

This ICAP~SPAIN national program includes agreements between
CSN and each of the following organizations:

- Unidad Eléctrica (UNESA)

- Unién Iberoamericana 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”. This committee has approved the distribution of this
document for ICAP purposes.
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ABREVIATIONS, ACRONYMS, AND NOTATION

BL Broken loop

3LCL Broken loop coi leg

SLHL Broken loop hot leg

BST Blowdown suppressicn tank

CF¥ Center Fuel module

CPU Central Processor Unit

d Day(s)

DAVDS Data acquisition and visual display system
DIRC Data integrity review committee
EASR Experiment Analysis Summary report
ECCS Emergency core cooling system

EOS Experiment operation specification
©Sh Experiment specification document
?F Degree fahrenheit '

ft Foot (feet)

FP Fission Product

FPMS Fission product measurement system
F3 Fission product Filter 3

4 . Gram

h ) Houf(s)

HL Hot leg

HPIS High pressurelinjection system

ID Inside diamter

ILCL Intact loop cold leg

in. Inch

INEL Idaho National Engineering Laboratory
K Kelvin

kg Kilogram '

kW Kilowatts

L Liter

Loca Loss-of-coolant accident

LOCE Loss-of coolant experiment

LOFT Loss-of-Fluid Test

LP Lower plenum

LP-FP-2 LOFT Program Fission Product Experiment 2



LP-SB-3 LOFT Program Small Break Experiment 3

LPIS Low pressure injecticn system

LPWR Large pressurized water reactor

m Meter(s)

min Minute(s)

Mg Megagrams

MPa Megapascal

MW Megawats

MWD/ TMU Megawatt days per metric tonne uranium (burnup)

MWR Metal water reaction

OECD Organization for Economic Cooperation and Development

oD Qutside diameter

P8F Power Burst Facility

PCP Primary coolant pump

©CS Primary coolant system

PFM Peripheral fuel module

PIE Postirradiation examination

PORV Power operated relief valve

ppm Farts. per million

PRA " Probabilistic risk assessment

psia %ounds per square inch, absolute

PWR Pressurized water reactor

QLR Quick Look Repert

QOBV Quick opening blowdown valve

RAS Remote data acquisition system

RELAP Reactor excurcion and leakage analysis program

RHRS Residual heat removal systeam

rpm Revolutions per min

' RV Reactor vessel

3 Second(s)

SCDAP - Severe Core Damage Analysis Package

SCs Secondary coolant system

SG Steam generator

SPND Self-powéred neutron detector

TH Thermal-Hydraulic

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

TC Thermocouple

uP Upper plenum

AX



PLOT IDENTIFIERS

I. The RELAPS/MCD2 calculational results can be identified in %*he plots 9y

“he {ollowing notation:

Alphabetic code-Numeric code-~-XXX

The alphabetic code indicates the magnitud of the computed variable,

such as

P fcr pressure

RHO for density

TEMPF fer fluid (liquid) temperature

TEMPG for gas {vapor) temperature

HTTEMP for Heat structure (wall) temperature

MFLOWJ for Mass flow at a junction

CNTRLVAR for Control variable, generaly in this report for a liquid

level

The numeric code indicates the control volume of the nodalization

diagram where the variable is being calculated.

The XXX code is for distinguish between the base or sens{tivity RELAPS

calculation
RCR Reactor Core Renodalization (BASE case)
NRN YNo Reactor Core Renocdalization (SENSITIVITY case)

II. The Experimental mesassurements are identified by a similar to IELAPS

alphanumeric <ode

Alphabetic Zode-Alpnanumeric code-Numeric :ode

The alphavetic :zode stands for the measured magnitud, while the rest of

+he code (alphanumeric-Numeric) indicates the instrument location.
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The SCDAP/MODl calculational resul%ts are easiiy identified By rthe

following ~ode

Alphabetiz coda - Numeric code

-

As usually the alphabetic code stands for the magnitude,

CADCT for cladding temperature

THVFRC for vapor fraction

CGGIVY for component gap inventory

CGGREL for componeant gap release

BGTFPRS for bundle gap fision product release of solubles

BGTFPRN for bundle gap fission product release of noncondensible

8GTHO for bundle total oxidation heat
8GTH for bundle total hydrogen generation rate
THFLWA for bundle free flow area

And, again, the numeric code indicates the compcnent location of the

computed variable.
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THERMAL-HYDRAULIC 2CSTTEST AMALYSIS OF
OECD LOFT FISSION PRCDUCT EXPERIMENT LP-FP-2

1. INTRODUCTION

This report presents the <thermal-nydraulic posttest analysis of LP-FP-2
Experiment, made by the spanish FP-2 calculation group using the RELAPS/MOD2
and SCDAP/MOD1 computer codes.

Experiment LP-FP-2 was the second Fission Product (FP) release and transport
test performed at the Loss-of-Fluid Test (LOFT) facility, located on the Idaho
National Engineering Laboratory (INEL). This experiment was :initiated on July
9, 1985, and represents the eighth and final experiment conducted under the

auspices of the Organization for Economic Cooperation and Development (OECD).

Zxperiment LP-FP-2 provides information on the release, transport, and
deposition of fission products and aerosols during a severe core damage event
performed in a large scale nuclear reactor facility. The phenomena géverning
fission product and aerosol release, transport, and deposition are associated
with postulated severe pressurized water reactor (PWR) acciﬁents that lead to
fuel rod failure, control rod melting, fuel relocation, and the loss of
fission prpducts from the an fuel. For the LP-FP-2 experiment, the fuel rod
cladding temperatures in the center fuel mcdule (CFM) exceeded 2100 K (3320¢F)
for -4.5 min before test temination temperatures were reached on the exterior
wall of the CFM shroud. The 4.5 min fission product release and transport
transient simulated the initial portion of a severe damage transient with
delayed emergency core cooling system (ECCS) operation, wherein the core

damage originated from a V-sequence scenario.

Probabilistic Risk Assessment (PRA) studies1 have shown that the interfacing
systems loss-of-coolant accident (LOCA), a hypothetical event first postulated
in the Reactor Safety Study2 band labeled the V-sequence, represents a
significant contribution to the risk associated with PWR operation.
Cohsequently, this risk dominant accident sequence was selected as the
thermal-hyd;aulic event in which fissicn product release and transport would
be measured in Experiment LP-FP-2. The specific interfacing systems LOCA

associated with the V-sequence accident scenario is a pipe break in the _low



sressure injection system (L2IS), alsc referred <5 as the residual reax
remcval system (3HRS). This system <ypicaliy performs two Iunctiins 1o A
commercial 2WR: ta) it provides emergency ccolars injection for core recsuery
during intermediate and large break LCCAs, and 'b) it provides for cdecay Rh=at
~emoval during normal shutdown. The LPIS represents a potential ;athway :i»r
release of primary coolant from cthe reactor vessel (RV). If core cooling were
no% maintained during such an event and if fuel rods failed, fission product

release to the environment could occur if the auxiliary buiding also failed.

Experiment LP-fP-2 simulated the system thermal-hydraulics and core uncovery
conditions during fission product release and transport that ares expected to
cccur in a four-loop PWR from rupture of a LPIS pipe as a result of a
J-sequence accident. The initial conditions for the experiment represented
typical <commercial PWR operations. The break size resulted in a
depressurizaticn that was bounded by previously conducted LOFT experiments
L8-2 and LS5-1 on the upper end and by Experiments L3-1, L3-5/3-5A, and
L3-8/L8-1 on the lower end3.

The thermal-hyaraulic posttest calculation of the LOFT System as a whole was
performred using the RELAPS/’MODZ/35.044 computer code. On the other hand the
SCDAP/MODI[ZIS computer code was used to calculate the detailec
thermo-mechanical core behaviour during the heatup phase of the experiment.
Tigure 1.1 shows the intercdependency between these two codes usually known as
the RELAPS-SCDAP passive link.

The RELAPS/MOD2 and SCDAP/MOD1 input decks used for this analysis were based
on those used by the INEL to prepare the Best Estimate ?Prediction Document
(3E?)6° Several improvements and error correcticns on the pretest deck were
made: (2) To correct some errors, (b} %o match the experimental sequence of
events, {(¢) to improve the primary system depressurization process, and (d) to

try to avoid the steam starvation observed in the prectest calculation.

The calculation results have been compared to the meassured data to assess the
capabilites of RELAPS/MOD2 and SCDAP/MODL for simulating the thermal-hydraulic
conditions which might occur during a PWR severe accident. Section 2 of this
report presents +the objetives and a brief description of the LP-FP-2
experiment. Secticn 3 summarizes the thermal-hydraulic results measured during

the transient. Section 4 describes the RELAP5/MOD2 input model used for the

[ &



base case calculation. Section 5 discusses the results of the posttest
calculation in comparison with the measured data. Section 6 shows 2a 2ELAFS
sensitivity study compared to the base case results. Section 7 introduces the
SCDAP/MODL nodalization model. Section 8 discusses the SCDAP resulzs in
comparison with the measured and the RELAPS data. Conclusions and
recomendations derived from this analysis are presented in section 9. A short
description of the special configuration of the LOFT pilant and its
instrumentation for the LP-FP-2 experiment is shewn in the Appendix A.
Appendix B gives a brief description of the computer codes used in our
analysis. Appendix C contains a full listing of the RELAPS/MOD2 input model
used for these analyses, while a full listing of the SCDAF input data is given
in Appendix D. Appendix E presents some statistics of the computer time

consumed during the calculations.
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FIGURE 1.1 Flow chart of computer codes used in the analysis, showing the

interdependency between them.
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2. LP-FP-2 EXPERIMENT DESCRIPTION

2.1. Cbjectives

The governing objective for the LP-FP-2 Experiment was:

To obtain fission product release, transport, and deposition data during the
early phases of a2 risk dominant reactor transient in order to establish a

benchmark data base for:

1. Assessing the understanding of the physical phenomena contrelling reactor

system fission product behavior.

2. Assessing the capability of computer models to predict the reactor system
fission product relezse and transporet.

To support this objective, the following two thermalshydraulic and four

fission product objectives were defined:

Thermal-hydraulic Objectives:

1. To provide LPIS interfacing system LOCA thermal-hydraulic conditions from
the initiation of the LPIS pipe break .through the early phases of severe

core damage.

2. To provide transient fuel rod temperatures in the center fuel assembly up
to the rapid metal-water reaction temperature of 2100 K (3320%) with
aerosol generation from the (Ag/In/Cd) control rods.

Fission Product CThjectives:

1. To determine the fraction of the volatile fission products (Cs, I, Te, Xe,

Kr) and aerosols released to and from the upper plenum region.

W



2. To determine the fraction of volatile fission products and aerosols

transported out of the primary coolant system.

3. To datermine the retention of volatile fission products on representative

primary coolant system surfacss in the plenum ana piping.

4. To determine the gensral mass balance of volatile fission products in tha

fuel, primary coolant systam, and blowdown tank.

In order to meet the former objectives the LOFT plant was specially modified

as i3 summarized in the next section.

2.2. Key features of the LOFT facility including changes for the LP-FP-2
exgeriment.

The LOFT PWR is an 1/50 size model of a commercial 4-loop PWR that has been
used to study phenomena associated with loss of coolant, subsequent ECC
injectioh. and finally fission product transport with aerosols at the initial

stages of core damage.

The experimental assembly includes five major subsystems that have been
instrumented in such a way that system variables can be meagured and recorded
during a LOCA simulation. The subsystems include the reactor vessel, the
intact loop, the hrioken loop, the bdlowdown suppression tank (33T), and the ECC
systems. Complete information on the LOFT system ia provided in Referesnce 7
and a discussion of the LOFT scaling philcsophy and specific modifications for

LP-FP-2 experiment is provided in Reference 3,

The following is a brief description of the LOFT facility as it was built for
the LP-FP-2 experiment.

The arrangement of the major LOFT components is showﬁ in Figure 2.1. The

intact loop simulated thres loops of a commercial four-loop PWR and contains a
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steam generator, ¢two primary coolant pumps in parallel, a pressurizer, a
Venturi flowmeter, and connecting piping. A spool piece was ccnnectad <o the
intact loop cold leg aownstream of the pump discharge. This grcvided cthe
initial break path during the blowdown. The piping of this break path is i.1i/4
in nominal Sch 160 pipe having an inner diameter of 1.16 in. The full flow
area was used to vent PCS coolant. This line was ciosed prior *to IJission
product release so the fission product transport would be solely in the
simulated LPIS line.

The broken loop consists of a hot l2g and a cocld leg. For this experiment, the
broken loop cold leg was flanged off and the oroken loop hot leg pump and
steam generator simulators were removed. The simulated LPIS line was connected
to the end of the broken loop hot leg and provided ths path for fission
product transport from the primary system to the BST. The simulated LPIS line
is illustrated in Figure 2.2. The pipe size selected for the LOFT LPIS pipe
gimulation line was 1-1/4 in. nominal Schedule 160, having an inner diameter
of 0.0295 m (1.16in.). The entire LPIS line was deSigned w#ith a total length
of 21.34 m (70 ft) and the distance between the isolation valves CV-P138-150
and CV-P138-191 was 15.67 m (S1.4 f%].

The LOFT reactor vessel, shown schematically in Figure 2.3, has an annular
downcomer, a lower plenum, lower core support plates, a nuclear core, and an
upper plenun. The downcomef_is connected to the cold legs of the intact and
broken loops, and the upper plenum, to the hot legs. The core consists of 1196
enriched uranium fuel rods arranged in five square and four triangular
(corner) fuel assemblies (see figure 2.1). The fuel rods were designed to
commercial PWR specifications except that they are only 1.68 m (5.5 ft) long

and several fuel rods have special instrumentation.



Figure 2.2. Schematic of the LPIS line showing line lengths.
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The requirements imposed on the LP-FP-2 Experiment, from the standpoiat of

facility decontamination and recovery, were:

1. Experiment LP-FP-2 must be conducted with peripheral assembly fuel rod
cladding temperatures limited to 1533 K (23002 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, a center fuel module was specially
designed and fabricated for the experiment (see figure 2.4). The fuel module
consisted of 11 control rods, 100 prepressurized (2.41 MPa, 350 psi) fuel rods
enriched to 8.744-wt¥% 0235, and 10 instrumented guide tubes. The CFM was
separated from the peripheral fuel assemblies by a 0.025—& (1-in.) thick,
zircaloy cladding, zirconium-oxide insulated thermal shroud. The center fuel
assembly was designed to enable the 9.744-w¥X enriched fuel rods, or simply
referred to as the test rods, to heatup above 2100 K (33209F), while
maintaining the peripheral fuel rods below 1390 K (2044%F) for a sufficient

period of time to allow for fission product release and transport.

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

The two LOFT ECC systems are capable of simulating the emergency injection of
a commercial PWR, Each of them consists, of an accumulator, a high-pressure
and a low-pressure injection systems. There were no programmatic
considerations inherent in ECC operation; therefore, the ECC injection was not

scaled to represent commercial PWR operations during Experiment LP-FP-2.

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

Experiment LP-FP-2 approximated that of a commercial PWR.

A complete Fission Product Measurement System (FPMS) was designed and

fabricated for the detection, identification and collection of radiocactive

11
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TABLE 2.1. LP-FP-2 FUEL CESCAISTION

S.e) Rod Paramecers

Active Langth
Slaeding CO0
Claaging Thickness
cladaing matertai
3ap sthickness

rfuel dundle Parametars

Numcer of Suel Rocs, Cuter Scuare 3undlas
Number of Fuel Roas, Coransr 3undles
Numcer of Fuel Rods, Lenter Sundle

Total number of Suel Rods

Roc Array, Scuare anc Centar

Rod Array, Corner

rRod Pfizh, in,

Fuel Parameters

Total Y02 per pin
Suel Density
Zarichment

Control Rod Parameters

Total control rods in core -
C*M centrol reods fcr aercscl scurce
Clacding material

Cladding tnickness

Poison Matarial

Poison Rods ser Ciuyster

C*M Thermal Shield

Cladding material

Quter Cladding thickness, mm
Inner Cladding thickness, mm
Insulation material

Insulation censicy

Tower section (2-0.2Cm)
second section (3.30-0.51lm)
third section (3.91i-1.42n)
top section (1.32-1.75m)

Total shiel@ thickness, mm
Total shield heignt, m

13

CFM

1.67 =
0.7 «m
0.62 »m
Ir=4
G.508 =m

204
70
100
1196
18 x 19

12 x 12, triangular

0.553

Perisheral

1.137 «g
33%
9.744 we%

1.134 &g
93%
4.05 we¥

80

10

304 8§ -
0.51 mm
80Ag-15In-5C4
20

Ir-4
3.178
0.62
rg,

2160-2480 kg/m’

2000-2160
2160-2480

-2480-2720

29.2
1.76



isotopes in the LOFT PCS, LIS, and 3ST. This system, illuscrated in Figure
2.5, consisted of <hree basic subsystams: (a} four Jamma specIromeTer systems
and one gross gamma detector, (b) a deposition sampiing system, and (2} filter
sampling systems. Sach of these subsystems is fully descrited in reference 9.
Becauss the o!;ject of our analysis are only the thermal-hyaraulic conditions

during the LP-FP-2 transient we do not get into further details of the FPMS.
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Tigure 2.5 Schematic diagram of the LOFT system showing the relative positions

of F°MS inscrumentation.

Additional details of the LOFT system and the instrumentation can be found in

Appendix A and in reference 9.
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2.3. Experiment Description

Experiment LP-FP-2 —consisted of four distinct phases: {a) fuel
preconditioning, (b) pretransient, (c) transient, and (d4) posttransient. The
four phases were contiguous; however, each phase had a specically defined
beginning and ending. The fuel preconditioning and posttransient phases of the
experiment consisted of relatively long periods of time as compared with the
much shorter pretransient and transient phases.

The purpose of the fuel preconditioning phase, in conjunction with the
pretransient phase, was to subject the CFM fuel rods to a minimun burnup of
325 MWD/MTU. This was achieved by operating the LOFT reactor at a thermal
power of 32 MW for 84 h, shutting down for 75 h; and then operating at 26.S
MW for a period of 80 h. The burnup that the CFM received during this initial
preirradiation period is calculated to be 346 MWD/MTU.

The pretransient phase consisted of a reactor shutdown interval of about 96 h,
followed by a power cperation interval. The purpose of the final irradiation
period was to finish the planned burnup on the CFM and to establish the
initial conditions for the experiment. Figure 2.6 shows the preexperiment
power history for the LP-FP=2 experiment. The initial condition requirements
included a core decay heat of between 675 kW and 695 kW at 200 s following

40 v R e T T
35:_ Cs/1 mass = 4.00 .
: Burnup = 430 MWD/MTU
.
30 F / /L
ZSE
N
s 20F
2wk
& B¢
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:
§
4
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-500 400 -300 -200 -100 e

. Time (hr) LI3-KM¥3-01
Figure 2.5. Preexperiment power history
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reactor scram, and also the astablishment of <4ypical pressure, temperature,
and flow conditions that would simulate a scommarcial PWR. This phase of rthe
experiment immediately fcllowed the termination of the preconditioning ghase
and ended with the initiation of the transient cnase at to {reactor scram).
The pretransient included the operation of the LOFT reactor at an average
thermal power of 31 MW for 26 h, followed by 15 additicnal hours of
irradiation at approximately 26.5 M¥MW. The estimated burnup on the CFM
following this irradiation was 84 MWD/MTU. Consequently, the total burnup on
the CFM prior to test initiations was 430 MWD/MTU. The ORIGEN2 calculated core

decay heat at 200 s was 684.1 kW, well within the planned limits 9.

The actual burnup on the CFM was much higher than originally planned. This
occurred because the LP-FP-2 Experiment was initially planned to be run on
July 3 with a CFM buraup of 346 MWD/MTU; however, the CFM control rods would
net fall during this firts attempt and the experiment had to be aborted. 1t
was later discovered that high flow conditions in the core caused this
condition and tripping the primary coolant pumps (PCP3) <arly into the
transient would allow the CFM control rods to fall. The LP-FP-2 Experiment was
successfully run 6 days later on July 9. A serendipitous result of the
extended down time and extra irradiation was the achievément of a higher Cs ¢to

I ratio than originally predicted (e.g., 4.0 vs. 2.9).

