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ABSTRACT,.

lh

Experiment L?-FF-2 was- conc.:c ted en Ju2y 3, 1935. in- the Loss-of-Fi nd " e s '.

[u d .}LOTT) faciitty..ccate" at the Idaho National Engineering Lacoratory (INEL .
.s

The LP-F?-2 .ex;criment was the f;nal excer:eent in a series f tignt
g

if experimenta cenducted under tne support and direerion of the.cojectives of tr.e
Organizatice for E:enomic Cooperation and Development (CECO). The objetives cf

,

the experiment 1*ere to obtain information en the release of fission products -

. from - fuel reds at tenperatures in. excess of 212 K (33208F), and to stserve.

I.
^

the transport 'of these fission products in a vapor /acrosol dccinated
;

enviroment: from the primary coclant system (PCS). through a simulated low
i

pressure injectica system. (LPIS) line, to a bicwdown suppression tank (35T). -

The. thermal-hydraulic conditions spec tfled for the experiment were based en a f
I
i*/-sequenec | accident scenari b The emergency c.are - ccoling system . (ECOM injec-

tion was delayed until the specified - temperature limits on the center bundle
:

thermal-shroud w6re reached, thereby obtaining the desired time-a t-taperature
1

h condition for fissien product release and tranport. The reac tor was then
1

: brought to;a safe - condition with full ECO3 .tnj ec tion e - Specially designed i
.

.

*
fission produc seasurements were made in the PCs, LP!3, and-3ST during the

transient, with some measurements continuing for se/eral weeks following the
4

,

eaperiment. Fission products were detected at all measurement locat:ons;
4

however.1 tne vast majority of the released fissicn producc ac ti vi ty was

contained .in . tne PCS liquid folicwing - the experiment. :n addition, it. sas,

observed that targe quantities of contrcl rod aercscl caterial were depositec

in the lower ' sections of the upper plenum (near the top of the core! . <

,

D3 docu est presents the thermal-nycraulte positest analfsis of. the'

experiment ccncucted at Spain by us:.ng the RELAPS/'tC30 nd SCOAP/?tC31 ecmputer -

-codes.
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EXECUTIVE SUMMARY

Ixpe ri me n', LP-TP-2, conducted en July 9 .as the second fisston product

!
release and transport experiment conducted in the Loss-of-Fluid Test (LCF*)
facility at the Idaho National Engineering Laboratcry under the auspices or
the Crganization for Economic Cooperation and Oevelopment (CECD). The

,

principal objectives of the experiment were to determine the fission product
I

release from the fuel during a severe fuel damage scenario and the subsequent i

transport of these fission products (in a predominant 4y vapor /aercsol

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 ,

1

interfacing systems LOCA that was simulated during experiment LP-rP-2 involved
a pipe break in the low pressure injection system (LPIS), also called the
residual heat removal system (RHRS). The system thermO1 hycraulic and core
uncovery conditions simulated those calculated to occur in a four-loop
Pressurized Water Reacter (PWR) from rupture of an RHRS pspe as a resu,1t of & |

V-sequence accident. The transient was initiated by a reactor scram followed
by the insertion of the central assembly etntrol rods (designed to provide
typical control rod behavior and potential aerosol material during the
transient). A break line in the intact loop cold leg (Il _ .) was opened to

start the depressurization. A second break path, which siinulated the LPIS
11ae, was opened in the broken loop hot leg. The intact loop cold leg break
was then closed in accordance with the Experiment Operation Specification

'

(EOS) procedures 1 however, the subsequent system depressuri:ation was s)cwer
than calculated and the pressure remained too h3gk for operation of the
fission product measurement system (FPMS). Therefore, in accordance with the
EOS procedures, the power operated relief valve (PCPV) and de ILCL break lines
-were opened to assist in lodring the system pressure. Before fission product

I- release, botn the PCRV and the ILCL break lines were closed. Consequently.
only the LPIS 1:ne was opened during the tr r.ns i en t when fissicn products wers
released from the core. The core was allowed to uncover and to heatup until a

high temperature trip on the outsice wall of the center fuel module (CTX)
shroud was reacned. By that time, the' estimated peak fuel terrperatures in the

.