The LP-FP-2 transient waé initiacted by a reactor scram at 14:07:44.9 on July
9, 1285 (defining to). followed by the insertion of ths CFM control rods 2.4 s
later. The main purpose of the CFM control rods was to provide Ag/In/Cd
material for aerosol generation and deposition sites for fission products
‘during the high temperature portion of the experiment, as would be present in
a PWR during a V-sequence accident. The break line in the intact loop celd leg
(ILCL) was opened at 32.9 s to begin dspressurization of the °CS. At 221.56 s
the other break line, which simulated the LPIS, was opened in the broken loop
hot leg (BLHL). The ILCL break was closed after 735.5 s in accordance with the
experiment operational specificationss. However, the subsequent system
depressurization was much slower than expected and the gressure remained too

high for operation of the fission product measurement system (FPMS).
In order to reduce the system pressure below 200 psi (1.38 MPa), the ILCL

break was reopened at 877.6 s, and the PORV from the pressurizer was opened at

882 Sec. With the PORV, ILCL, and LPIS lines open, ths PCS pressure fell below

16



the 1.38 MPa (200 psig) design limit for operation of the FPMS at 1013 s. The
ILCL break was then closed at 1021.5 s, and the PORV was closed at 1162 s. The
core was allowed to uncover and to heatup, resulting in the f{ailure of the
control rods and fuel rods in the CFM. Fission products were first detected at
about 1200 s in the Fl1 and F2 sample lines. The experiment was continued until
about 1766 s when a high temperature trip on the exterior wall of the CFM
shroud was reached. By that time, the CFM had reached an estimated maximum
temperature in excess of 2400 K (38602F) and had been above 2100 K (3320%F)
for at least 4.5 min. The emergency core cooling system (ECCS) was then

activated at 1782.6 s and the core was quenched by 1795 s.

The final, or posttransient phase of the experiment consisted of a time
interval of 44 days during which the redistribution of fission products in the
gas and liquid volumes in the blowdown suppession tank and the leaching of
fission products from the damaged fuel rods in the CFM were measured. This
phase began at the closure of the simulated LPIS line, which terminated the
blowdown and initiated the reflood of the reactor vessel, and ended 44 days

later.
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3. SUMMARY OF THE THERMAL/HYDRAULIC DATA

This section summarizes the thermal/hydraulic {TH) measured data of <he system
prior to and during fission product release and transport and has been :aken
from the QLRa. Included are the hydraulic response during the blowdown, the
fluid and metai temperatures during fission product release and transpor<, and
the fuel rod cladding response during the blowdown and -heatup phases.

Reference 9 gives a full description of the TH results.

Table 3.1. lists the specified and measured system conditions immediately
prior to the LP-FP-2 transient. Except for the liquid level in the BST, all
initial conditions were within the 1limits specified in <the Zxperiment
Specification Document (ESD)B. Since no attempt had been made to use the BST
to simﬁlate a containment vessel, this single out-of-specificaticn value did

not affect the ocutcome of the experiment,

The significant events for Experiment LP-FP-2 are chronologically listed in
Table 3.2. The intact loop pressure history is shown in Figure 3.1 along with

the identification of important events.

The LP-FP-2 transient was initiated by scramming the reactor with the
peripheral control rods, wh?ch defined to. The primary coolant pumps (PCPs)
ware then turned off at about 10 s (or to+10 3; note that all experiment
times are referenced relative to to). After the PCS flocw had decreased to 190
kg/s (1.5 x 10°

unlocked from the D1 device and allowed to fall into the CFM. At 24 s the

lbm/h) at 22 3, the center fuel assembly control rods were

control rods were fully inserted in *he core. The ILCL break was then opened
at 33 s, and the LPS line was opened at 222 s The core started heating up when
the liquid level decreased in the peripheral bundles at 662 s. The CFM begen
heating up at 5839 s. The ILCL break was cilosed at 736 s; however, it was

reopened at 373 s %o accelerate the PCS depressurization rate.
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Table 3.1 Initital conditions for experiment LP-FP-2

Parameter

Primary Coclant System

Core delta T (K)
(°%)

Primary system pressure
(hot.leg) (MPa)
_ (psia)

Hot leg temperature (K)
(°F)

Coid ieg temperature (K)
(°F)

Lacp mass flow (kg/s)

(1om/h x 10°%)
‘Boron concentration {ppm)
Primary coolant pump injecticn
(both pumps) (L/s)

(gpm)

Reactor Vessel

Sower level (MW)

Decay heat (200 s) (kW)

Maximum linear heat generation
rate (kW/m)
(kw/ft)
Control rod position
(above full=-in position) (m)
(in.)
tear Generator

Secondary system pressure (MPa)
(psta)

Water 1evelb (m)
(in.)
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Specifieda
Value

14.95
2168

571
569

" "
»—
wn
o

(138} 4

479 + 19
3.8 £0.15

0.127
2.0 £ 0.25

26.5 £ 0.5
€85 ¢+ 10

0.016

Measyred
Vaiue

N -
-
. .
-~y
" "

14,98
2173

571.6
569.2

§85.9
848.2

475 ¢
3.77

499 =

H H "1
~N N - o
. —

] (1]

- O

w -
o
~nN

0.128 = 0
1.98 £ 0.

N
[+ 4]
[+ ]
[ 4

1.4



Table 3.1, (continued)

S3ramater
Frassurizer

Liquid velume (mz)

(%)
Steam volume (m3)
(fe)
Water tamperaturs (K)
‘ , (°F)
Pressure (MPa)
~ (psta)
Liquid Tevel (m)
(in.)
Supprassion Tank
Liquid leval (m)
(in.)

Gas volume (m3)
(#£%)

Wataer temperatura (K)
(°F)

Prassura (gas spaca) (kPa)
' - (psfa)

8cran conceantration (ppm)

20

(V4]
1)

ecifieda

Yaiue

b
TN
~0

X ol

1.13 + 0,051 .

- 0.0

47.0 + 2

- Q.0

<311
<100

100
14.7

" e

Maasureq
"Yalys .
0.57 = 0.03
20.13 = 1.08
0.37 = 0.03
13.07 = 1.C6
616.9 = 2.1
£30.8 = 3.8
15.1 = 0.1
2190 = 14.5
1.06 = 0.06
44.4 = 2.4
1.18 = 0.086.
46.5 % 2.4
59.11 = 2.02
2087 71
©295.6 £ 0.5
72'2 1
95 £ 3
13.3 £ 0.8
3710 =

[
wn



Table 3.1. {continued)

Paramgcer

cmergency Core Cooling System

Sorated water storige tank
Temperature (K)

(°F)
Azcumulator A liquid level (m)
(ir.)
Accumylator A pressure (MPa)
(psta)
Azzumulator A Jiquid
temperature (K)
(°F)
Aczumulator B liguid level (m)
(in.)
Accumulator B pressure (MPa)
' (psta)

Accumulater B liguid
temperature (K)

(°F)

3.

S.

c.

if no value {s listed, none was specified.

team generator liquid level referenced to 2.95 m (116 in.) above the
~op of the tube sheet.

Approximately equal to this value.

Soecified? Measuyred
Value Value
303 £ 3 301.3 =3
85 £ 5§ 82 ¢35
<2.17 1.81 = 0.02
<86 71.3 = 0.8
>4.21 5.1 £ 0.06
>611 740 = 9
303 ¢£3 303.1 £ 0.7
85 +£8 86 £ 1.3
<2.16 ' 1.81 = 0.C2
<86 71 £ 0.8
>4.21 4.9%8 £ 0.06
>611 718 £ §
303 =3 308.6 ¢+ 0.7
88 & § 90.4 £ 1.3




Table 3.2. Chronology of events for experiment LP-FP-2

" Time Afser Sxperimant

. , , Inftiation
Event ” o - (s)
Scram N ¥ 0.0
Control rods fully inserted ‘ . 2.40.1
PCP -coastdown fnitiated ' 9.7 ;40.1
C*M control rods fully inserted - - 23.4+£0.5
ILCL break initiated | 32.9 £ 0.1
PCP coastdown completa® | P VZS.i £ 0.1
End of subcooled blowdown® 33 =1
Secondary ralief valve cycle o - 86l
Pressurizar empty : : . - 80 £ 5
LPIS 1ine break initiated : v 221.6 £ 0.1
Sacandary pressure excaaded primafy system 260 = 10
orassure
Sarliast coolant thermocouple daviation
from saturation (voidage at that location) .
Uppar plenum 300 = 10
Hot leg pipe o A : 350 £ 10
Downcomer : 730 £ 10
Lowar plenum . ‘ : vt T SODAz ZQ,.'
Fuel rod cladding heatup started in PFM ll‘ 662'¥ 2
Fuel rod claddfng_heatup ;t;r&eq in CFM ‘f- B i’t__ _ i, lSQS £2
ILCL break clo;ed H 735.5 £ 0.1
ILCL break reopened 877.6 £ 0.1
PORV opened 882.0 £ 0.1
F3 filter on line 950.3 £ 0.1
LPIS bypass clased 951.9 £ 0.1
FPMS lines opened 1013.1 £ 0.1



Table 3.2. {continued)

Time After Experiment

initiation
Svent - (s)
ILCL closed 1021.5 £ 0.1
PORV closed 1162.0- £ 0.1
~irst indication of (gap) fissfon products at Fl 1200 = 20
First indication of (gap) fission products at F2 1200 = 20
First indication of (gap) fission products at F3 1249 = 60
Peripheral fuel cladding reached 1460 K (2172°F) . -
Maximum upper pienum coolant temperature reachedd 1498 £ §
First indication of (fuel) FPs at Fl, F2, and F3 1500 £ 10
Ciadding temperatures reach 2100 K (3320°F) 1504 ¢+ 1
Shroud temperature reached trip setpoint
1st thermocouple 1743 ¢ 1
2nd <hermocouple 1766 ¢+ 1
Maximum cladding tempefature reached --*
<PIS line brezk closed | 1777.6 £ 0.1
FPMS lines closed | . 1778.1 £ 0.1
Maximum upper plenum metal temperature reachedd 1780 = S
Depesition coupons isolated 1780.6 £ 0.1
ECCS initiated 1782.6 £ 0.1
Aczumulator flow stopped 1795 = 2
Maximum LPIS iine coolant temperature reached 1800 ¢ S
Core gquenched 1795 = 5f
Cooldewn initiated --f
Steam generator feed-and-bleed started 2600 + 10
PORV opened 3350 £ 10
PORV closed ' 3380 + 10
PORV opened 3680 £ 10
PORV closed 3630 = 10
Experiment terminated A -9
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Table 3.2. {(continued)

The pumps were allowed to coastdown under the influence of the motor
generator flywheel until the pump speed reached 750 rpm. At rhat time, the
flywheel was disconnected from the motor generator and the pumps quickly
stopped adding energy to the fluid. The time at which the flywheel was

disconnected is defined as the time the PC? coastdown was complets,

End of subcooled blowdown is defined as the time when the first measursd

fluid temperature outside of the pressurizer reaches saturation conditions.

None of the cladding thermocouples in the peripheral fuel bundle measured
validated temperatures above the setpoint. The two that gave rsadings above.
this setpoint failed before reaching the satpoint.

Thess temperatures represent the maximum measured - temperatures bafore
reflood at these locations. The thermocouple output during reflood could
not be interpreted.

Because of the large number of cladding thermocouplss in the ‘central fuel
module that failed at high temperatures during the transient. it is not
possible to determine the precise maximum temperéture or the time at which
it occurred. The time is estiméfed to be between 1782 and 1795 s, The
maximum temperature exceeded 2400 K (38602F) based on extropolations from

valid temperature readings before thermocouple failure.

The peripheral fuel modules were quenched by 1793 s. Most of the central
fuel module cladding thermocouples were quenched by 1795 s. Some isolatad
thermocouples indicated persistent high {superheated) temperatures a few
minutes later. Interpretation of th temperature data is complicated by the
large number of thermocouples in the center fuel module that failed during
or just before reflood. A

Because of the high backgrcund in the area surrounding the Gl, G2, and G3
spectrometers, data were collected for several weeks after termination of
the thermal transient.
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In addition to reopening the ILCL break, the PORV was opened at 382 s. After
the system pressure drooped below 200 psi (1.38 MPa), +the ILCL and PORV lines
ware closed at 1022 and 1162 s, crespectively. Fission product activity was
first detected in the Fl1 and F2 line§ at about 1200 3. The hottest measured
cladding temperatures reached 21CO0 K (33209F) by 1504 s. The <transient
continued until the outer shroud walli temperature limitation of 1517 X
(22722F) was reached at 1766 3. Subsequently, the FPMS lines were isolated at
‘1777 8 and ECCS injection was initiated at 1783 s. The core was qﬁenched at
1795 3 (although a few isolated thermocouples indicated temperatures in excess
of saturation for several minutes thereafter), and the plant was maintained in
a quiescent state for 14 days while fission product measurements were taken
using the on-lins measurements systsms. Also, batch samples were taken f{rom
the 3ST ans PCS for several days: BST liquid samples (21 d), BST vapor samples
(28 d), and PCS liquid samples (44 d). During the early part of the cooldown
or posttransient phase, the PORV was cycled twice (see Table 3.2) to prevent
the PCS from coverpressurizing, and a feed-and-bleed operation on the steam
generator was initiated.

3.1. Blowdown Hydraulics

This section discusses the reactor vessel liquid level, PCS mass inventory,
centar fuel module mass flow rate, and PCS reflood.

The experiment hydraulics resulted in a graduaf PCS level decrease and,
ultimately, in a slow core boil-off. The loops began to void at approximately
50 8 (intact loop hot leg) as shown in Figurp 3.2, which compares the
individual average chordal densities measured by the gamma densitomster in
this leg. The level decreased until the loops were completaly voided by 470 s
(bases on dryout of thermocouples in the upper plenum). The upper plenum was
voided by approximately 600 s and the level continued to drop, entering the
top of the core by 700 s. The entire core was voided by approximatesly 1355 s
a3 indicated by the level probe in the 3rd. fuel moduls. The data from this
probe are shown in Figure 3.3. As discussed below, the completion of voiding
as indicated by the level probe occurred mere than 300 3 after all cladding

thermocouples in the core indicated heatup.
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The PCS mass inventory declined to a minumum of approximately S00 kg {based on
the blowdown suppression tank level increase) by 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;
the details of the calculation can be found in Reference 2) and the flow out
the LPIS line, to approximately 0.3 kg/s. This mass flow, 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 (26002F). The center
fuel module mass flow resulted in an average of 0.4 gm/s/tuel rod (0.04 kg/s
per 100 fuel rods). Data from the Power Burst Facility indicate that flows as
little as 0.1 g/s/fuel rod are sufficient to sustain the metal-water reaction

without steam starvationlz.

When the shroud temperatures reached the experiment termination setpoint of
1517 K (22722F), the FPMS and LPIS lines were closed and reflood of the plant
was initiated usind both ECC systems. Rapid injection of approximately 1000 kg
(2200 1bm) of water from the accumulators resulted in a pCcsS 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 before all of the damaged 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 gquenched rapidly, in a manner similar to
previous LOFT core uncovery experiments. Most of the center fuel module also
quenched rapidly, though more slowly than in previous experiments. A small
fraction of the center fuel module, however, toock much longer to quench,

indicating the disruption of the fuel rod geometry in part of this module.

3.2 Core Thermal Response .

This section summarizes the fuel rod cladding temperature response, including
the initiation 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 core during reflood.

The temperature excursion began in the upper part of the peripheral fuel
modules at 662 s and moved downwards as the coolant boiled away. The

propagation of the core heatup was generally top-to-bottom in the peripheral
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module,with the dryout reaching elevations of 1.i4, 0.38, and 0.28 m (45,15,
and 11 in.) above the core bottom at 662, 730 and 930 s, respectively. This is
illustrated in figure 3.4, which compares cladding and saturation temperacures
at these elevations in the 2nd fuel moduls. The quench at the 10-15. slevation
associated with the opening of the PCRV is also seen. Figure 3.5 is a similar
figure for the central fuel module, with temperatures shown from the 1.07-,
0.69-, and 0.25-m (42-,27-, and 10-in.) elavations. The dryout started a
little later in this module, with the corresponding times being 683, 740 and

' 938 3, respectively.

At approximately 1050 K (14309F), the guide tubs temperatures responded to a
phenomena that is thought to be connected with melting of the absorber
material (Ag-In-Cd) at the 0.69-m (27-in.) elsvation, The temperatures on
guide tubes 5J13 and SKOS5 both show a definitive decrease in the heatup rate
(from 1.2 K/3 down to 0.7 K/s) which is interpretad as resulting from the
melting of the control rod material in these guide tubes. The argument is that
the latent heat of melting absorbed some of the decay heat, causing a decrease
in the heatup rate. This is consistent with the observation that the heatup
rate of guide +ube 5H08, whicn does not contain a control rod, was not
similarly affected. Figure 3.6 compares these three temperatures. The latent
heat associated with the melting of the control rods could account for a
temperature shift of up to 280 K (504%F). The difference between this value
and the 50 K (902F) measured shift could be explained by the metal-watar

reaction, which was occurring at that time. . -

At about 1550 s, several control rod guide tube thermocouples at the 27-inch
elevation showed a small discontinuity that is thought to be associated with
the failure of the rod (see, for example, Figure 3.68). This occurred at
approximately 1200 K (170012K). Once again, the eaffact i3 absent f{rom
thermocouple TE-S5H08-027, which is in an empty zZuide tube.

The first recorded and qualified rapid temperature rise associated with the
rapid reaction between zircaloy and water occurred at about 1430 s and 1400 K
on a guide tube at the 0.69-m (27-in.) elevation. This temperature is shown in
Figure 3.7. A cladding thermocouple at the same elevation {see Figure 3.7)
reacted earlier, but was judged to have failed after 1310 s, prior to the
rapid temperature increase. Note that, due to the limited number of measured
cladding tamperature locations, the precise location of the initiation of
metal water reaction on any given fuel rod or guide tube is not likely to
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coincide with the location of a thermocouple. Thus, the temperature rises are

probably associated with precursory heating as the metal-water reaction
propagates away from the initiation point. Care must be taken in determining
the temperature at which the metal water reaction initiates, since the
precursory heating can occur at a much lower temperature. It can be concluded
rom examination of the recorded temperatures that the oxidation of zircaloy

by steam becomes rapid at temperatures in excess of 1400 K (2060¢F).

The temperatures in the center fuel module reached the target temperature of
2100 K (3320¢F) due to the rapid reaction between the zircaloy and the steam,
and remained above this temperature for four-and-a-half minutes. The maximum
temperature reached is difficult to determine begause of the failure of the
thermocouples at the high temperatures experienced, but it was certainly in
excess of 2400 K (38602F).

During the transient, the temperatures on the outside of the shroud increased
steadily from 740 to about 1700 s. This is illustrated in Figure 3.8, which
compares the temperatures on the south side of the shroud. At approximately
1700 s, the heatup rate increases. At about the same time, the thermocouples
near the outside of the shroud also start to heat up more rapidly. Figure 3.9
i{llustrates this by comparing the témperatures at various elevations in the
2nd fuel module, just adjacent to the shroud south wall. By the time the
reflood turns the températures around (1785 s), all of these temeperatures
exceed the shroud temperatures at the same:elevation. The cause of this rapid
heatup is not presently known, but it may be an effect caused by the
thermocouple leads passing through a hot area as they exit from the top of the
core (shunting) rather than by a true local effect.

The cooling of the core took much longer than any previously measured quench
in LOFT. This was in part due to the much higher temperatures that existed
prior to quench ( 2400 K -~ 3860fF - for this experiment compared with the
13
).

More important, however, is the geometry of the core during reflood.

previous maximum of 1261 K - 1810%F - measured during Experiment LP-LB-1
Relocation of the core undoubtedly resulted in masses of core material much

thicker than normal. These masses would require much more time to cool

than the ones corresponding to a
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regular fuel rod geometry. This is postulated to be <the cause of the slow
cooldown manifested by <thermocouple TE-S5C07-027 (failed), shown in Figure
3.10. (Even though this thermocouple failed, it is telieved that the failure
mode is a junction relocation and that the thermoccuple is indicating a
temperature at some location in the center fuel module). That thermccouple was
slowly cooling towards saturation until 2010 s,when the junction apparently
broke. Thus, even though the core had been essentially quenched for more than
200 s, the temperature was only slowly decresasing, indicating the insulating
effect of a large mass of material surrounding the thermocouple.



4. RELAP5/MOD2 SIMULATION OF LP-FP-2 EXPERIMENT

4.1.General overwiew of the methodology used for the analysis

It is well known that RELAPS/MOD2 has not been designed to analyze severe
accidents. In fact, to handle this limitation the Idaho National Engineering
Laboratory (INEL) is developing a special severe core damage computer package
called RELAPS/SCDAPJ'O . The RELAPS/SCDAP computer code is the integration of

three well known stand-alone codes: RELAPS/M0024 ’ SCDM»’/MODI.5 and

TRAPMELT-ZH. The integrated code is being designed to perform best estimate

analysis of the behaviour of a LWR under severe accident conditions.

However the actual version of the integrated code only runs in a CRAY machine.
Because of the unavailability of any CRAY machine at Spain (by the time the
group began the calculations) we were forced to use the same methodology
decided for the Best Estimate Prediction (BE‘.P)6 of the experiment, i.e.:
passive coupling between the RELAP5/MOD2 and the SCDAP/MOD1 computer codes.

The fundamental idea of this methodology consists in simulating the general
thermal-hydraulic behavior of the LOFT system using the RELAPS/MOD2 code;
while the detailed core behavior is simulated using the SCDAP/MOD1 code.

A brief summary of the highligthts of these two codes is presented in Appendix
B. THe interdependency between both codes is schematically shown in figure
4-1.

According to this passive coupling methodology, prior to the main driver
RELAPS/MOD2 calculation, a first SCDAP run is required in order to estimate
the core geometry changes (blockages) following the fuel damage. This first
SCDAP calculation is, in turn, driven by a preliminary RELAPS/MOD2 run to
provide the necessary boundary conditions for SCDAP (see figure 4.1.) Once the
first SCDAP run is completed we have estimations for the amount of blockage
due to the fuel cladding ballooning and rupture, the control rod material
relocation due to the melting of the zircaloy at some corresponding
temperatures. Now we can go further on doing the main RELAPS/MOD2 calculation
making some core rencdalizations at the previously determined corresponding

temperatures (see figure 4.2.)
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To end up this iterative process, the main RELAPS5/MOD2 calculation, employing
the indicated blockages between the indicated :emperature intervals, provides
the thermal-hydraulic information required for the SCDAP code to calculate the

detailed core thermal response.

4.2. RELAPS5/MOD2 Nodalization for Experiment LP-FP-2

The nodalization used for the base case calculation was based on the
RELAPS5/MOD2 input deck that was used for the planning and prediction of the
experiment at the INELS, and also in several input decks used for the posttest
analysis of the L2-sB-3*%* 1S,

Basically the nodalization used in RELAPS/MOD2 for this calculation is a
standard LOFT nodalization, with changes which were necessary to represent the

particular system configuration for Experiment LP-FP-2.
Figure 4.3. shows the nodalization diagram for this calculation.

The nodalization model differs from the standard RELAPS model in the following

aspects (see Reference 6):

1. The broken loop hot leg pump and steam generator simulator and the
quick-opening blowdown valve were replaced by a pipe simulating the LPIS

break line with two valves attached at both ends.

2. The quick-opening valve on the broken loop cold leg and its connection
piping to the cold leg were deleted. The broken loop cold leg is a dead end

volume.

3. The reactor vessel was extensively remodeled to represent the special core
configuration and to better simulate the flow splitting and mixing. Special
emphases were ziven to peak cladding temperature behavior in the center and
peripherai el bundles, ‘and also to the thermal response of the guide
tubes, control rods and thermal shroud surrounding the center bundle

assembly.
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4,

5.

8.

The cross flow model was applied to the junctions connecting <he cold legs
to the vessel and to the junction connecting the pressurizer to the intact

loop not ieg.

The emergency core coolant system (ECCS) and its two injection locations
for the LP-FP-2 experiment (one into the lower plenum and the other into

the downcomer) were modeled, in order to simulate the reflocd.

The, biowdown piping was attached to the ILCL leg with a nodalization
similar to that used in the BEP calculation6 . out using *he cross-flcw

model for simulating the tee connection of the break line to the ILCLls.

RELAPS5/MOD2 code does not include a metal-water reaction model. Howavaer,
when thes fuel rod cladding temperature rises above 1273 K (1832?F)
metal-water reaction becomes the oprincipal heat source. Therefore, a
metal-water reaction model was included using the RELAPS5 control system 8

Heat generation was calculated wusing the Cathcart-?awellls model for
cladding temperature in the range 1273 %o 1853 X (1832 to 28762F) and the
Ur!:’ani.cl6 model for cladding temperatures above 1853 K (28762F). A steam
limitation model was included to account for the steam availability for the
reaction. The main limitaticn of the model is that the center bundle flow
should always be positive. The metal-water reaction was also calculated on
the cladding of the guide <=ubes and the :inner surface of the thermal
shroud. These models wers included in the input deck and can be seen in

Appendix C.

Datailed upper plenum nodalization was designed zo bettar simulatas ths flow
mixing6 .The detailed upper plenum model specifically considers the mixing
in the upper end bSox represented by Volumes 240 and 241 with a cross flow
junction between thése volumes. The mixing between the f{lows coming from
the center bundles below the 5.69 m (224 in.) elsvation, with reference to
the bottom of the reactor vessel, is also modelad by <the cross —rlow

junction between Volumes 245 and 246. No mixing is allowed between Volumes
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252 and 253 due to the geometry of the upper plenum between the 5.63 m (224

in.) elevation and the nozzle level.

9. A split downcomer upper annulus was used, with the cross flow
; 6,:4 :
connections .

10. The core is divided into two channels, each containing six axial fluid
cells of equal 1length. The channels are hydraulically isolated. The
thermal shroud, which is represented by a heat structure, is the thermal
link between the two core channels. The leak path between the downcomer
"annulus and the upper plenum is modeled by a cross flow junction
connecting Volumen 730 (downcomer annulus) and 256 (upper portion of the

nozzle area above the peripheral bundles)s'ld.

11. The eight hot rods in the center bundle and remaining 9.72% enriched fuel
rods are represented by two heat structures. The 10 guide tubes and 11
control rods are separateiy represénted by two heat structures. The fuel
rods in the peripheral bundles are represented by two heat structures. One
structure represents the four rows of rod groups surrounding the thermail
shroud outer surface. The remaining fuel rods are represented by the
second heat structure. The guide tubes with and without the control rods
are not simulated. This will result in a slightly increased temperature

excursion in the peripheral bundle (Reference 6).
The former .characteristics of the input model were common %o the BEP deck6
However several updates were made in order to improve the calculation results.
Basic changes made to the best estimate prediction deck were:
1. Renodalization of ILCL break piping: use of cross flow volume in cold leg

for tee modelling (vol 184)15; and the volume 182 has been deleted, using a

new lengtn of 11.8 m for the break line volume number 181.
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2.

a)

b)

Renodalization of the LPIS break line (Reference 17). New bre2ak isolation
valve area {valve 353, A = 2.3852iE-4 mz). When bygass line is active =zhe
iength of volume 325 is 16.02 m; when the F?MS is aligned 350. 3 sec) the
LPIS line was renodalized to include %he new length of 21.83 m.

Additional losses from valves and bvends were taken into account: when
bypass line is used the added loss coefficient was 43.59; for the blowdown
through the FPMS the loss coefficient was 47.29. DJischargze coefficients for

thea subcooled and saturated flows were 0.93 and 0.82 respectively*a.

To perform these calculations with ILCL break, LPIS line and PCRV opened as
in the experiment. The final closure time of the ILCL break and PCRV was
simulated when the oprimary system pressure dropped beiow 1.38 XPa,

following the experiment specifications8

Simplification of the lower plenum nodalization, in order to avoid core

flow oscillations during the transient.

Downcomer annulus is modeled as a single volume 3tack, similar <o
LP-sB-314+13 .

Filler gap was separately modeled 14'15.

New steam generation (SG) Break nodalization: Components 549 and 550 of the
BEP deck were deleted. The SG leak was simulated keeping a ainimum area of
the Main Steam Isolaticn Valve (MSIV) of 0.2 % (Valve S$40).

Jther minor changes w«ere applied:.

To correct some errors in several control variables.

To finely tune the experimental sequence of events
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b) To finely tune the experimental sequence of events

¢) To match the initial reactor vessel pressure drop and, in turn, the initial
pump speeds (removing several addittional loss coefficients in the upper

plenum).

The final version of the input model contains a total of 134 control volumes

and 147 junctions. A full input data listing is supplied in Appendix C.

4.3. Simulation of the core geometry changes in the base RELAPS/MOD2

calculation.

Because of the special 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 9 and also section 2.2. of this report). Therefore, following
the general methodology deséribed in section 4.l1., prior to the main RELAPS
calculation, a SCDA? calculation was performed for the center bundle to
estimate the amount of blockage due to the fuel cladding ballooning and
rupture, the control rod material relocation after the control rod failure,

and the fuel cladding relocation due to the melting of zircaloy.

A preliminary posttest analysis19 using HKELAPS5/MOD2 provided the TH boundary
conditions (CFM pressure, CFM inlet flow, CFM liquid level) to run SCDAP.

SCDAP calculatedzo approximately a 53% blockage as a_result of fuel cladding
ballooning and rupture at the hot plane, an additional 5% blockage at the
first elevation due to control rod material relocation, and at the

corresponding temeperatures of approximately 1200, 1700 2K, respectively.
No blockage due to fuel liquefaction was calculated by the code, because the

maximum calculated clad temperature was only 2500 2K. Up to this temperature

the outer ZrO2 layer did not fail, thus avoiding the melted zircaloy reloca-

tion.

However these results were not considered as best estimate by the group. By
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reviewing the SCDAP data, the group decided that the S53% Ylockage at 1200 X is

a reasonable valte for the main 3IELAPS/MOD2 calculation.

The control rod failure temperature of 1700 33K estimated by SCIOAP was
considered too high specially looking at fhe LP-FP=-2 Data Reports.As it is
explained in that document, the most probable tsmperature at which the control
rods failed in the LP-FP-2 Experiment was 1250 2K. Therefore the group decided
‘to assume the failure of the control rods when they reached 1250 %K. Xeantinme,
and, although the 5% blockage calculated by SCDAP was considered too lcw, the
group determined to employ such a value, in order to increase the CFM inlet
mass flow during the rapid metal-water reaction phase of the <trangient. The
reason for this was the steam starvation conditions. calculated in the
preliminary posttest analysisl'9 where the blockaées were 50% - 67% -80%. This:
reduced the extension of the metal-water reaction such that SCDAP could not

predict the fuel cladding relocation observed in the experimentg.

Then, the 80% blockage due to fuel cladding relocation (ses Reference 6),
although not calculated by SCDAP, was considered still applicable to the main
RELAPS5/MOD2 simulation, at *the ccrrespopnding temperature of 2245 K (melting
temperature of the ‘-Zr(O).

Therefore a 353%-5%-80% blockage case was run as a base case for ths
thermal-hydraulic analysis. As discussed previously, Figure 4.4. presents the

calculational scheme and shows the interacticns between the RELAP5, and SCDAP
results.

The analysis assumed the fuel cladding ballooning and rupture-induced blockage
at the fourth elevation until 1250 X (1i7909F) were reached ¢n the control
rods. An additionél 5% blockage was applied to the second elevation until 2245
K (358092F) were reached on the fuel rod due to control rod material
relocation. During the final stage of the calculations, an 80% blockage due to
fuel liquefaction was acplied to the first elevation. The blockages at the
fourth and second zlevations were removed when the first elevation blockage

occurred because of the material relocations at these elevations.

The RELAP5/MOD2 code, employing the indicated blockages between the indicated
temperature intervals, provided the thermal-hydraulic information required for

the SCDAP code for the detailed core thermal response calculations, which will
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be decribed :i1n section 7.

The 53-67-8C% blockage case was 13lso analyzed %o de<ermine <tiie sensizivicty of
the RELAPS -calculated LOFT system thermal-hydraulic behavior to bicckage. The
results of the 53-87-80 blockage case will not te shcwn in the next saction
because the difierences with the tase case were negligible {A similiar crend

was observed during the 3E? calculations)e.



S. RESULTS OF THE RELAPS5/MOD2 BASE CALCULATION

This sec%ion presents the thermal-hydraulic results of Zxperiment LP-FP-2 base
posttest calculation. Prior to perform the posttest calculation, a steady
state calculation was executed to obtain the initial conditions measurea
during the experiment. Following the steady state calculation, the transient
calculation was started with the trip setpoints taken from the experiment
sequence of events. The following subsections discuss the steady state and

transient calculations.

S.1. Calculation of the Steady State

Using the steady state controller package added to the BEP input decks, the
simulated LOFT system was brought to the required initial conditions. The
steady state calculation was performed with the transient option. The
calculation was continued until the observed variations of the calculated
values of these parameters from their desired values were acceptable. The key
parameters controlled using the control variables were the primary system
pressure, pressurizer level, cold leg temperature, primary system mass flow
rate and Steam generator secondary level. The behaviors of the secondary side
feed and steam flows, pump speed and head, pressurizar heater ﬁower.
pressurizer spray valve and steam generator main steam valve positions, and
primary side charge or let down flows were the other parameters checked for

the steady state.

The system pressure was controlled by the pressurizer spray which injected
cold leg fluid to the pressurizer to reduce the pressure if the pressure was
calculated to be greater than the measured value. The second controller on the
system pressure was the pressurizer heaters. These heaters, although in
reality were located close to the bottom of the pressurizer, were placed at
the mixture level in the RELAPS model to increase the boiling. The pressurizer
level was controiled by two controllers. One controller which charged fluid at
the cold leg temperature to the cold leg if the pressurizer level was lower
than the setpoint. The second controller dumped the system fluid to a time
dependent volume if the pressurizer liquid level was -igher than the set-
point., The final values of the primary pressure and pressurizer level were
calculated to be almost the same as their measured values. The final valve

positions controlling the pressurizer spray, primary system charge or let down
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flows were zero. The final pressurizer heater power was zero. The pressurizer

surge line flow was negligible at %he end of the steady state calculation.

The primary loop flow was adjusted by using a proportional/integral controller
based on ioop flow error %o control pump speed. The stesady state intact lcop
flow was calculated to be the same as the experimental value. The pump speed
and head were in agreement with the measured initial values. The troken loop
flow (from the vessel to the cold leg and via the reflood assist valve %o the
hot leg and back to the vessel] was small and based on the leak flow through
the reflood assists by-pass valve. The total by-pass leak flow based on <he
flcew loss coefficients used in the input deck was calculated to be 6.9% cof the
total loop tlow. This value compares well with the generally accepted 7% of

the locp {low.

The cold leg temperature was controlled by the main steam valve position with
a preporticnal/integral control system. 3ased on the steam flow rate and heat
transfer to the secondary side, the code calculated the secondary system
pressure. Another control logic was used to adjust the feed flow to control
the steam generator required level. This controller was also coupled to cthe
main steam flow. The steam generator level, main steam and feed water flows
weres calculated to be the same as measured. Although the steam and feed water
flow rates were correctly calculated, the steam generator secondary side
pressure was the only parameter being calculated offset by 0.19 Mpa from the

meagured equivalent. . -

After about 200 s of calculation the steady state was considered acceptably
stable. Tables 5.1 compares the calculated and measured steady state values.
Most of the values are in good agreement with the measured initials

conditions.

Despite of the trials done to increase the steam generator secondary pressure,
{decreasing the hydraulic diameter) no success was reached. The complex
geometry and atypical :nternal structure of the steam generator with rather

simple nodalization are “he possible causes of the problem.



Table 5.1. Initial conditions for experiment LP-FP-2

Comparison between calculated and measured

values

Parameter

Primary Coolant System

Core delta T (K)

Primary system pressure (hot leg) (MPa)
Hot leg temperature (K)

Cold leg temperature (K)

Loop mass flow (kg/s) .

Primary coolant pump speeds

(both pumps) (rpm)

Pump differential pressure (KPa)

Reactor Vessel

Power level (MW)
Pressure drop (KPa

Steam Generator

Secondary system pressure (MPa)
Water level (m)

Pressure drop (primary side) (KPa)
Pressurizer
Water temperature (K)

Pressure (MPa)

Liquid level {naj

Calculated

Value

10.54
14.98
§70.37
£89.83
475.04
3240.1
3273.7
450.0

26.8
120.0

6.19
3.12
237.1

613.5
14,95
1.06

Measured

Value

11.7
14.98
$71.6
55g.9
475.0
3200.0
3200.0
475.0

26.8
188.0

6.38
3.12
230.0

616.9
15.1
1.06

I+ 1+ I+ |+

I+

I+ I+

I+ 1+

I+

1.4
0.1
0.8
1.1
2.5

1.4
5.6

0.08
0.06

2.1
0.1
0.06



5.2. Base Transient Calculation

This section presents a ccmparison of the posctexperiment calculation using
RELAPS5/M0OD2/36.04 and the measured thermal-hydraulic data.

Once the steady-state results were considered acceptable, the 3teady sctate
controllers associated with the pressurizer heaters, pressurizer sgray,
primary system mass charger and letdown, pump speed, and various valve
position were removed. The frips for various actions were defined based on the
measured data.

The transisnt calculation was started from time zero and using the last
restart record in the steady state restart-plot file. The complete transient
was calculated in five major intervals, as it is depicted in figure 4.4. The
whole transient caiculation was carried out in 1850 sec. -

A summary of the calculated significant events for Experiment LP-FP-2 are
chronologicaliy listed in Table 5.2. in comparison with the measured values.
"The agreement can be considered as remarkable.

Figure 5.1 shows a comparison of the calculated and measured primary system
pressures. 3oth curves show a slight drop in pressure follawing scram and a
subsequent rapid decrease down to saturation pressure following break
initiation. The and of subcooled blowdown happened at 62 s, compared with the
53 s indicated from measurements. A slightly lower pressure was reached in the
calculation due to the slightly lower initial fluid temperatures (sea Table
5.1). The pressure response agreed well with the observed data for the period
until initiation of the LPIS line break.at 221.8 s.
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Table 5.2. Chronology of events for Experiment LP-FP-2. Comparison

between calculated and measured values.