CFM exceeded 2100 K (33208 ) for 4,5 min. The emergency core cooling system '

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

xv
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Comparison with the measured data shows that the pass:ve 1. r.k aetween

AELAP5/f4002 snd SCDAP/MCD1 is an excellent toc to s;mulate it.e

thermal-hydraulic behaviour of ' LP-FP-2 experiment. The tining and extent of
the c are thermal resp:nse te closely calculated, with the exception of the
lack of steam starvation in the upper parts of the center fuel module. This
discrepancy results from a larger than calculated center f ael module steam
flow which, in turn, is judged to be caused by a greater than calculated

-

primary system pressure during t6e severe core damage period of the transient.
This lower calculsted system pressure is thought to M due to some

inconsistency in the LP15 flows eit9er a code deficiency or an unaccurate LPIS
line nodalization.

,

The LP-rP-2 experiment was successfully accornplished and represents the second
i

fiaston product experiment performed in LOT! and the last experiment in the
LCfT-0 ECD program. To da te . at is the only severe fuel damage experiment.

performed in an integral facility where fission product release, transport.
.

deposition phenomena, and thermal-hydraulic conditions, were simultaneous 1;*
measured throughout the primary coolant system (PCS) and simulated LPIS line
of a scaled pressurized . mater reactor (PWR). The data from this experiment
have shown to provide a very valuable information fer assessing tne ability of
computer codes for calculating the effects and tonsequences of similar

accident scenarios at large PWRs (LPWRs),

t

6
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FOREWORD

l This report represents one of the assessment / application |_ calculations submitted in fulfilment of the bilateral i
agreement for cooperation in thermalhydraulic activities I

'

between the Consejo de Seguridad 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 Elsctrica (UNESA)-

Un16n Iberoamericana de Tecnologia Elsctrica (UITESA)-

Empresa Nacional del Uranio (ENUSA)-

Centro de Investigaciones Energsticas y Medioambientales-

(CIEMAT)

-TECNATOM-

LOFT-ESPADA-

The program is executed by 12 working groups and a generic
code review group and is coordinated by the "Comits de Coordi-
naci6n". This committee has approved the distribution of this
document for ICAP_ purposes.

,
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ADREVIATIONS, ACFCNYMS, AND NOTATICN

BL Broken loop

3LCL 3roken loop col leg

BLHL Broken loop het leg

307 Blowdown suppressien tanx

CFM Center Fuel module

CPU Central Processor Unit
d Dayis) ,

DAVDS Oata acquisition and visual display system

DIRC Data integrity review committee

ZASR Experiment Analysis Summary report

ECCS Emergency core cooling system

EOS Experiment operation specification

ESD Experiment specification document

2F Degree fahrenheit

ft Foot (feet)
FP Fission Product -

FFXS Fission product measurement system

F3 Fission product Tilter 3

g Gram

h Hour (s)
.

HL Hot leg
'

HPIS High pressure injection system

ID Inside diamter

ILCL Intact loop cold leg

in. Inch

INEL Idaho National Engineering Laboratory

I K Xelvin ,

L

|
kg Kilogram

| I
; k'd Kilewatts

L' ' Liter

LOCA Loss-of-coolant accident
LOCE . Loss-of coolant experiment

,

; LCFT Loss-of-Fluid Test '
|
'

LP Lower plenum

'LP-FP-2 -LCFT Program Fission Product Experiment 2

XIX
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;

|

LP-SB-3 LCFT Program Small Break Experiment 3
LPIS' Low pressure injectien system
LPWR Large pressuri:ed water reactor
m Meter (s)

. min Minute (s)
Mg Megagr ams

MPs Megapascal

MW Megawats

MWD /TMU Megawatt days per metric tonne uranium (bornup)
;

MWR' Metal water reaction f

OECD-
,

Organization for Economic Cooperation and Deveicpment
OD Outside diameter

,

PST -Power Burst Facility
PCP Primary coolant pump
PCS Primary. coolant system *

PFM - . Peripheral fuel module

-PIE Postirradiation examination
PCRV Power operhted relief valve

ppm Farts.per million

PRA Procabilistic risk assessment-
psia ?ounds per square inch, absolute '

PVR Pressurized water reactor
QLR Outek Lo'k Reperto

COSV Quick opening blowdown valve .

RAS Remote data acquisition system
RELAP. Reactor excurcion and leakage analysis program
RMRS Residual heat removal system.

.

rpm Revolutions per min
RV' Reactor vessel 1

.' - a Second(s)
4

SCDAP 3evere Core Camage Analysis Package
SCS Secondary coolant system
SG~ 5 team generator

.