RELAPS/MOD2 Time After Experiment

Calculated Initiation
Event Time (s) (S)

Scram 0.0 0.0
PCP coastdown initiated 9.7 9.7 + 0.1
ILCL break initiated 32.9 32.¢ + 0.1
PCP coastdown complete® 28.5 25.1 +« 0.1
End of subcooled blowdown® 62.0 53.0 s 1.0
Secondary relief valve cycle 70.0 56.0 + 1.0
Pressurizer empty ) 60.0' €0.0 + 5.0
LPIS line break initiated 221.6 221.6 + 0.1
Secondary pressure exceeded primary system
pressure 230.0 260.0 + 10.0
Earliest cooclant thermocouple deviation ' .
from saturation (voidage at that location)

Upper plenum ) 415.0 300.0 + 10.0

Hot leg pipe 390.0 390.0 + 10.0

Downcomer 741.0 730.0 + 10.0

Lower plenum ' 970.0 800.0 + 20.0
Fuel rod cladding heatup started in PFM 666.0 662.0 «+ 2.0
Fuel rod cladding heatup started in CFM 711.0 68%3.0 + 2.0
ILCL break closed 735.5 735.5 + 0.1
ILCL break reopened 877.6 877.6 + 0.1
PORV opened 882.0 882.0 + 0.1
F3 filter on line 950.0 950.8 + 0.1

v
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Table 5.2. {(continued)

RELAPS/MOC2 Time After Zxgeriment

Calculated Inictiaction
Sven* (Time (s) (s)

ILCL closed 350.0° 1021.5 + 0.1
PORV closed 950.0° 1162.0 + 0.2
First indication of (gap) fissisn products
at F1 (clad rupture at abcut 1200 2K} 1176.1 12€0.¢ + 20.0
Control Rod Failure (1250 2K) 1428.0 1500.0
Peripheral <fuel cladding reached 1460 X
(2172¢F) 1769.3% —d
Maximun upper plenum ccolant temperature
reached® 1767.0 1495.0 + 5.0
First indication of (fuel) FPs at Fl, F2,
and F3 (Fuel Failure at about 2245 2K) 1539.8 1500.0 + 10.0
Cladding éemperatu:es reach 2120 K
(33208K) 1430.0 1504.0 + 1.0
Shreud temperature reached trip setpoint

1st thermocouple - 1743.0 » 1.9

2nd thermocouple - 1766.0 + 1.0
Maximum cladding temperature reached 1769.0 -1
LPIS line break closed 1778.5 1777.6 &+ 0.1
Maximum upper plenum metal temperature
reached® 1770.0 1780.0 + S.C
ECCS initiated 1769.3 1782.6 » 0.1
Accumula;g; flow stoppen ' 1825.0 17¢5.0 +» 2.0
Maximum C;fS»line ccclant temcgerature
reached - - : . 1777.5 1800.0 » 5.0
Core quenched 1805.0 1795.0 =+ 5.0%



Table 5.2 (continued)

The pumps were allowed to coastdown under the influence of the motor
generator flywheel until the pump speed reached 750 rpm. At that time, the
flywneel was disconnected from the motor generator and the pumps quickly
stopped adding energy to the fluid. The time at which the flywheei was

disconnected is defined as the time the PCP coastdown was complete.

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

fluid temperature outside of the pressurizer reaches saturation conditions.

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

None of the cladding thermocouples in the peripheral fuel bundle measured
validated temperatures above the setpoint. The two that gave readings above
this setpcint failed before reaching the setpoinﬁ. However the calculated
cladding temperatures reached this ECCS trip setpoint before that the

shroud setpoint.

These temperatures represent the maximum measured temperatures before
reflood at these locations. The thermocouple output during reflood could

not be interpreted.

Because of the large number of cladding thermocouples in the central fuel
module that failed at high temperatures during the transient. it is not
possible to determine the precise maximum temperature or the time at which
it occurred. The time is estimated to be between 1782 and 1795 s. The
maximum temperature exceeded 2400 K (3860%F) based on extropolations from

valid temperature readings before thermocouple failure.’

The peripheral fuel modules were quenched by 1793 s. Most of the central
fuel module cladding thermocouples were quenched by 1795 s. Some isolated
thermocouples indicated persistent high (superheated) temperatures a few
minutes later. Interpretation of the temperature data is complicated by the
large number of thermocouples in the center fuel module that failed during

or just before reflood.
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In contrast with the good agreement for the period prior to LPIS line break
initiation (221.6 s), the subsequent depressurization rate was ini<ialiy
underestimated until 350 sec, and overestimated from 425 s up to the closure
of the ILCL break at 735.5 s. This anomalous behaviour is not well understood.

It was postulated in the QLR3

that the complicated network of bends in the
LPIS line resulted in a higher flow resistance under single phase conditions
and also inhibited the draining of liquid from ¢the line under two phase
conditions. There is an indication from measurements of the fluid temperature
that the LPIS line was not completely drained until after about 1200 s. The
latter effect differs from the calculation in which the LPIS line was
completely void after about 425 s. The venting of steam, calculated by the
code, would not readily take place with liquid remaining in the line. The
higher system pressure observed affects all the comparisons of system

hydraulics and core thermal response beyond 425 s.

The LPIS line and break characteristics had previously been considered to be a
major source of uncertainty. 6. An attempt was made in the BEP document to
estimate the effect of the uncertainty by performing a sensitivity calculation
with the break flow'areas reduced by 30%. This provided a slightly better

agreement, but still overpredicted the depressurization rate.

In fact, our group found one error in the BEP input deck. This was a wrong
area in the component 355 which simulated the LPIS isolation valves. The true

area is a 42% lower than the LPIS line full tlow area (6.818 E-4 m2

) -See
reference 17 for more details. This update along with new length and loss
coefficients in the LPIS pipe component 325 (also wrong in the BEP deck) have
been taken into ‘consideration in our analysis, as it was discussed in section
4.3 of this report. It is obvious that the present posttest analysis improves
largely the BEP results. But it is still unable to give a full satisfactory

representation of the LPIS line flow characteristics.

It is not clear enough if it is still a nodalization problem or a code

deficiency (errors in the critical flow model).

The present analysis could be improved using two different discharge
coefficients tor the two-phase and single Aphase flow periods of the LPIS
discharge process {0.82 has been employed for this calculation all trough the
transient -~ see section 4.2-). However this does not seem to be very

consistent with previous experiences using RELAPS/MOD2.
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After the initial closure of the ILCL break at 735.5 sec, the calculated
depressurization rates agreed well with the data. The only =2xca2pticn is tha¢
the closure times of the ILCL break and the PORYV {Presure lowsr than 1.28 ¥Pa)
were calculated very soon (see table $.2) due to the lower than measured

calculated pressure.

The measured and calculted secondary system pressures are shown in ?igure 5.2.
The measured steam generator secondary pressure, after <termination of
feedwater and steam flows, increased to the main steam valve cycling setpoint
of 7.11 MPa (1031 psia) at S6 s compared with the 70 s predicted. The
differences in pressure increase and time of valve cycling are possibly due o
slightly different initial conditions and to the SG leak model. The secondary
system continued to act as a heat sink until the primary pressure had dropped
Yelow the seccndary pressure. This was predicted at 230 s compared with the

cbserved time of 25C s.

The rate of depressurization is slightly overestimated due to the differences
in the primary system pressure and possibly to some unaccuray of the steam

generator simpie leak modelling, used for the analysis.

Figure 5.3. shows a comparison of the calculated and measured collapsed liquid
level in the steam generator. The discrepancies can be associated to the leak

modelling, but they are considered to be unrelevant for the calculation.

Figures 5.4 and 5.5 show the average fluid densities measured by cthe gamma
densitometers in the broken and intact loop hot legs compared to the values
calculated by RELAP5/MOD2. The gamma densitometer sources wers prematurely
isolated. These density data are available only for the first 260 s of the
transient. These data show that the veoidirng started at abouz 50 3. in ¢the
intact loop hot leg and at 85 g in the broken loop hot leg what is in zood
agreement with the RELAP5/MOD2 results. While the level decrease in the loops
could not be directly monitored later than 260 s, it is clear from thermo-
coupie data on the upper plenum that the loop was void by 470 sg. As shown in
Figures 5.4 and 5.5 RELAPS/MOD2 calculated that the intact loop and broken
loop hot legs were voided at 390 s and 415 s respectively.

The pressurizer emptied at about 60 s, time which was well determined by
RELAP5/MODZ as it is shown in Figure 5.6.
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Figure 5.7 shows the measured and calculated intact loop hot leg flow for the
first S00 s. Measured data were lost after opening of the LPIS line break. An
excellent agreement was obtained for this injitial phase of the transient. Mass
flowrates in the intact loop hot leg show that loop flow ceased when the

pressurizer emptied, at about 60 s.

Figure 5.8 shows the calculated Primary Coolant System Mass Inventory. The
transmittall magnetic tape containing the experimental data did not contain
any mass inventory results. However, lately, the PCS mass inventcry has been
derived from the mass increase in the BSTg. These data have not been qualified
during the transient. Thus, the derived PCS mass inventory is useful for trend
information, though not for absolute magnitudes during the transient. The
trends are reasonable, and a single point check <.>f the mass inventory can be
made since the levels were qualified both for initial conditions and for the
time after isolation of the PCS. The derived mass inventory is shown in Figure
5.9 and indicates that the inventory decreased from an initial value of 4700
kg (10360 lbm) to a minimun of just over 500 kg (1100 1lbm) at 1300 s. This
single points can be compared to the computed values of 4892 kg at the
begining and 668.6 kg at 1769.

By comparing Figures 5.8 and 5.9 we can see that the PCS mass inventory
decreased rates are well computed by RELAPS. For the first 300 s RELAPS
determines a rate of 8.6 kg/s versus the 8 kg/s observed experimentally.. From
300 s to 1000 s RELAPS calculates 2.2 kg/s versus a measured value of 3
kg/s. And finally between 1000 s and 1300 s the values are 0.2 kg/s versus 1
kg/s respectively. This last larger difference can be attributed to the
earlier than measured closure time of the ILCL break and the PORV (Table 5.2).

The calculated break mass flow rates are presented in Figures S5.10.a and
$.10.b. The fact that the actual primary system pressure (Fig 5.1) was higher
during the heat up and core damage phase -from 1200 to 1;750 s- means that
there was a greater driving head to sustain the LPIS break flow. The measured
pressure data were in the range 1.2 to 1.45 MPa, compared with the RELAPS/MOD2
values of 0.76 to 1.2 MPa for the same time period. The LPIS line flow
calculated and some measured single points are compared in Figure S5.11 for the
critical time period, for which the flow of single phase vapor was both
determined by the code and indicated by measurements. During the time of
fission product release and transport, the steam flowrate was approximately
0.2 kg/s.
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The experimental mass flow rate is slightly greater than the calculatad ore,
what is consistant with <¢the higher orimary system pressure, However <zhe
differences with the calculated values (7 %o 15% in flcw) are much smaller
than those tound in the planning of the LP-FP-2 experiment (see Appendix F of

Reference 3).

In any case these differences in the break flow have an impact in the core
flow. Although there was no direct measurement of the core mass flow, the
experihental steam flow rate in the center fuel module was obtained 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 xg/s (0.09 lbam/s) or
0.4 g/s (9 x 1074 lbm/s) per fuel rod, which is 3 times thes valus ;alculated"
orior to the experimenta. The mass .flow rate was sufficient to ailow the
metal-water reaction to’ proceed without steam starvation, as it was observed
in the experiment.

This value can be compared to the core flows calculated by RELAP5/MOD2 which
are shewn in Figure 5.12. The éélculated CFM inlet flow during the damage
phase (1200 to 1750 s) is a facwor 5 to 25 lower than the experimentally
deriQed value. This will be the cause of the calculataed steanm starvatién
conditions that will be shown later on this section. This enormous difference
in the CFM inlet flow calculation can not be explained in terms of the
differesnces 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 calculation of the core flow
redistribution due to blockages or to phencmena which have not been considered

in the calculations (i.e. steam generation due Zo the slumping >f some molten

material into the lower plenum), or both.

Figure 5.13 shows che calculated collapsed liquid level in the reactor vessel.
Two curves are shown in this picture. One is cthe liquid level calculated
through the average channel in <he ccre -see the nodalization diagram 3in
Figure 4.3- and the other is the one calculated through the CFM. No

significant differences were found between both calculations.

The progression of core uncovery :n the center and peripheral fuel assemblies

is fairly rapid until the cold leg break was closed at 735 s; thersafter the
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uncovery progresses very slowly. It i3 hypothesized that closure of <he zgid
leg break, in <Terminating the system depressurization, <aused a sharp
reduction in the rate of vapor generaticn and thereby bdrougnt about a total or
partial collapse of the froth level in the vessel. Following the reopening of
the ILCL the liquid level decreased again rapidly but after the final ILCL,
break closure the system pressure then remained almost ccnstant s0 that the
continuation of core uncovery until the end of transient was solaly dependent

on heat input from the fuel and metalwork.

Several points representing the experimental progression of core uncovery as
indicated by the observed initiaﬁion of heatup are also shown. The differences
are not considered to be very important as long as the Departure from Nucleate
Boiling (DNB) times at different axial levels are very accurately determined
as will be shown below.

Comparison of Core Thermal Response

First of all it should be emphasized the known limitaticns in the capability
of RELAFS5/MCD2 to model the core thermal response during a severe accident.
Keeping 1in mind this fact, cthe core temperature excursion calculated by RELAPS

should be considered only as an approximation to the reality.

Figure 5.14 presents the measured éladding temperatures at the 0.25 m (10
inch) elevation in the center fuel assembiy with the calculation at the
nearest modeled location. The DNB time and the initial heat up rate are in
close agreement with the measured data. However after the first CfM blockage
simulated in RELAPS due to clad ballooning (1176s) -ses Table 5.2- the rise
rate was overpredicted until the énd of the transient, The average temperature

rise rate until 1700 s was cal:zulated tc be about 0.8 K/s, higher than the 0.5
X/s observed in the experimen<.

The underpredicticn of -ass Jlow of steam through the CFM is believed to have
resulted in an underprediction of heat transfer ccefficient. The observed
increase in the temperature rise rate at 1700 s occurred at a +oo low
temperature of about 3CO X (11612K;, to be the result of rapid metal-water

reaction at this location and was not calculated. The observed behaviour may
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be the result of the thermal radiation due %o the ftamperacure of the material
at higher elevations or to material relocation <(nost prcobable). MNeisher

thermal radiation in the axial direction ner the direct affe:

1)

< of material

relocation on local temperature is modeled by RELAPS.

figure 5.15 compares the fuel rod cladding temperature measured at =ke .53 a
(27 inch) elevation in the center assembly with the corresponding RELAPS
results. Good agreement with the initial heat-up rate of 2.2 K/3 (4.0 F/3) was
obrtained in the calcuiation during ':he period pricr to PORY operation and
reopening of the cold leg btreak. The observed temperature rise rate then
decreased, apparently due, to flashing of liquid in the lower plenum induced
by the  depressurization. However this effect is not so strong in the
calculation because of the lower than measursd depressurization rate during -
this period. This causes a higher than measured temperature prior to the
initiation of the Metal-Water reaction (MWR). A3 a consequence, the initiation
of the MWR dominated temperature excursion begins much earlier in ths
calculation (1225 s) that in the data (1590 s). What is more surprising is
that the observed oxidation of =zircaloy by steam beccmes important at
temperatures in excess of 14G0 :( (2060 QF)g. in contrast.with the 1273 K
considered in the Cathcart-Pawell model. We have not found any satisfactory
explanation to this fact. Following M-W reaction onset as predicted by RELAPS,
the rise rate was then overestimated until about 1550 s, when the code
calculates a too low CFM steam flow, which is not enough %o mantain the
exothermic reaction. Even though this steam starvation situation, the maximum
calculated clad temperature of 24302K is very close to the maximum vaiidatad
experimental data. The calculated cooldown due to the ECCS injection is much

faster than the observed one at this elsvation.

Figure 5.16 compares the measured fuel rod cladding temperature at the 1.07 nm
(42 inch) elevation in the center assembly with the nearest csorresponding
calculated temperatures (Q.84- to l..lz—m (33- to 4d4-inches) elevation). The
average rate of temperature rise was observed to be about 1.3 K/s (2.3 F/s)
until 1450 s (after which the temperature increased very rapidly dus to the
metal-water reaction). Up to this point in %ime the temperaturs increass
calculation was not too different from <he data_. As before, the initially
higher than measured temperatures can be associated with the underpredicticn
of the CFM steam flow. The observed' temperature rise rate increased rapidly
after 1450 s, when the cladding temperature was about 1500 K (2240%F), ¢to

about 22 K/s {(40%F/s). Only a small increase in the temperature rise rates was
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calculated because the comparatively low mass flow rate in the center
assembly, about 0.0035‘Kg/s, resulted in steam limitation at this elevation.
It should be noticed that the maximum cladding temperatures measured (2400 X)
were located at this elevation, whereas the maximum predicted temperatures
occurred at the 0.56- to 0.84-m (22- to 33-inch) elevation.

In contrast with the previous picture, the quenching of the clad due to <the

reflood is accurattely simulated.

Figures S5.17 to S5.19 compare the code results with the measured cladding

temperatures in the peripheral fuel assemblies at different elevations.

Figure 5.17 shows an excellent agreement between the calculated and measured
peripheral clad temperatures at the 10- in elevation until about 1700 s. At
1700 s, the thermocouples near the outside of the shroud, particularly at
lower eslevations, began an extraordinary temperature excursion. The cause of
the rapid peripheral temperature rise is somewhat uncertain. The exothermic
reaction between zircaloy and water is not considered a possibility because
the initiation temperatures were too low; nor is radiation from the shroud
wall likely because the wall temperature is lesser than that reached by the
fuel rod thermocouples at this elevation. It is judged that the rapid
temperature rise was caused by shunting of the thermocouple leads, where they
passed through an area of high 1:err|per-at1.|x-e9 (near the top of the core).

Therefore the differences with the calculated results are meaningless.

The maximum cladding temperatures measured in the peripheral fuel assemblies
occurred at the 0.66 m (26 inch) elevation on fuel rods adjacent to the
insulating shroud. Figure 5.18 shows the temperature history recorded by

thermocouple TE-4H1S5-026 together with the corresponding temperatures
predicted by RELAPS/MOD2. -The agreement is excellent until the opening of the
PORV (882 s). Due to the lower than measured primary system pressure, the
cooling induced by the opening of the PORV (flow increase) is less effective
in the calculations than in the measurements. Taking also into account the
earlier closure of the PORV, the calculated temperatures of the peripheral
modules are greater than the observed ones until about 1600 s. Then the same
sudden temperature excursion took place. As explained in Figure 5.18, no
credit was taken of this excursion. The calculated maximum peripheral cladding
temperatures (1460 K) occurs at 4th elevation in contrast with the experi-

mental observations. This can be easily justified in terms of the strange
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recorded temperature excursion at lower eievations.

rigure 5.13 shows a comparison of the recorded perigheral <Iuel assembly
temperatures at 45 in elevation with the ccrresponding RELAPS results. The

agreement between data and computational results is remarkable.

The temperature measured on the outer wall of the shroud at the location close
to TE-2H15-026 and the temperature calculated by RELAPS are shown in Figure
5.20. The programmatic experiment termination criterion was reached on the
shroud outer wall (temperature above 1517 2K). However the calculation using
RELAP5/MOD2 underpredicted the shroud temperature measured at this location
and also those measured at the 0.81 m (32 inch), and 1.07 = (42 inch)
elevations due to the lack of a model for thermal radiation, an important
mechanism controlling the temperature rise of unheatad structures. 'For this
reason the ECCS trip cri‘erion chosen for the RELAPS/MCD2 simulation was only
the maximum peripheral clad temperature (1460 K), neglecting ths shroud

criterion.

In any case, the relationship between the center and peripheral fuel rod
temperatures and the shroud ones was in zood agreement with the data. As a
result, the time above 2100 K (3321¢F) in the center bundle was calculated to
be about 279 s -Table 5.2~ in very close agresment with the 270 s measured in
the plant.
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5.3. Conclusions of the Base Case Transient Calculation

- Even though RELAPS/MOD2 has been used beyond its own design capabtilites, the

calculations reproduced, in general, reasonably well the experimental data.

- The major problem observed in system hydraulic calculations is the lower

than measured primary system pressure after LPIS line break opening.

- It is believed that the LPIS line flow characteristics completely affect the

pressure evolution.

- The calculated and measured core uncovery processes are in very close

agreement (DNB time at different elevations is fairly accurately computed).

- The global core thermal response during Experiment LP-FP-2 was, in general,
reasonably well calculated by RELAPS5/MOD2, keeping in mind the limited
capability of the code to model the processess that take place at high

teﬁperatures. (neither radiation nor relocation models)

- Measured and calculated core heat-up rates priorkto the onset of the rapid
oxidation are in overall ‘agreement. The differences are explained
considering the lower core mass flow induced by the lower than measured

primary system pressure.

- After a rapid oxidation begins, the calculation significantly underestimates
the rate of heatup in the upper part of the CFM due to the steam starvation
calculated by the code.

- Uncertainties in the degree of CFM blockage, core flow redistribution caused
by blockage, and amount of steam flow generated by the slumping of molten
core materials into the lower plenum are thought to be the most probable

causes for the steam limitation observed in the calculations.



6. RELAPS/MOD2 SENSITIVITY ANALYSIS

As discussed in previous sections of this report, the amount of CFM
blockage during the transient is one of the najor uncertainties in the
RELAP3/M0OD2 calculation.

The different than cbserved CFM heat-up behaviour is clearly due to the
very low CFM mass {low calculated by RELAPS. This, in turn, is strongiy
intluenced by the amount of IFM blockage. Until more experimental evi-
dence of the degree of blockage can be known from PIE'SZI, it is very
difficult to estimate the real blockages of the CFM. In the same way,
considering the sensitivity studies conducted at the INEL for the BEP
documentg, and bYased on our own 2xperience in performing several RELAPS
posttest runs, the RELAPS/MOD2 dces not seem to be very sensitive to
variatibns in the degree of blockage. Also, the large number of runs re-
quired %o obtain a reasonable value of the amount of blbckage for every
different physical phenomena, drove us to choose the simplest option,

i.e.: To run a NON-CFM-BLOCKAGE RELAPS calculation.

The idea-behind this NON BLOCKAGE sensitivity analysis was to get the
same global thermal-hydraulic calculated results, but with different
core mass flow distribution, and so different clad temperature excur-

sions.

A non-blockage calculaticn would a priori increase the CFM inlet mass
flow, providing more steam available to react with the Zr such that the
cladding temperatures would reach higher values than previously calcula-
ted.

The results of this sensitivity analysis with respect to the blockages

are presented below.

6.1 Results of <he Sensitivity with Resgect to the Blockages.

In the follewing saragraphs, the results of cthis RELAPS/MOD2 sensi-
tivity study with respect to bdlockages are presented. In the fi-

gures, the notation is as follows:
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RCR stands for the RELAPS calculated results taking into
account the core renodalizations induced by <he bloc-

kages.

HRN stands for the RELAPS calculated results neglecting the

core geometry changes.

As expected, the general LOFT system benhaviour, best represented by
the primary system pressure, was not affected by the non-blockage
simulated conditions (see Figure 6.1). The same was true for other
important thermal-hydraulic parameters as secondary system pressure,

loop densities, break flows and core liquid level.

The major impact of this NON-BLOCKAGE CASE is the mass flow distri-
bution within the core. Figures 6.2 and 6.3 show a comparison of
core flows between the RELAPS/MOD2 base case and the sensitivity
analysis results. Figure 6.2 shows a comparison of both calculated
CFM inlet flows. The CFM mass flow calculated by RELAPS/MOD2 without
blockages is about the double than the calculated for the base case
during the period 1200 s to 1550 s, and a factor 6 for the latest
phase of the transient (1550 s to 1750 s). As a consequence, the
flow through the peripheral channel calculated for the NO BLOCKAGES

case is lower than that of the base case.

These differences in the mass flow through the peripheral channels'
are not large enough to substantially modify the heatup process in
those assemblies (see figure 6.4). However, the new higher CFM inlet
flow dramatically affects the temperature excursion in this assem~

bly, which is basically controlled by the metal-water reaction.

Figures 6.5 to 6.7 present a comparison of both calculated CFM clad
temperatures results with the measured values. The reduced pressure
drop in the CFM (No-blockages) allows enough vapor flow through it
to sustain the metal-water reaction, obtaining clad temperatures
even higher than the measured ones. Not only the maximum
temperatures, but also the heatup rates are in closer agreement with

the experimental data than those previously calculated.
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6.2

Therefore it has been shown that a RELAPS/MOD2 calculation neglec-

ting the center fuel assembly geometric changes can reproduce

reasonably well the experimental thermal response of the LP-fP-2

core.

It can be then concluded that the core flow redistribution follewing

blockages is one of the most important uncertainties associated with
the RELAP5/MOD2 simulatien.

General Conclusgions of the RELAPS/MOD2 Calculation

RELAPS/MOD2 has shown to be a more than expected powerful tool to
reproduce reasonably well the LP-FP-2 experimental results.
The uncertainties associated with the LPIS line nodalization have

been considerably reduced in the present analysis.

Core flow redistribution after blockage is probably the most im-

portant phenomenon for the experiment LP-FP-2 simulation. .

It is difficult to establish the possible RELAPS/MOD2 deficiencies
in predicting the flow redistribution until the actual blockages

are known from postirradiation examinations (PIE)21

However, it has been shown that the LP-FP-2 core thermal response
can be approximated using RELAPS/MOD2 by doing some sensitivity
analysis with respect to the CFM blockagesL

£ course, an integral RELAPS/SCDAP simulation should reduce the
calculational uncertainties (better estimation of the amount of

blockage and timing).

The steam generated by the slumping of hot core material into the
lower plenum water should be taken into account in the calcula-
tion. This might be only possible in the integrated code simula-

ticns.
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7. SCDAP/MOD1 NODALIZATION FOR LP-FP-2 EXPERIMENT

7.1. SCDAP model for Experiment LP-FP-2

Fellowing the initiation of the LP-FP-2 core uncovery, the damage phase of the

transient began to take place.

In order to simulate the core damage propagation, we need to use a tool
suitable.for analyzing the thermal, mechanical and chemical behaviour of the

core during this period of the transient.
The relevant phenomena to be considered are the following:

- Geometric changes due to fuel clad ballooning and relocation of molten

material.
- Cladding oxidation.
- Heat tranfer at high temperatures (rod-to-rod radiation)

To simulate these phenomena we have uséd the SCADP/MOD1/V21 code5 in its
stand-alone version.

As 1liscussed in Section 4 of this report, RELAPS/MéDZ is to compute the gene-
ral thermal-hydraulic behaviour of the plant and the boundary conditions re-
quired by SCDAP. Meantime, SCDAP is to calculate the core fuel temperatures
and mechanical behaviour including blockages and the new flow areas required
by RELAP5/MOD2. After a short number of interdependent calculations the final
results can be considered as a "best estimate" anaiysis. In fact, boundary
conditions are not very sensicive_to small variations of the blockages. So
this passive link beetween both codes becomes useful and enough accurate for

our purposes.

SCDAP was used to simulate only the response of the centre bunalg. The peri-
pheral bundles do not reach temperatures high enough to appreciate any sigini-
ficant change with respect to the . RELAP5/MOD2 calculation. This procedure
saved computer time, while keeping the required precision.
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7.2. Nodalization

For the SCDAP calculations, the input moael for the center bunale is defined
as shown in Figures 7.1 and 7.2. The model has two fuel rod components with
radial peaking factors of 0.93 and 1.022 with respect to the center bundle
average power, and 1 control rod, 1 guide tube, and 1 shroud components. All
components are divided into six axial nodes, each 0.2794 m (11 in.) long, as
shown in Figure 7.2. Every fuel rod was divided into six radial (annular)
noges: four for the fuel pellets, one for the gap, and one for the zircaloy

cladding.

The guide tube with the control rod is divided into five fixed radial nodes
for the material layers which includes the poison, stainless steel cladding,
gap, and zircaloy guide tube. The thermal shroud is divided into 20 radial
nodes as shown in Figure 7.3. The argon gas gaps in both sides of the
insulator are modeled. An adiabatic boundary is assﬁmed to be on the outside
of the thermal shroud.

7.3. Input Data

7.3.1. Basic input deck. .

The basic input deck is very similar tc that used in the "Best Estimate
Prediction for LOFT Project Fission Product Experiment LP-FP-2" (Ref. 6),
apart from several modifications that were made in order to update the input
to the actual conditions of the experiment.

The following parameters were updated for this posttest analysis:

Power level

- Burn-up

Decay power

Initital temperatures

TH Boundary conditions

Other minor modifications.
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7.3.2. Modifications

An updated specific power level was calculated taking into account that the
power of the core during the pretransient phase was 26.8 MW (Ref. 3] and a
power fraction of 17,43% generated by the centre bundle {See Apendix F of Ref.
9) The results of this calculaticn were 4.37436E8 w/m3 and 3.980732 w/m3 for
the hot (PF=1.022) and average (PF= 0.93) fuel rods respectively.

The actual centre fuel bundle burn-up was 429.4 MWD/KTU (Ref. 3). Instead of
the detailed core power history, given in Figure 2.6 a constant power of 26.8
MW was assumed during 9.17 days to obtain the same CFM burnup, to simplify the
SCDAP input.

The posttest decay power has been calculated from the relative posttest decay
power received from INEL 22 corrected by the actual specific power (see table
7.1). As seen on table 7.1, 420 s is the starting time for the SCDAP analysis,
because RELAPS/MOD2 calculated the core uncovery beginning at about that time.

Initial CFM rod temperatures, pressure, and liquid level (collapsed liquid
level) values all throughout the transient were taken from the RELAPS/MOD2
base calculation.

The inlet mass flow to the centre bundle is the most important parameter for
the SCDAP analysis. Its large influence on the heat-up and steam starvation
was the reason to perform several sensitivity studies. The input and the

results of these studies will be discussed in section 7.4.

The outer Z'_O2 layer failure temperature specified in the input deck was 2960

K (melting temperature of the zroz).
Other minor update was the addition of the input card 80.1 required by

SCDAP/MOD1 version 20 and successives which was not previously required by

former code versions.

101



<01

Table 7.1. SCADP posttest specific power level

THANSIENT POWER HOT CcOLD
TIME SCDAP TIME FRACTION ROD 3 ROD
(8) (s) INEL (w/a") (w/m)
0 - 1.0 4.3744E0 3.9807:8
420 0 - 9.5415E6 8.6828k6
600 140 020035 8.764)E6 7.9753E6
700 280 .019260 8.4251k6 7.6668EHL
800 380 .018581 8.1281E6 7.3965E6
900 480 017977 7.8639E6 7.1561E6
1004 580 017434 7.6263E6 6.9400£6
1100 680 .016919 7.4098K6 6.7429E6
1200 760 .016486 7.2116E6 6.5626E6
1300 880 .016068 7.0288E6 6.3962E6
1400 980 .035681 6.8595E6 6.2421E6
1400 1080 .015320 6.7016E6 6.0984E6
- 1600 1160 014982 6.5537E6 5.9639E6
1800 1380 014368 6.2851E6 5.7195E6
1900 1480 - - -
2000 -3580 013822 6.0463E6 5.5021E6
2400 1880 - - -
2500 2080 .012688 $.5502E6 5.0507E6
3000 2540 011794 5.159266 4.6948E6



7.3.3. CFM Inle*t Mass flow used for the SCDAP Analysis

The transient phenomenology calculated by SCDAP during the damage phase of the

LP-FP-2 experiment is very sensitive to the CFM inlet mass flow.

As shown in Figure 5.12, the RELAPS base calculation gave a CFM inlet mass
flow ranging from C.007 kg/s to 0.001 kg/s.during the most significant time
period of the transient. (1200 s to 1770 s). These small flow values seem to
be too low, because steam starvation took place too soon, limiting the
calculated clad temperature excursion at upper core elevations (See Figure
5.16).

As will be shown in section 8.1, SCDAP, using the CPM inlet flow determined by
RELAP/MOD2 in the base case calculation, gave even lower clad temperatures
than those predicted by RELAPS.

From the experimental clad temperatures it is obvious, that the metal-water
reaction proceeded in the experiment without steam starvation. This means that
the actual CFM mass flow was higher than predicted by the RELAPS base case

analysis.

Although there was no direct measurement of the core mass flow, a mean wvalue
of 0.04 kg/s for the CFM was obtained' in Reference 9, based upon the
experimental core thermal response. A SCDAP run was performed using the same
input, except that the minimum CFM inlet mass flow was fixed at 0.04 kg/s.

The major result of this sensitivity analysis, not presented in this report,
was the fact that, if the minimum CFM inlet flow was 0.04 kg/s, the flow would
be high enough to cool the fuel, precluding cladding temperatures higher than
1200 K.

Therefore, the actual CFM flow should be between 0.001 kg/s and 9.04 kg/s.
Several sentivity studies were conducted using different minimum fixed values
for the CFM inlet flow, covering the formerly mentioned range. Cladding

temperatures and total hydrogen production were the experimental measured
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parameters used to check the goodness of the calculations. This pseudo-empiri-
cal procedure drove us to obtain a minimum CFM iniet steam flcw rate of about
0.01 kg/s.

A SCDAP calculation with a constant flow of 0.01 kg/s since about 1200 s <o
the reflooding calculated time of 1769.3 s, gave a good approximation of the
clad temperatures and the hydrogen production. This single value agrees well
with the experimental data available from the Power Burst Facility (PBF)23.
Data from PBF indicate that flows as little as 0.1 g/s/fuel rod are sufficient

to sustain the metal-water reaction without steam starvation 3,23

. Considering
that the LP-FP-2 center bundle contains 100 rods, we get a minimum CFM inlet
flow of 0.01 kg/s to sustain the metal water reaction (MWR) reaction, the same

one that we obtained in our SCDAP sensitivity study.

In order to somehow take into account the blockages associated to the CFM
damage process, this 0.01 kg/s flow was reduced in the final best estimate
posttest analysis by the same factor and timing the SCDAP computed CFM flow

area was blockaged.

Table 7.2 presents the effective flow area factors calculated by SCDAP for the
whole transient using 0.01 kg/s as the minimum CFM inlet flow. These factors
were applied to the flow calculated by RELAPS/MOD2 right before the fuel clad
rupture (1176 s) to get a best estimation of the actual flow entering tye CFM.

Figure 7.4 shows the CFM inlet flow (THINFLW) given as a boundary condition to
SCDAP for the final best estimate posttest analysis, along with both the
RELAPS/MOD2 base (RCR) and the sensitivity (NRN) calculated resulta, for

comparison.

A full listing of the SCDAP input deck is provided in Appendix D of this
report. Using this deck, ‘SCDA? predicts a more realistic estimation of
cladding temperatures, :-ladding oxidation and hydrogen production, as will be
presented ‘in section 8.2 of this report.
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Table 7.2 CFM Best Estimate Inlet FLow

Time CFM Flow Area CFM Inlet Flow
0s to 1176 s 100% As caiculated by RELAPS (base case)
1176 s to 1545 s° a7% 0.01 kg/s
1545 s to 1660 s° 42% 0.009 kg/s
1660 s to 1769.3 s 31% 0.0066 kg/s
1769.3 s to EOT 31% As calculated by RELAPS (base case)

a. Cladding Rupture time as predicted by RELAPS (120CK)

b. Control rod failure time as predicted by SCDAP using a2 minimum CFM inlet
flow of 0.01 Kg/s

c. Fuel failure time as predicted by SCDAP using a minimum CFM inlet fow of
0.01 kg/s

d. ECCS injection time as predicted by RELAPS.
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8. RESULTS OF THE SCDAP/MOD1 CALCULATION

The SCDAP code calculated the detailed representation of the central
bundle heatup, and included effects due to cladding oxidation, hydrogen
generation, and the geometry changes caused by clad ballooning and mate-

rial relocation.

Two main analyses have been performed to take into account the influence

of inlet flow entering the CFM.

The results of both calculations are described in the f{ollowing subsec-

tioens.

8.1 SCDAP Results using CFM Inlet Flow directly taken from the RELAPS

Base Calculation.

Using the same flow values obtained by RELAPS in the base calcula-
tion, the Central Fuel Module Inlet Flow was unable to provide
enough steam to sustain the initiated metal/water reaction. Because
of that, the excursion of temperatures did not take place in such an
extension and so, the experiment was hardly simulated. Figufe 8.1 to
8.3 show the clad temeperatures calculated by SCDAP in comparison
with the measured data and the RELAPS/MOD2 base calculated results.
It is interesting to point out the earlier DNB time calculated by.
SCDA?. This can be due to the fact that the collapsed liquid level
given to SCDAP as a boundary condition is smaller than the real
mixture level, which accounts for the voiding effect. Also it should
be remarked that under the LP-FP-2 conditions, the RELAPS/ MOD2 heat
transfer package does not predict DNB until the void fraction is

greater than 0.999.

Besides these discrepancies the heatup rates calculated by SCDAP are
in very close agreement with the experimental data until the onset

of the MWR.

The blockages calculated in this way were only due to ballooning and
control rod material relocation. The temperatures were not high

enough to melt the Zr and to produce the fuel liquefaction.
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8.2

This steam starvation led us to analyze several parametric studies
to conclude that an inlet flow of 0.01 Kg/s should be encugn, 2s :t

has been explained before in section 7.4.

SCDAP Results using "Best Estimate" CFM Inlet Flow

This section presents the results_of :he best estimate posttest ana-

lysis of the LP-FP-2 ekperiment using the SCDAP code.

The base deck for this case is given in Appendix D and has been dis-
cussed previously in section 7. The only difference with the case
formerly presented in section 8.1 is the different CFM inlet mass

flow, which has been extensively discussed in section 7.3.3.

8.2.1 Cladding Temperatures

Before comparing the SCDAP results with the experimental data
it can be worthwhile to fcllow the whole CFM damage process
looking at the calculated clad temperatures in the average rod

at different axial locations (Figure 8.4).

The CFM uncovery started at about 450 s when the water level
dropped below the top of the core and was completed at about
89C s when the liquid level went down the bottom of the core

(see figure 5.13).

Figure 8.4 shows the maximum temperature histories of the fuel
cladding surface at different axial elevations. After initia-
tien of'the dryout the clad temperatures started to increase
due to the lower‘cooling capability of the steam. The heatup
is temporarily stopped due o the increased steam flow created
by the reopening of the ILCL break (877.6 s) and the opening
of the PORV (882 s). Thereafter the temperature excursion pro-
ceeded normally driven by the fuel decay heat. Axial node 4th.
reached the clad rupture temperature of 1200 XK slightly ear-
lier than the peak power node (level 3), This was so because
of the smaller heat flux at the 4th. level, in turn, due to
the smaller temperature jump between the clad surface and the

steam at this elevation compared to the 3rd. level (peak power

111



[Aq!

TEMPERATURE (XD

3000

2500

2000

1500

1000

500

0o

(1]

L1

00

1Y)

e

r [ 1. L ' 1 L L . ¢ 1 1 I -l -1
100 800 1200 1680 2069
FIMNE (S)

Figure 8.4
CENTER BUNDLE AVG FUEL ROD
CLADDING TEMPERATURES (K)
SCDAP/MI/V21 (FP2 SPANTISH GROUP)

(R Wl o W)

CADLY
LADLY
LapL
LADL)
CADCH
CADLY

oo o

N e N~

- e et am - -



node), and also because of the earlier dryout observed at this

node.

Above a temperature close to 1200 X the heat generation due to
the metal-water reaction became the most important energy
source within the CFM, producing a rapid temperature excursion
at axial levels 3 and 4. Following the onset of the rapid tem-
perature excursicn, the steam that flowed through the CFM be-
gan to be consumed by the M-W reaction, decreasing the steam
fraction in the bundle, being replaced by hydrogen (see Figure
8.5). At about 1600 s the SCDAP code predicted the total steam
starvation at core elevations above the peak power node, redu-
cing the heatup rates to the decay heat level, while there was
enough steam available to Sustain the reaction at lower eleva-
tions. This brought the peak power node to become also the
peak temperature node at the end of the transient, reaching a
maximum temperature of 2960 K versus the 2800 K calculated for
the 4th. axial node.

After reaching 2960 K, the outer ZrO2 layer failed (as speci-
fied in the input deck -see section 7.3-) allowing the molten
Zircaloy above the breach node to fall downwards to lower core
elevations. The molten Zircaloy relocated at the first and se-
cond axial elevations, where it was resolidified. At the 2nd
axial node the temperatures were in excess of 1200 ¥ allowing.

for a rapid temperature excursion due to the M-W reaction.

Similar trends were calculated for the CFM control rods, as
shown in Figure 8.6. In this figure it is interesting to note
the plateau of the control rod temperatures at 1050 K, melting
point of the Ag/Iﬁ/Cd control material. During certain time,
the control rod temperatures remains at 1050 K because the
heat generated is being consumed for melting the control

alloy.

Figures 8.7 to 8.9 show the comparison for %two axial levels
(3th. and 4th.) among the different calculated cladding tempe-

-ratures with those experimentally measured, where the symbols

stand for: -
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TE: Experimentally measured temperaturs

HTTEMP-RCR: Temperature given by RELAP taking intdo account
blockages.

HTTEMP-NRN: Temperature given by RELAP without renodalization.

CADCT-RCR: SCDAP temperature with inlet flow from RELAPS base
case.

CADCT-NRN: SCDAP temperature with best estimate inlet flow.

These figures indicate a very good prediction of cladding tem-
peratures by SCDAP using the best estimated inlet flow, very
close to that given by RELAPS5 without taking into account the
blockages. '

The shapes follow the experimentally measured temperatures
with heatup rates prior to the metal/water reaction in agree-

ment with the data.

There is a slight delay in reaching 2100 K, remaining above
this temperature during 186 s versus the 262 s measured. The
observed lack of continuity between the two levels (the calcu-
lated 3th elevation temperature excursion is anterior to the
measured one, and the 4th posterior), could be due to the fact

of having divided the fuel rod length in only a few levels.

On the other hand, using the inlet flow given by RELAPS, SCDAP
gave very low cladding temperatures because of the steam star-

vatiocn (see section 8.1).

Figure 8.10 shows the centre bundle average rod fission pro-
duct gap inventory. At 1358 s, rupture cladding time, the
noble gases Xe and Kr were instantly released, while the Cs

»*

and I remained longer due to the diffusional release process.

Figure 8.11 indicates the central bundle average rod fission

product gap release

Figure 8.12 and 8.13 show the central bundle fission product

release of soluble and noncondensable elements respectively.
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8.2.2 Cladding Oxidation and Hydrogen Generation

8.2.3

The heat generated by the metal/water reaction all <troughout
the transient is shown in figure 8.14 where is relevant the

quick excursion taken place.

Figure 8.15 shows the central bundle total hydrogen generation
rates, and figure 8.16 indicates the total hydrogen generation
in the central bundle during the transient.

The calculated total amount of hydrogen generated in ths sxpe-
riment is 300 g. versus 236 g. measured experimentally (see
Appendix Z of Reference 9). Since thers are approximately 38
Kg of Zirconium present in the CFM, this amount of H2 corres-
ponds to an average cladding oxidation of 17.86% versus the
14% derived from the experimentally H2 measured in the BST.

The maximum oxide thickness was 36% of the cladding at the
third elevation at the end of the experiment. The oxidation of
the upper half of the bundle was lower due to the partial'
steam starvation at these locations (only 17% and 7% of clad-
ding oxidation at the fourth and fith axial nodes).

Center Bundle Damage Propagation and Geometry Changes

The major events that occurred in the CFM during the core da-
mage period are summarized in Table 8.1 in comparison with the
results obtained with the SCDAP analysis.

Follcwing the core dryéut, fuel rods started ballooning after
reaching about 1000 K (1100 s), producing the clad rupture at
a temperature of 1204 K (1355 s) at the 4th lsvel. Pressure of
the inner gas inside the fuel rods at the rupture time was
calculated to be about 7 Mpa. Flow area blockages at six axial
elevations of the CFM are shown in Figure 8.17. The clad bal-
looning process began at 4th level, being followed by levels
3, 5 and 2 successively. This situation is typical of a "sau-
sage type" ballooning. The maximum blockage dus to clad bal-
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8§21

TABLE 8.1 CHRONOLOGY OF CORE DAMAGE EVENTS

TIME OF INITIAL FISSION PRODUCT GAP RELEASE
AG-IN-CD MELT AT O.09M

METAL-WATER REACTION (LEVEL 3)

MAXTMUM MEASUREU.TEMPERATURES REACH 21009K
MWR SPREADS ACROSS 1.07M ELEVATION (LEVEL 4)
MWR SPREADS ACROSS 0.69M ELEVATION (LEVEL‘S)
CONTROL HOD CLADDING RUPTURE

RELOCATION OF MOLTEN MATERIAL

PARTIAL BLOCKAGE (CONTROL MATERIAL RELOCATION)
SECOND PARTIAL BLOCKAGE (MOLTEN Zr RELOCATION)
END OF TRANSIENT (THE REFLOOD STARTS)

EXPER.TIME (S)

SCDAP TIME (S)

1200

1300 (LEVEL 3)
1430

1504

1480 to 1530
1450 to 1595
1500

1520 to 1680
1550

1640

1782.6

1358

1470 (LEVELS 3 AND 4)
1360/1400
1580

1500 to 1600
1500 to 1700
1570

1570 to 1705
1570

1705

1770




looning is about 53% of the initial flow area.

The control rod material of levels 3, 4 and 5 were completely
melted at about 1520 s (see figure 8.6). At about 1570 s the
stainless steel clad of the control rods melted, disolving the
Zircaloy guide tube by the formation of an SS-Ir eutectic at
about 1800 K. This eutectic formation produced a breach at the
4th. level of the control rod guide tubes, allowing the pre-
viously molten control alloy to flow downwards the guide
tubes. Part of the molten alloy solidified at the first axial
elevations, causing a S% btlockage, and the rest of the molten
control material dripped below the b9ttom cf the CFM.

Finally, at about 1700 s the Zircaloy clad of fuel and control
rods failed after reaching 2960 K, fixed at the input as the
Zro2 failure temperaure. Axial levels 3 and 4 breached, al-
lowing the molten Zircaloy flowing downwards the CFM, causing
a new blockage at levels 2 and 1, as shown in Figure 8.17 (see

also table e.l)l

Table 8.2 summarizes the geometry changes experienced by the
CFM, as calculated by SCDAP.

The CFM average fuel rod configuration at the end of the tran-
sient is presented in Figure 8.18. This figure clearly shows
the clad deformation due to the "sausage type'" ballooning cal-
culated by the code, oxide thickness, and the amount of Zirca-

loy liquefied and relocated at each elevation span.

t is surprising to observe that the code did not compute any
fuel relocation within the rods, although the maximum hoop
strain and the fuel void fraction are much larger than the
setpoints values which should activate the Axial Fuel Reloca-
tion Model (see section 4.9 of Reference 5). By reviewing the
FRELOC subroutine, we found that the coded void fraction cri-
teria is 100% instead of the code manual value of 30%, making

impossible any axial fuel relocation in the calculations.

Even more surprinsing is the fact that the 002 fuel was not
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cel

CLAD
CLAD
CLAD

CLAD
CLAD

MASS

1ABLE 8.2 CORE DAMAGE PARAMETERS

SWELL.ING AMOUNI 35.45%

SWELLING TiMtk 1238 s. AT 1100°K

SWELLING LOCATION 0.984 (LEVELS 4,3,5.,2)
RUPTURE TIME 1358 s. AT 1204°K

RUPTURE LOCATION ‘ 0.98M4 (LEVEL 4)

OF CONTROL MATERIAL MELIED 10.1365 K (LEVELS 4,5.3.2)

LOCATION OF CONTROL MATLRIAL MELTED  5.9609 K IN LOWER PLENUM

. 1.6412 K AT 0.139/4 (LEVEL 1)
2.5340 K AT 0.4191M (LEVEL 2. INSIDL)

BLOCKAGE DUE 10 SLUMPING

4.1.

4.2.

4.3.

CONIROL RODS:
AT 1570 S. THE ABSORBENT MATERIAL BLOCKAGES A 5% AT 0.1397M (LEVEL 1)
AT 1680 S. THE GUIDE YUBE BLOCKAGES A 7.5% AT 0.4191M (LEVEL 2)

FUEL RODS:

AT 1705 S. THE CLADDING BLOCKAGES
A S% Al 0.139/4 (LEVEL 1). AND
A 2.5% AT 0.4191M (Levir 2)

FINAL TOVAL BIOCKAGE DUE TO SLUMPING:
10% IN AXIAL LEVELS 1 AND 2
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TABLE 8.2 (Cont.)

5. CFM OXIDATION PARAMETERS
TOTAL HYDROGEN PRODUCTION
CFM AVERAGE OXIDATION

AVERAGE OXIDE THICKNESS (2)
AT DIFFERENT AXIAL LOCATIONS

3RD L EVEL (0.56m 10 0.84M)
4™ LEVEL (0.84m To 1.12M)
ST LEVEL (1.12m 1o 1.40m)

300 cRs

17.972

362
172
%



calculated to be liquefied at any axial locations, even though
the temperatures were well above the eutectic melcting tempera-
ture of ol-Zr (0) and uo, (2245 K). This fact was more sur-
prising because the SCDAP/MOD1/V16 used in the pretest simula-

Cions predicted liquefaction of the UOQ, at the hottest two

2
axial elevations.

By reviewing again the coding of version 21, we found that one
update from V20 to V21 precluded the fuel disolution if bal=-

looning and double-side oxidation were considered.

Therefore, taking into account the actual coding of SCDAP/
MOD1/V2l1, the final configuration calculated to occur sound
reasonable. However, our group, after reviewing the recently
available neutrographies of the LP-FP-2 CFM24 consider impor-
tant to update the code to simulate the axial fuel relocation

and fuel dissolution phenomena.

8.3 Conclusions of the SCDAP/MODl Calculations

This section summarizes the major conclusions of our LP-FP-2 post-
test analysis using SCDAP1/MOD1/V21.

The conclusions are the following:

1.

5.

The core thermal response during the experiment LP-FP-2 was, in

general, fairly accurately calculated by $CDAP/MOD1/V21.

The heat up rates prior to the M-W reaction initiation are in

close agreement with the data.

The very late clad rupture time calculated by the code, raises up
doubts about if the ‘sausage type' ballooning calculated by the

code is the most reliable model for the LP-rP-2 experiment.

The heat up rates after the beginning of the M-W reaction are
slightly different from the measured values.

The calculated total hydrogen generation is a little bit higher
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9.

than the experimental data.

6. The slumping of control rod material to the lower pienum has not

been observed experimentally, indicating some possible deficien-

cies in the resolidification model used in SCDAP/MOD1.

7. The blockages calculated by the code are considered tco low. Two

reasons can be identified for that:

- Deficiencies in the resolidification model that allows too much

control rod material to flow out of the bundle.

~ Inadequacy of the elimination of the fuel dissolution model by
the eutectic formation with the molten Zircaloy in code version
21.

8. The maximum calculated clad temperature (2960 K) is considered to
be too high, in comparison with the experimental data. Probably,
diminishing the input temperature at which the ZrO2 is considered
to fail, the maximum temperature calculated by the code could be

more realistic.
9. Several updates can be made to the code (Models for the axial
fuel relocation, fuel dissolution, clad deformation, an resoli-

dification) that could significantiy improve the results.

SUMMARY AND CONCLUSIONS

LOFT experiment LP-FP-2 successfully simulated the >slowdown thermal-hy-
draulics, core uncovery, and early phases of core damage resulting from
a simulated rupture in the LPIS piping of a PWR, the so-called V-se-
qQuence accident scenario. The LP-FP-2 results are unique and provide
integral data at actual thermal—hydrauiic conditions, for radiocactive
fission product release, transport, and deposition in an appropriate

chemical environment.

In general, the TH calculations closely simulated both the geheral and

specific experimental results.
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The core boiled, dry, and heated up to temperatures in excess of 2400 K
(3860%F) due initially to decay heat and ultimately to a rapid metal-wa-
ter reaction. The center fuel module control rods melted, as did a subs-
tantial fraction of the adjacent fuel rods. Much of the center fusl mo-
dule between th 0.69-m and 1.07-m (27-and 42-in,) elevations was calcu-
lated to relocate to the bottom of the fuel module. The thermal shroud
was able to adequatsly shield the peripheral fuel rods during this time,
and fuel rod failure was neither observed nor calculated in the periphe-

ral modules.

The principal discrepancies between data and calculations can bas relatad
to the uncertainties in the calculated flow throughout the breaks, and
the consequent uncertainties in the calculated core flow.

Despite the differences noted above, the calculational technique used
for this thermal-hydraulic posttest analysis (RELAPS/MOD2-SCDAP/MOD1
passive coupling) has proved to be very suitabls for the simulation of
the thermal-hydraulic conditions present during a V-sequence accident,
such as the one simulated by the LP-FP-2 experiment.
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APPENDIX A

LP-FP-2 EXPERIMENT INSTRUMENTATION

This Appendix A includes the measurement identification and description of
the short tarm qualified data recorded for the <ransient phase of the
LP-FP-2 experiment (-421 to 2096 s).

Also, a list of figures indicating the location of the most important
transducers is provided in this appendix.

For more details see references A-1 and A-2.



TABLE A-1. MEASUREMENT [DENTIFISRS ANO OESCRIPTICNS FOR LP=FP-2,

(TAKEN FRCM THE SHORT TERM DIRC REFORT)

Measurement

Identification

AH2E-TS8-0C1
AH2E-T55-002
AH2E-T53-003
CR-3UP-A
CR=-5UP-8

CyP165-0115
Cv2165-013A
CvP165-0144A
CVP165-F1.2
CVP165-F113

CyPle5-Flld
CVP16E-F120
CVP165-F128
CVP165-F134A
CVP165-r1348

CVP163-F136
CVP165-F148
CYP165-F234A
CVP165-F2348
CVP165-F236

CVP165-F248
Cv-p004-008
CV-P004-010
Cv-P0Q4-090
CV-PQ04-091

Cv-P138-070A
Cv-P138-071A
DE-8L-001A
DE-8L-0018
Ce-gL-001C

OE-BL~002A
0E-8L-0028
DE-8L-002C
DE-BL-10S
DE-BL-208

Measurement
Cescriotion

H2 CONCENTRATION IN CCNTAINMENT VESSEL
H2 CONCENTRATICN IN CONTAINMENT VESSEL
H2 CONCEZNTRATICN IN CONTAINMENT VESSEL
ROD PQSITION-ROO S
ROD POSITION-RQO S

PURGE GAS QRIFICE BYPASS VALVE
NITROGEN INLET VALVE

PRESSURE RELIEF VALVE TO BST
OILUTION GAS INLET VALVE
DILUTION GAS (ORIFICE 1) VALVE

OILUTION GAS (QRIFICE 2) VALYE
ANNULUS GAS INLET VALVE.
ANNULUS GAS OUTLET VALVE

IS0 VALVE F1 LINE

ISO VALVE F1 LINE

PRESSURE RELIEF VALVE TO 85T
CUTLET VALVE

. IS0 VALVE F2 LINE

IS0 VALVE FZ LINE
PRESSURE RELIEF VALVE TO BST

QUTLET VALVE

VALVE POSITION FSEDWATER FLOW CONTROL
VALVE POSITION SCS STEAM FLOW CONTROL
MAIN STEAM BYPASS VALVE

MAIN FEED SYPASS VALVE

VALVE POSITION SLOWOOWN SYSTEM RABV CH
VALVE PCSITION BLCWOCWN SYSTEM RABV CH
CHOROCAL OENSITY-SROKEN LOOP CL
CHORDAL DENSITY-3ROKEN LOOP CL
CHORDAL DENSITY-3ROKEN LOCP CL

CHORDAL DENSITY-SROKEN LOQP HL
CHORDAL DENSITY-BROKEN LOOP HL
CHORDAL OENSITY-BROKEN LOOP KL
AVERAGE DENSITY-BRCKEN LOOP CL
AVERAGE CENSITY-BROKEN LCOP HL



TABLE A-1 (cantinued)

Mazsuremant
dentification

05-PC-001A
JE-PC-0013
0e-PC-Q01C
JE-PC-002A
oE-PC-0028

oE-PC-002C
NE-PC-105
OE-PC-205
FEP165-F1-22
g-PC~-002A

Fg-PC-0028
Fe~-PC-002C
r2=157-C01
FE=137-G02
FR-3C-201

FR=-PC-205
FR~PC-206
FTP165-F122
FT-2004-012
FT-P004-72-2

FT-P123-083
FT-P123-104
FT~P139-27-1
FT=0139-27~2
FT-P139-27-3

LEPOT-P133-007
LE-ECC-01A
LE-1F10
LE-15T-001&2
LE-3F10

LE=-3UP-001

. LIT-P120-013

LIT-P120-014
LIT-P120-089
LT-P004-008A

Maasuremant
Jascriotion

CHORDAL DENSITY-INTACY LCCP CL
CHORDAL QENSITY-INTACT LCCP CL
CHQRDAL DENSITY=-INTACT LCCP CL
CHORCAL QENSITY-INTACT LOOP HL
CHORDAL OENSITY-INTACT LCQP AL

CHOROAL DENSITY-INTACT (OGP HL
AVERAGE QENSITY = INTACT LOQP CL
AVERAGE OENSITY = INTACT LOOP HL
FLOW RATE F1 HEATING GAS LINE
VELOCITY-INTACT LOOP HOT LEG BOTTCM

VELOCITY-INTACT LOOP HQT LEG MIDOLE
VELOCITY-INTACT LOOP HOT LEG TOP
VELOCITY DOWNCOMER STALK 1

VELOCITY DOWNCOMER STALK 1 LOWER
MASS FLOW RATE = HL TURB*DENS

MASS FLOW RATE - HL OD*OENS

MASS FLOW RATE = HL TURB*00
ANNULUS GAS FLOW RT CRFICE OELTA P
FLOWRATE=-STZAM FLOW CONDENSER IN

- FLOWRATE=SCS FEEDWATER -

FLOWRATE-HPIS PUMP 3 DISCHARGE
FLOWRATE-HPIS PUMP A DISCHARGE
FLOWRATE=INTACT LOOP COOLANT
FLOWRATE-INTACT LOOP COOLANT
FLOWRATE=INTACT LOOP COOLANT

QUID LEVEL - PRESSURIZER CH.8
ACCUMULATOR A LIQUID LEVEL
COQLANT LEVEL-FUEL ASSY 1 LOC F10
CCOLANT LEVEL-INSTR STALK 1 LP- & D
COOLANT LEVEL-FUEL ASSY 3 LOC F10

COOLANT LEVEL-UPPER PLENUM

LIQUID LEVEL A - BWST

LIQUID LEVEL B - BWST

LIQUID LEVEL - ACCUMULATOR 8

STEAM GENERATOR LEVEL NARRCW RANGE



TABLE A-1 (cantinued)
Mgasurement Measurement
Igentifizazicgn Description

LT-2004-3C38
LT-2804-042
LT-PC04-08AA
LT-P004-0828
L7-9138-033

LT-P138-053
ME-PC-002A
ME-PC-0028
ME-PC-C022°
ME-PC-002

ME-15T-001
NE-2H08-26
NE-4HQ8-25
NE-6H08-26
PCE-SLH-0C1

POE-3L4-002
POE-8LH-QC3
POE-BLH-004
PDE-BLH-005-
POT-P135-0G6

P0T-P139-007
POT-P139-030
2QT-P139-30A
POT-P139-308
PE-8LH~-001

PE-BLH~Q02

PE-BLM~003.
PE-BL-001A

PE-BL-002A

PE-PC-Q02

PE-PC-00S
PE-PC-006
PTP163-01~19
PTP165-01-20
PTP165-01-2

LIQUID LEVEL-SCS STTONCARY WIDE RANGE
CONDENSATE RECEIVER LEVEL

STEAM GENERATOR LEVEL NARRCW RANGE
STEAM GEN LEVEL WIDE RANGE

LIQUID LEVEL-8ST A

LIQUID LEVEL-8ST 8

MOMENTUM FLUX=INTACT LOOP HL BOTTCM
MOMENTUM FLUX=INTACT LOOP HL MIDDLE
MOMENTUM FLUX=INTACT LOOP HL TQP
AVE MOMENTUM FLUX=-INTACT LCOP HL

MOMENTUM FLUX-INSTR STALK 1 OC
NEUTRON DETECTOR IN CORE FA#2
NEUTRON OETECTOR IN CORE FA#4
NEUTRON DETECTOR IN CORE FA#6

OIFF PRESS LPIS 8RK LN VENTURI HIGH

OIFF PRESS LPIS BRK LN VENTURI LOW
OIFF PRESS LPIS BRK LN VENTURI HIGH
OIFF PRESS LPIS BRK LN VENTURI LOW
DIFF PRESS LPIS BRK LN ACROSS FILTER
OIFF PRES ACROSS PRESSURIZER CHANGE

OIFF PRES ACROSS PRESSURIZER CHANGE
DELTA P - REACTOR VESSEL

DELTA P-PRIMARY COOLANT PUMP

OELTA P-INTACT LOCP SG

ABS PRES LPIS BRK LN UPSTRM VENTURI

ABS PRES LPIS BRK LN UPSTRM FILTER
ABS PRES LPIS BRK LN UPSTRM VENTURI
PRESSURE-BROKEN LOOP COLD LEG
PRESSURE-BROKEN LCOP HQT LEG
PRESSURE=INTACT LOOP HOT LEG

PRESSURE=INTACT LCOP REF.
PRESSURE-INTACT LOOP REF.
PRESS-PCS ON D1 SAMPLE LINE
PRESS=N2 SUPPLY-01 SAMPLE LINE
01 PURGE GAS PRESSURE



TABLS A-1

(2antinued)

Mazsyrement

ldentification

PTP165-r140
PTP165=F1=3
PTP165-F1-3A
PTP163-F1-38
PTP163-F1-3C

PTP155-F2-43
PT-P004-010A
PT-P004-022
PT-P004-034
PT-P004-085

2T-P120-329
PT-P120-043
PT-P138-056
PT-P138-057
PT-P139-004

PT-P139-042
7-0139-05-1
RE-T4-096
RE=-T=-77-1A1
RE=T-77-1A2
E-T=77-2A1

RE-T=77-2A2
RE-T=-77-3A1
RE=T=77-3A2
RE=T=-35-1
RE-T-85-2

RE=T-36-3
RE-T-86-4
RE=-T-87-4Al
RE-T-37-4A2
RPE-PC-301

RPE-PC~002

RP=-CROM2-PT
RP=CROM2-TC
RP-CROMa-PT
RP=-CRCM4-7C

Maasurament
Cascriotion

RECCMBINER PURGE GAS PRESSURE
ARGCN SUPPLY PRESSURE

PRESS-F1 CARRIER GAS LINE
PRESS=F1 LINE-UPSTM FiCW QRIFICE
PRESS-F1 CARRIER GAS LINE

PRESS-F2-LINE-UPSTM FLOW ORIFICE
PRESSURE=SCS 10 INCH LINE FROM SG
CONDENSATE RECEIVER PRESSURE
PRESSURE-SCS FEEOWATER
PRESSURE=SCS 12 INCH CCNOENSOR IN

PRESSURE-ECCS ACCUMULATCR 8
PRESSURE-ECCS ACCUMULATOR A
PRESSURE-BST VAPQR SPACE CH 3
PRESSURE-BST VAPCR SPACE CH C

. PRESSURE-INTACT LOOP HQT LEG CHANNEL C

PRESSURE CONTAINMENT CHAN B
PRESSURE~-PRESSURIZER

BST RAM

NIS-PCWER RANGE CHANNEL A PEAK
NIS-POWER RANGE CHANNEL A LEVEL
NIS-PCWER RANGE CHANNEL B8 PEAK

NIS-POWER RANGE CHANNEL B LEVEL
NIS-PCWER RANGE CHANNEL C PEAK
NIS-POWER RANGE CHANNEL C LEVEL
NIS-SQURCE RANGE CHANNEL 1
NIS-SQURCE RANGE CHANNEL 2

NIS-INTERMEDIATE RANGE CHANNEL 3
NIS-INTERMEDIATE RANGE CHANNEL 4
NIS<POWER RANGE CHANNEL 0 PEAK
NIS-POWER RANGE CHANNEL D LEVEL
PUMP SPEED-PRIMARY COOLANT PUMP 1

PUMP SPEESD-PRIMARY COOLANT PUMP 2

. RCO POSITION ROD 2 CRD PULSE TQTALIZER

ROD POSITION ROD 2 TURNS COUNTER
ROD POSITICN ROD 4 CRD PULSE TOTALIZER
ACO POSITICN ROD 4 TURNS COUNTER



TABLE A-1 (censinued)

Measurement Measurement
Tagntificasion Qescrinstion
RP-CROME-PT RCD POSITION ROD 6 ZRD PULSE TQTALIZ=R
RP-CRCME~-TC ROD POSITION RCO 6 TURNS COUNTER
IP=-CRCMEB=-PT ROD POSITION ROD 8 CRD PULSE TOTAL:IZER
RP=-CROM8-TC ROD POSITION ROD 8 TURNS CCUNTER
SP=-8LH=-001 SAT PRESS=-LPIS BRK LN INLET
SP-8LH=-002 SAT PRESS-LPIS BRK LN INLET
SP-g8LH=003 SAT PRESS=LPIS BRK LN GAMMA SPECT
SP=-8LH-004 SAT PRESS-LPIS BRK LN GAMMA SPECT
SP-8LH=-005 SAT PRESS~-LPIS BRK LN FILTER INLET
SP=-3L4=-006 SAT PRESS~-LPIS BRK LN VENTURI INLE
SP-SLH-0C7A SAT PRESS~LPIS BRK LN VENTURI INLE
SP-BLH-0078 SAT PRESS=LPIS BRK LN VENTURI INLE
SP-BLH-008 SAT PRESS-LPIS 8RK LN VENTURI OUTL
SP-pC~-0028 SATURATION PRESS<INTACT LOOP HL
SP-P139-019 SATURATION PRESS-PRESSURIZER
SF~-2139-020 SATURATION PRESS-PRESSURIZER
SP-5G-003 SATURATION PRESSURE,STEAM GENERATCR
SP-5G-G04 SATURATION PRESSURE, STEAM GEN, MICOLE
SP=-1S7-008 SATURATION PRESS-DOWNCOMER STALK 1
ST-8LH-301 SAT TEMP=LPIS BRK LN UPSTRM VENTURI
ST-8LH4-002 SAT TEMP-LPIS BRK LN UPSTRM FILTER
ST-3L4-003 SAT TEMP=LPIS GRK LN UPSTRM VENTURI
ST-3L-C01A SAT TEMP-SROKEN LOOP,CL
ST-8L-0C2A SAT TEMP-8ROKEN LOQP,HL
§7-,C-002 SATURATION TEMP, INTACT LOOP, HL
ST-PC-005 SATURATION TEMP, INTACT LOOP, CL
ST=-P139-05-1 SATURATION TEMP, SG INLET
TC-5108-27 TEMP FUEL CENTERLINE/FAS PIN I8 27
TC-5K08=-27 TEMP FUEL CEZNTERLINE/FAS PIN K8 27
TC-SM04-27 TEMP FUEL CENTERLINE/FAS PIN M4 27
TC-EM08-27 TEMP FUEL CENTERLINE/FAS PIN M8 27

TEP165-01213
TEP165-F13CA
TEP165-F1-38
TEP163-F1-8A

NITROGEN PURGE GAS PIPE TEMPERATURE
TEMP-F1 LINE-QUTLET RV

PIPE TEMP DS OF OILUTION FILTER F1
TEMP-F1 CARRIER GAS LINE



TABLE A-1 (continuad)

Majsurament

idantification

TE2165-F1-88
TEr165-F1-3C
TEP165-F2-38
TEP165-F2-45
TE-3L4-001

TE~3LH-002
Te-3Li1=-003
TE~3LH-004
Te-3L4-005
TE-8LH-0CS

TE-8L4=GC7A
TE-3LH-0078
TE-3LH-008
TE=PC-002A
Te-PC-0028

Te-pC-002C

TE-P004-CS4
TE-P12C-001
TE-8120~027
TE-P120-041

TE=-P120-102
TE-P139~019
T=-P139-920
TS-P139-029
Te-P139-28-2

TE-P139~32~1
TE-P141-094
TE-P141-095
TE-5G-001A
Te=-5G-002A

TE=-56-003
TE-SG-004
TE-5G-C05
TE-5Y=001
TE-SV-002

Yajzsuramant
Qascriotion

TEMP=F1 LINE UPSTM FLOW CRIFICE
TEMP=F1 CARRIER GAS LINE
TEMP=F2 LINE-UPSTM OILUTION FI
TEMP=-F2 LINE-UPSTM FLOW ORIFIC
WALL TEMP LPIS 3RK LN INLET

STM TEMP LP1S BRK N INLET

TER

&I
g

STM TEMP LPIS 3RK LN GAMMA SPECTRCMETER
WALL TEMP LP1S BRK LN GAMMA SPECTRCMETER

STM TEMP LPIS SRK LN FILTER INLET
WALL TEMP LPIS 3RK LN FILTER INLET

STM TEMP LPIS BRK LN VENTURI INLET
STM TEMP LPIS BRK LN VENTURI INLET
WALL TEMP LPTS BRK LN VENTURI QUTLET
TEMP-INTACT LOOP HL BOTTOM
TEMP=INTACT LOOP HL MIDDLE

TEMP=INTACT LOCP HL TOP
CONDENSATE RECEIVER TZMPERATURE
LIQUID TEMP-BWST

LIQUID TEMP-ECCS ACCUM 3

- LIQUID TEMP-ECCS ACCUM A

LIQUID TEMP-ECCS LPIS WX 3 QUTLET
TEMPERATURE-PRESSURIZER VAPOR
TEMPERATURE-PRESSURIZER LIQUID
CCOLANT TEMP-INTACT LOOP COLO LEG
TEMPERATURE-INTACT LOCP COLD LEG

PRIMARY CCOLANT HOT LEG TEMP CHANNEL
PCCS HEAT EXCH INLET TEMP

PCCS HEAT EXCH OUTLET TEMP

CCOLANT TEMP-IL SG INLET PLENUM
COOLANT TEMP-IL SG OQUTLET PLENUM

LIQUID TEMP-SCS SG DCWNCCMER
IQUID TEMP-SCS SG OOWNCCMER
LiQ - TeMP SCS SG OQWNCCMER
LIQUID TzMP-3ST STALK 1-107.2
IQUID TEMP-3ST STALK 1-93.0

A-8



TASLE A-1 (continued)

Measurement Measuremenst
Identificatian Nescripstan
TE-SV-003 LIQUID TEMP=BST STALK 1-74.7
TE-SV=-004 LIQUID TEMP-BST STALK 1-37.2
TE-SV=-005 LIQUID TEMP-8ST STALK 1-35.0
TE-SV-GC6 LIQUID TEMP=-BST STALK 1-14.7
TE=-SV=507 LIQUID TEMP-8ST STALX 2-107.2
TE-SV-008 LIQUID TEMP-8ST STALK 2-93.0-
TE-SV-009 LIQUID TEMP=-8ST STALK 2-74.7
Tz=Sv=010 LIQUID TEMP-BST STALK 2-57.2
TE=-Sv=-011 LIQUID TEMP+BST STALK 2-39.0
TE-SV=-012 LIQUID TEMP-BST STALK 2-14.7
TS-T055-G02 TEMPERATURE~-CONTAINMENT AMBIENT
TE-1A11-030 TEMP-CLADDING/FAL PIN All 30 IN.
TE-1B10-037 TEMP-CLADDING/FAL PIN 810 37 IN.
TE-1B11-028 TEMP-CLADDING/FAl PIN 811 28 IN.
TE-1B11-032 TEMP~CLADDING/FAL1 PIN 811 32 IN.
TE-1C11-021 . TEMP=-CLADDING/FAl PIN C11 21 IN.
TE=-1C11-039 TEMP~CLADDING/FAl PIN C11 39 IN.

TE-1FQ07-015
TE-1F07-026
TE=1ST-001

TE-1S7-002
TE-15T-003
TE-1ST-004
TE=15T~-00S
TE-15T-006

TE-1ST-008
TE-1ST-009 -
Te-1S7-010
TE-1ST-011
TE-15T-012

TE-1ST-013
TE-1ST-015
TE-1UP-001
TE-1UP-002
TE-1UP-00S

TEMP=CLAODING/FAL PIN F7 15 IN.
TEMP~-CLADDING/FA3 PIN F7 26 IN.
CCOLANT TEMP-RV INSTR STALK 1 OC

CCOLANT TEMP-RV INSTR STALK 1 OC
COOLANT TEMP-RV INSTR STALK 1 OC
COOLANT TEMP=-RV INSTR STALK 1 OC
COOLANT TEMP-RV INSTR STALK 1 OC
COOLANT TEMP-RY INSTR STALK 1 OC

COOLANT TEMP=-RV INSTR STALK 1 LP
CCOLANT TEMP-RV INSTR STALK 1 LP
COOLANT TEMP=-RV INSTR STALK 1 L9
COOLANT- TEMP=-RV INSTR STALK 1 LP
COOLANT TEMP-RV INSTR STALK 1 LP
COOLANT TEMP-RV INSTR STALK 1 LP
COOLANT TEMP-RV INSTR STALK 1 OC

COOLANT TEMP-UPPER END BOX
CCCLANT TEMP-UPPER END BOX
COLANT TEMP-ON OTT FE-iUP-l



TA3L: A-1 (csntingad)

Measurament Maasyremant
Icantification Jescriaticn
T=-1UP-006 METAL TEMP-SUPPQRT COLUMN FAL
TE=-1UP-007 METAL TEMP-SUPSPORT COLUMN FAlL
T2-2808-045 TeMP-CLADDING/FAZ PIN €3 45 IN.
TE=2F07-015 TEMP=-CLADDING/FA2 PIN F7 15 IN.
T£=-2F08-032 TEMP=-CLADDING/FA2 PIN 78 32 IN.
TE-2F09-026 TEMP=-CLADDBING/FA2 PIN FI9 25 IN.
TE-2G14-011 TEMP-CLADDING/FA2 PIN G14 11 IN.
TE=-2G14-030 TEMP=-CLADDING/FA2 PIN G14 30 IN.

TE-2G14-045
TE-2H02-223

TS-2413-021
TE=-2H13-049
TE-2414-028
T2=2H14-032
TE-2415-026

TE=-2H15-041
TE-2114-021
Te=-2114-039
TE-2L2-001
TE-2LP-002

Tg=2LP~-Ca3
TE=-2UP-Q01
TS-2UP-002
72=2UP-003
TE=-2UP-004

TE=-2UP-005

TE=3A11-030
Te=-3311-028
TE-3811-032
TE=3Cli-021

TE-3C11-039
TE=3FQ7-026
TE=-3uP-001
T2=-3UP-006
TE-3upP-003

TEMP-CLAQDING/FA2 PIN G14 45 IN.
TEMP-CLAODING/FAZ PIN HZ2 28 IN.

TSMP-CLADDING/FA2 PIN H13 21 IN.
TIMP-CLADDING/FAZ PIN H13 49 IN.
TEMP-CLAQDING/FA2 PIN H14 28 IN.
TEMP-CLACDING/FA2 PIN H14 32 IN.
TEMP-CLADDING/FA2 PIN H15 26 IN.

TEMP-CLACDING/FA2 PIN Hi5 41 IN.
TEMP-CLADDING/FA2 PIN 114 21 IN.
TEMP-CLABDING/FA2 PIN 114 39 IN.
COOLANT TEMP-LOWER ENO 80X
COOLANT TEMP-LCWER ENO 30X

COOLANT TEMP-LOWER END 80X
COOLANT TEMP-UPPER ENO 30X
COOLANT TEMP-UPPER ENO 80X
CCOLANT TEMP-UPPER ENO 80X
METAL TEMP-SUPPQRT COLUMN FA2

METAL TEMP=SUPPQRT COLUMN FA2

TEMP-CLADDING/FA3 PIN All 30 IN.
TEMP-CLADOING/FA3 PIN 811 28 IN.
TEMP-CLADDING/FA3 PIN 811 32 IN.
TEMP-CLAGDING/FA3 PIN C11 21 IN.

TEMP-CLADDING/FA3 PIN C11 39 IN.
TEMP-CLADDING/FA3 PIN F7 26 IN.
COOLANT TEMP-UPPER END 30X
METAL TEMP-SUPPORT COLUMN FA3
TEMP-COOLANT LLT ABOVE FA3

A-10



TASLE A-1 (continued)

Measurement Measuyresment
Tdentificasion Descristion
Te-3UP-010 vZMP-CCOLANT LLT ABCVE FA3

" Te=3uP-011 TeEMP-COOLANT LLT ABQVE FA3
£=3UP=012 TEMP=CCOLANT LLT ABQVE FA3
TE=3UP=013 TEMP=COOLANT LLT ABOVE FA3
TE=-3UP=-014 TEMP-CCOLANT LLT ABOVE FA3
TE-3UF-015 TEMP-COOLANT LLT ABQVE FA3
TE=-3UP-016 TEMP-COCLANT LLT ABOVE FA3
TE-4EQ8-045 TEMP=-CLADDING/FA4 PIN EB8 45 IN.

TE-4F07-015
Te-4F08-032

TEMP-CLADDING/FA4 PIN F7 1§ IN.
TEMP-CLADDING/FA4 PIN F8 32 IN.

T£-4G08-021 TEMP=CLADDING/FA4 PIN G8 21 IN.
Te-4G14-011 TEMP=CLADDING/FA4 PIN G14 11 IN.
Tc=4G14-030 TEMP-CLADDING/FA4 PIN G14 30 IN
TE-4G14-045 TEMP=-CLADDING/FA4 PIN G14 4S IN.
£-4H13-015 TEMP-CLADDING/FA4 PIN H13 1S IN.
£-4H13-037 TEMP-CLADDING/FA4 PIN H13 37 IN.
TZ-4H14-028 TEMP-CLADOING/FA4 PIN H14 28 IN.
TE=-4H15-026 TEMP-CLADDING/FA4 PIN H1S 26 IN.
TE-4H15-041 TEMP-CLADDING/FA4 PIN H1S 41 IN.
TE-4114-039 TEMP-CLADDING/FA4 PIN I[14 39 IN.
TE=4LP-001 COOLANT TEMP-LOWER END BOX
TZ=4LP-003 COOLANT TEMP-LOWER ENO BOX
TE-4UP-Q0l COOLANT TEMP-UPPER END 80X
TE-4UP-002 COOLANT TEMP-UPPER ENO 80X
Te=-4UP-003 COOLANT TEMP-UPPER END BOX
TE-4UP-004 METAL TEMP=SUPPORT COLUMN FA4
TE=-4UP=-00S ~ . METAL TEMP-SUPPORT COLUMN FA4
£-5C06-027 TEMP-GUIDE TUBE FAS LOC C& 27
TE=-5C06-066 TeEMP-GUICE TUBE FAS LOC C& 66 IN
TE-5C07-042 TEMP-INTERNAL CLAD FAS PIN C7 42"
TE-8C09-010 TEMP-INTERNAL CLAD FAS 2IN C9 10"
TE-5C09-027 TEMP-INTERNAL CLAD FAS PIN C§ 27"
TE-SC10-027 TEMP-GUIDE TUBE FAS LOC Cl10 27*
TE-SC12-010 TEMP-INTERNAL CLAD FAS PIN C12 10“
TE-5C12-027 TEMP-INTERNAL CLAD FAS PIN C12 27"
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TABLE A-1 (cantinuea)
Measuremant Yeasurament
tdencification Dascription

TE-5009-027
75-5013-042
TE-5805-027
TE-3ell-027
72-32-010

TE-SE-027
TE-5E-032
TE-8E-042
TE=-5r03-027
TE-3F09-010

TE-5F09-027
TE-5F13-066
1£-3G04-010
T£-5G04-027
TE-S5G12-010

TE-5612-027
TE-5G13-027
TE-5H06-027
TE-5H08-027
TE-5H10-027

TE=-3H12-927
TE-53103-027
TE=3104-042
TE=5112-942
TE-5J03-066

TE=5J07-010
TE=3J07-027
TE-£J09-042
TE=5J13-027
TE=SK0S-027

TE-5K11-027
TE-5L07-010
TE=-5L07-027
TE-5L08-027
Te-3L09-042

TEMP=INTEINAL CLADC FAS PIN 09 27¢
TEMP=-INTERNAL CLAD FAS PIN O13 42
TEMP-GUICE TUBE FAS LJC ES 27"
TEMP-GUIBE TUBE FAS LOC E11 27"
SHROUD TEMP EAST SIDE 10 IN.

SHRQUD TEMP EAST SIDE 27 IN.
SHRQUD TZMP EAST SIDE 32 IN.
SHROUQ TEMP EAST SIDE 42 IN.
TEMP-GUIDE TUBE FAS LOC F3 27"
TEMP=-INTERNAL CLAD FAS PIN F9 10"

TEMP-INTERNAL CLAD FAS PIN F9 27"
TEMP-GUIDE TUBE FAS LOC F13 &8

TEMP=-INTERNAL CLAD FAS PIN G4 10"
TEMP-INTERNAL CLAD FAS PIN G4 27

_TEMP-INTERNAL CLAD FAS PIN Gl2 10"

TEMP=INTERNAL CLAD FAS PIN-G12 27"
TEMP=-INTEANAL CLAD FAS PIN G13 27"
TEMP=INTERNAL CLAD FAS PIN H6 27¢
TEMP-GUIBE TUBE FAS LOC H8 27¢

TEMP-INTERNAL CLAQO FAS PIN H10 27"

TeMP-GUIDE TUBE FAS LOC H12 27"~
TEMP=INTERNAL CLAD FAS PIN 13 27"
TEMP=-INTERNAL CLAD FAS PIN [4 42"
TEMP-INTERNAL CLAD FAS PIN 112 42"
TEMP-GUIDE TUSE FAS LOC J3 66"

TEMP=INTERNAL CLAD FAS PIN J7 10"
TEMP=INTERNAL CLAD FA5S PIN J7 27"
TEMP-INTERNAL CLAD FAS PIN J9 42"
TEMP-GUIDE TUBE FAS LOC J13 27"
TEMP-GUIDE TUBE FAS LOC KS 27"

TEMP-GUIDE TUBE FAS LOC K11 27*
TEMP-INTERNAL CLAD FAS PIN L7 107

" TEMP=INTERNAL CLAD FAS PIN L7 27"

TEMP-GUIDE TUBE FAS LOC L3 27"
TEMP=INTERNAL CLAD FAS PIN L9 42"
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TABLE A-1 (continued)

Measurement

Identification

TE-SM06-227
TE-SM07-310
TE-SM07-027
TE-SM09-042
TE-3M10-066

TE-5N-010
TE-S5N-027
TE-SN-032
TE=-5N-042
TE-55-010

TE-55-027
TE=55-032
TE-55-042
TE-SUP-004
TE-SUP-017

TE-5UP-019
TE-5UP=023
TE-SUP-024
TE-SUP-025
TE-SUP-026

TE-5UP-027

TE-SUP=-028A
TE-SUP-0288
TE-SUP-029A
TE-5UP-029B

TE-SUP-030A
TE-SUP-0308
TE-SUP-031A
TE-SUP-0318
TE-SUP=-032A

TE-5UP-0328
TE-SUP-033A
TE-SUP-0338
TE-5UP-188A
TE-SUP-1888

Measurement
Pescriotion

TeMP-GUIDE TUBE FAS LCC M6 27" .
TEMP-INTERNAL CLAD FAS PIN M7 10"
TEMP=INTERNAL CLAD FAS PIN M7 27"
TEMP=INTERNAL CLAD FAS PIN Mg 42"
TEMP-GUIDE TUBE FAS LOC M10 66 IN

SHROUO TEMP NORTH SIDE 10 IN.
SHRQUD TEMP NORTH SIDE 27 IN.
SHRCUD TEMP NORTH SIDE 32 IN.
SHROUD TEMP NORTH SIDE 42 IN.
SHROUD TEMP SQUTH SIDE 10 IN.

SHROUD TEMP SOUTH SIDE 27 IN.
SHRQUO TEMP SOUTH SIDE 32 IN.
SHROUD TEMP SQUTH SIDE 42 IN.
COOLANT TEMP-UPPER ENO BOX
COOLANT TEMP-UPPER END BOX

COOLANT TEMP - UPPER END BOX
COOLANT TEMP = UPPER END 80X
COOLANT TEMP - UPPER END BOX
COOLANT TEMP - UPRER END BOX
COOLANT TEMP - UPPER END BOX

COOLANT TEMP - UPPER ENO BOX
COOLANT TEMP - UPPER ENO BOX
COOLANT TEMP = UPPER END BOX
COOLANT TEMP - UPPER END BOX
COOLANT TEMP = UPPER END BOX

COOLANT TEMP - UPPER END 80X

COOLANT TEMP - UPPER END BOX
CCOLANT TEMP - UPPER END BOX
CCOLANT TEMP - UPPER ENO BOX
COOLANT TEMP - UPPER 'END BOX
CCOLANT TEMP - UPPER ENO BOX

COOLANT TEMP - UPPER END B8OX
COOLANT TEMP - UPPER ENO 80X
METAL SURFACE TEMP-UPPER END 80X
METAL SURFACE TEMP-UPPER END BOX
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TABLE A-1

(zsntinuag)

Maasyremant

Tdantificazion

TE=3UP-188C
Tz-3uP-1880
TE=5UP=194G1
TE=5UP-194G2
TE-5UP-19781

TE-3UP~-19782
TE=5UP=-212G1
TE=5UP=-212G2
TE=-3UP=21381
TE-3UP-21582

TE=5UP-25CG1
TE=-3UP-25CG2
Te-5UP=-25i81
Te-3uP-25132
TE-SW-010

TE=-3W=027
TE-SW-032
TE-SW-042
TE-6£08-045
TE-8FQ7-037

TE-§FU9-041
T£-6G08-039
TE~6G14-011
TE-6G14-030
TE-6G14-045

TE=SH13-015
TE=-6H13-037
TE-SH14-023
TE~SH14-032
. TE=6H15-026

TE-6114-021
TE-6114-039
TE-6LP-001
TE=6LP-002
TE=-SLP-003

Maasuremant
Qascrintion

METAL SURFACE TZMP-UPPER END 30X
METAL SURFACE TEMP-UPPER SENQ 80X
METAL SURFACE TEMP-UPPER ENO 30X
METAL SURFACE TEMP-UPPER END BOX
METAL SURFACE TEMP-UPPER END 30X

METAL SURFACE TEMP-UPPER END 30X
METAL SURFACE TEMP-UPPER END 80X
METAL SURFACE TEMP-UPPER END 20X
METAL SURFACE TIMP-UPPER ENO 80X
METAL SURFACE TEMP-UPPER END BOX

METAL SURFACE TEMP-UPPER SNO 80X
METAL SURFACE TEMP-UPPER END BOX
METAL SURFACE TEMP-UPPER END B8OX
METAL SURFACE TEMP-UPPER END BOX
SHRQUD T=MP WEST SIDE 10 IN.

SHROUQ TEMP WEST SIDE 27-IN. -
SHROUD TEMP WEST SIDE 32 IN.
SHROUD TEMP WEST SIDE 42 IN.
TEMP-CLAODING/FAG PIN E8 45 IN.

TEMP-CLADOING/FA6

TEMP-CLADDING/FAG
TEMP-CLADDING/ FA6
TEMP=CLADDING/FAS
TEMP=CLADDING/FA6
TEMP-CLADDING/FAG

TEMP-CLADDING/FAGS
TEMP-CLADDING/FA6

- TEMP-CLADDING/FAS

TEMP-CLADDING/FAS
TEMP-CLADDING/FAS

TEMP-CLADDING/FAG
TEMP=CLACDING/FAB

PIN F7 37 IN.

PIN F9 41 IN.
PIN G3 39 IN.
PIN G14 11 IN.
PIN G14 30 IN.
PIN G14 45 IN.

PIN H13 15 IN.
PIN H13 37 IN.
PIN H14 28 IN.
PIN H14 32 IN.
PIN H15 26 IN.

PIN 14 21 IN.
PIN 114 39 IN.

COQLANT TEMP-LCWER ENO BOX
CCOLANT TEMP-LOWER END 80X
CCOLANT TEMP-LOWER END BOX
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APPENDIX B

BRIEF DESCRIPTICN OF THE COMPUTER CODES USED FCR THE ANALYSES

The RELAPS5/M0D2 computer code (B-1) was used to calculate ths transient

thermal-hydraulic responses for the LOFT system during Experiment LP-FP-2.
The SCDAP/MODl(B-z) computer code was used to calculata the cors behavior
in detail during the heatup phase, ThiS appendix gives a summary of the
more important features of these two codes.

B.1 RELAP5/MOD2 Computer Code

RELAPS/MOD2 is an advanced, best-estimate computer program developed at the
Idaho Naticnal Engineering Laboratory (INEL) for the analysis of Less-of-
Coolant Accident (LOCA) and other PWR transients.

"RELAP5/MOD2 is based on a one-dimensional, nonhomogenecus and nonequili-
brium transient two-phase flow model for the flow of steam-water-noncon-
densible mixtures in LWR cooling systems. A generic modeling approach is
used in which thermal-hydraulic system components ars "built" by means of
code input, from basic code components, such as fiuid control volumes,
Junctions, pipes, heat structures, reactor kinetics and control components.
A few specialized hydrodynamic models are provided for components such as
separators, jet pumps, turbines, valves and accumulators, but 3pecializa-
tion has been avoided as much as possible in order to produce a cods having
few inherent limitations.

The two-phase fluid model consiéts of two phasic mass, two momentum and two
energy equations. In RELAP5/MOD1, only one energy equation (the mixture
energy equation) is used along with the specification that one phasa exists
at the local saturation temperature. The use of a second energy equation
provides more flexibility to model more general nonequilibrium states.

The basic RELAPS/MOD2 two-phase model is supportad by constituti&e models
for interphase drag, interphase mass transfer, wall heat transfer, and wall
friction. All of these constitutive models ares closely related through the

B-2



geometry of the two-phase mixture or the flow regime. The interphase drag
and wall friction models dominate <the nonhomcgenecus character of the
mixture while the interphase mass transfer and wall heat transfer models

dominate the nonequilibrium character of the flow.

Special process models are incorporated into the basic hydrodynamic model
for phenomena that are either too complex for mechanistic modeling or in-
volve large spatial gradients and would require fine nodalization to accu- -
rately resolve. Examples of these processes are form losses, abrupt area

changes, choked flow, and reflood.

The hydrodynamic model is solved in a staggered mesh using, as the basic
option, a semi-implicit finite difference scheme which is stable for time
steps lesser than the material Courant limit; The implicitness is chosen
such that a system of linear equations results which can be reduced to a
single pressure equation. The system of pressure equations form a sparse
matrix of order equal to the number of hydrodynamic voluﬁes and is solved
directly using a sparse matrix routine. The remaining dependent variables
are calculated by back substitutioh. The user can also use a quasi-implicit

numeric scheme as an option (for more details see Reference B-1l).

Heat transfer processes are modeled by means of "heat structures" in which
a transient heat conduction solution is used with a variety of boundary
conditions including convective heat transfer to fluid control volumes. The
heat structures can be used to model nuclear fuel pins, steam generator
tube walls, and piping system boundaries with environmental heat losses.
The convective boundary condition uses a boiling heat transfer to the
steam-water system. In general the transient heat conduction solution is
obtained using an one-dimensional implicit centered difference scheme which
results in a tridiagonal matrix for egch heat structure. However, when the
reflood model is used, a two-dimensional conduction scheme is used for cy-
lindrical or rectangular heat structures. The two-dimensional finite diffe-~
rence equations are solved using the Alternative-Direction Implicit (ADI)
method, and a fine mesh-rezoning scheme is implemented to efficiently use

this two-dimensonal heat transfer model for reflood calculations.

The solutions of the heat transfer package are explicitly coupled to the
hydrodynamics and are advanced at a time step equal or greater than the hy-

drodynamic time step. Again, the code gives the user the option to use a
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quasi-implicit coupling between the hydrodynamic and the heat <transfer

models.

The reactor kinetics model is a point formulation and includes moderator,
Doppler, and boron concentration feedback. The reactor Kinetics model is
advanced in time using a Runge-Kutta integration schems with a truncaction
error time-step control. The integration interval may be smaller than the
thermal-hydraulic time step; however, the feedback functions are updated
only at each thermal-hydraulic time step.

The reactor controls are simulated by means of control components such as
summers, function generators, integrators, differentiators, dslay lines,
lead/lags, and a rotating shaft for coupling of turbines, pumps, genera-
tors, and motors. The control system integration is performed by a serially
implicit Euler scheme using the same time step as the thermal-hydraulic

system.

B.2 SCDAP Computar Codae

(8.2), (8.3), (B.4) has been developed at the

The SCDAP/MOD1 computer code
INEL under the sponsorship of the Office of Research of the United States
Nuclear Regulatory Commission. SCDAP models the progression of light water
reactor core damage followiﬁé a LOCA, including core heatup, cladding bal-
looning and rupture, oxidation, hydrogen generation, fission product re-

lease, and control rod and fuel mateial liquefaction and raslocation.

Version 21 of the SCDAP/MOD1L code uses thermal-hydraulic boundary condi-
tions to calculate the behavior of fuesl bundle components provided thay
have not significantly lost their original geometry. The structures treated
by SCDAP/MOD1/V21 include fuel rods, control rods, and a shroud. This capa-
bility was extended’ to include empty control rod guide tubes or instrument
tubes using the fuel rod component. The fuel rod component models calculate
the thermal response, the mechanical response, and the response during the
early stages of disruption of the fuel rod. The thermal models consider the
important thermal effects, which include convective and radiation heat
transfer, heat conduction, zircaloy oxidation, and transport of hydrogen.
The thermal models also consider the radiation heat exchange between the
compenent surfaces and the coolant fluid. The cladding oxidation model in-
cludes the hydrogen blanketing and steam limitation effects, and both sides
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oxidation (only available for the latest code version 21). The mechanical
models predict the ballooning of cladding and several consequent seffects.
Cladding ballooning results in reduced flow area and an increased cladding

surface, both of which affect rod cooling and hydrogen generation rates.

The models which describe the early stages of disruption predict the amount
of liquefied fuel and cladding material and the relocation positibn. Addi-
tional models are provided to describe oxidation, liquefaction, and solidi-
fication of control rods and guide tubes. A thermal shroud component model
is built in, which utilizes fine nodalization to calculate heat conduction
through multiple material layers.

The material properties used in SCDAP are obtained from Reference B.5 with
additional information for the control rod and shroud insulator material

(Zroa) supplied by the fuel module design engineers (B.6)

B.3 REFERENCES

B.1 V.H. Ransom, et al., "RELAPS/MOD2 Code Manual", NUREG/CR-4312, EGG-
- 2396, August 198S.

B.2 G.A.Berna et al., "SCDAP/MOD1/VO, A Computer Code for the Analysis of
LWR Vessel Behavior During Severe Accident Transients", IS-SAAM-84-002,
June 1984.

B.3 C. M. Allison et al., "Draft Preliminary Reportvfor Comment. SCDAP/MOD1
Theory and Models", FIN A6360, January 198S.

B.4 L. J. Siefken, "Transmittal of Updates to Standalone SCDAP to correct
error in fuel heat capacity", LJS-7-87, April 1987.

B.5 D. L. Hagrman, et al, "MATPRO-Version 11'(Revision 2), A Handbook of
Materials Properties for use in the Analysis of Light Water Reactor
Fuel Rod Behavior", NUREG/CR-0497, TREE-1280, Rev. 2, August 1981.

B.6 G.A. Dinneen et al., "LP-FP-2 Supplement to the LOFT Integral Test
System Final Safety Analysis Report", OECD-LOFT-I-11-5113, December
1984,
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APPENDIX C

RELAPS5/MOD2 INPUT DATA FOR EXPERIMENT LP-FP-2

The input data used for the RELAPS/MOD2 base case posttest calculation of
Experiment LP-FP-2 presented in section S5 is on microfiche in a pouch on

the inside of the report back cover.

Microfiche titled "F2PSTSS" contains the steady state input deck. Micro-
fiche titled "F2PSTTT" contains the input deck for the initiation of the
transient; and finally microfiche titled "FP2RCR" contains the input decks
for the successive core renodalizations.
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APPENDIX D

SCDAP LOFT INPUT DATA FOR EXPERIMENT LP-~FP-2

Listing of SCDAP input data prepared for the center bundle analysis presen-
ted in section 8.2 is provided on the attached microfiche in the pouch on
the inside of the report back cover. The title of the microfiche is
"SCDRCRS".
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APPENDIX E
COMPUTER RUN STATISTICS

In order to assess the computational efficiency of one code the NRC recom-

mends to use (see Table 4 in Refersence E-1) the following parameters:
1. Plot of CPU Time vs. Transient time

2. Plot of Time Step vs. Transient time

3. Grind time (in ms), defined as

CPU x 1000
C x DT

where
CPU is the total execution time in s
DT is the total number of time steps
Cc is the total number of control volumes in the model

4, Type of machine used to perform the calculations

In the following sections we present the run statistics we got in our

calculations

E. 1 RELAP5/MOD2 Run Statistics

Figure E-1 shows the CPU time versus the transient time consumed in the
RELAPS/MOD2 base calculation (section 5). Here we note that RELAPS/MOD2/
36.04 set to zero the CPU time counter every time we made a renodalization.
We think this is a code deficiency and it should be corrected in future

code versions.

In any case, Figure E-2 presents the right curve, showing the total accumu-
lated CPU time versus transient time. The total CPU time was 61.43 hr on a
CDC CYBER 830 machine for a total of 1850 s of transient time. This makes
an average ratio of 120 CPU/PROBLEM TIME for the LP-FP-2 transient. However
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the average ratio for almost all the transient is about 70 CPU/PROBLEM
TIME, except for two particular time periods, First of all, at about 600s
the code began to reduce the time step (increasing drastically <he CPU
time) due to water property errors in the LPIS line. Initially this LPIS
line was simulated using 3 volumes. To aveid this code instability we
reduce the line to only 2 volumes, recovering the average ratio of 70 fer
the CPU time. And finally, when the core reflood started, (1770s) we were
forced to reduced the maximum time step down to lms to get convergence
{Very hot core reflooded by cool water). This again increased dramatically
the total CPU time.

The grind time for this case was calculated as follow

221,136-2 x 1000 = 26.6 ms,

134 x 61,988
too high compared to standard RELAPS5/MOD2 calculations. However, the reader
should be aware of the complexity of the LP~FP-2 transient and the two code

problems above mentioned.

The run time of the sensitivity study was practically the same as the base

case calculation.

E.2 SCDAP/MOD1 Run Statistics

The CPU time used for the analysis is not available in the SCDAP graphic
file. Therefore we can only use the grind time to assess the SCDAP
efficiency.

The total CPU time was 2.16 hr of a CDC CYBER 830 for a total of 1350 s of
transient time. This makes an average of 5.8 CPU-to-problem time ratio. The

grind time was calculated to be

7772.5 (CPU sec)
S (components)x2254 {(time steps)

x 1000 = 689.7 ms

Though the CPU time~to-Problem time ratio is better for SCDAP than for
RELAPS, the SCDAP grind time (the best code efficiency parameter) is much
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higher than the RELAPS one, because of the complex nature of the
thermo-mechanical phencmena simulated with SCDAP.

E.3 References

E.1 P. Ting et al, "Guidelines and Procedures for the Internatiohal Code
Assessment and Applications Program”, NUREG-1271, April 1987.
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