SPND 3 elf-powered neutron detector i

TH- 'her al-Hydraulle

t ime :er (f r LP-FP-2 this was Tuesday July 9, 1985 at-o

14 h 7 min and-44.9 s)
TC Thermocouple

UPL Upper. plenum

XX
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!
1

P'.0T |0EtiT! PIERS.

!. The RE1.AP5/MCO2 calculational results can be ;dentified in the ;3ts :y

the'folicwing r.otation:

Alenabet:: code-tmerie code-X_XX

The alohabett: tode indicates the magnitud of the computed var 130;e.

such as i

?- ftr pressure |
PHO for density

TEMPF rer fluid (liquid) temperature<

i

TEMPG f:r gas (vapor) tempernture
HTTEMP fer' Heat structure (wall) temperature

MFLCWJ for Mass flow at a junction

TITRLVAR for Ccntrol variable, generaly in this report for a liquid

level

The numeric code indicates the control volume of the nodalication

diagram where the variable is being calculated.

The XXX code is for distinguish between the bas * or sensitivity RELAP5
- calculation

RCR Reactor Core Recodalization (SASE case)'
5

- ilRN : !!c Reactor Core Renodalizatien-(SE!!S!T:VITY case)

II. The Experimental. mesassurements L are identified by a similar to 3 ELAPS
. alphanumeric tode

Alchabette !?de-Alpnanumeric code-Numeric tode

__
The alphaoetic : ode stands for the measured magnitud. while the rest of--

g ..+ code ! alphanumeric-Numeric) indicates-the instrument locatien.
t -

(:
|

I

p
-

1
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II*. The SCDAP/M001 calculational results are easily identified ty tne
following code

41chabette code - riumerie code

} As sually the alpnabeti: code stands for ite magnitude, i.e.

CADCT for cladding temperatare I

THVTRO for vapor fraction 1

i

CGGI'/Y for component gap inventory
CGGREL for component gap release
!GTTPRS for bundle gap fision product release of solueles

;

SGTTPRN fo.' bundle gap fission product release of noncondensible - l
-

BGTHO for' bundle total oxidation heat t

BGTH for bundle total hydrogen generation rate ,

THFL'dA for bundle free ficw area
!

And, again, the numeric code indicates the component location of the
compated-variable.

'
.
.
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|

THERMAL-HYDRAULIO ?CS!*EST ANALYS:3 CF j

CE0" LOFT F;SSION PRCOCO* EXPER:yENT LP-FP-2 |

| 1. INTRODUC* CN
l
l

This report presents the %ermal-ny1 aul : postrest anal / sis of L?-F?-2

Experiment, made by the spantsh FP-2 :alculation group using the RELAPS/MCO2
and SCOAP/MCD1 :cmputer todes. ,

' i

i

Experiment LP-FP-2 was the seccnd Fission Product (FP) release ud transport
test performed at the Loss-of-Fluid *eet (LOF*) facility. located on tne Idano
National Engineering Laboratory t!NEL). This experiment was initiated on July

'

9, 1985, and represents the eignth and final experiment conducted under tr.e
auspices of the Organi:.aticn for Economic Cocperation and Oevelopment (CECD).

4

Experiment LP-FP-2 provides information on :he release, tr anspor t , and

deposition of fission products and aerosola during a severe core damage event
performed in a large scale nuclear reactor f acility. The phonemena governing
fission product and aerosol release, tr ansp or t . and deposition are associated
with postulated severe pressuri:ed water reacter iPWR) accidents that lead to

control red melting, fuel relocation, and the loss offuel rod fails .

fission products from the UO fuel. For the LP-FP-2 experiment.- the fuel rod
2

:ladding temperatures in the center fuel mc*ule (CTM) exceeded 2100 K (3320tF)
for -4,5 min before test temination temperatures. were reached on the exterior

wall of the CFM snroud. *he 4.5 min fission product release and tr ansport

.-ansient 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) studies have shown thac ne interfacing
1systems loss-of-coolant accident (LOCA). a hypothetical event first postulated

in the Reactor Safety Study band labeled the V-sequence, represents a

signific ant contr:oution to the risk assoc:ated itth DVR operation.

. as selected as the ICo'nsequently. this risk dominant - accident sequence w

thermal-hydraulic event in which fissten product release and transport would
be measur d in - Experiment LP-TP-2. The specific interfacing systems LOCA

'

associated with the V-sequence' accident scenario is a pipe break in tne low
t

I

1
'

_
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pressure in;ection system (LP:S), al e-o refarrac o s ti *m a ren ts. ot
rencval 3f e e, '3HR31 This system t/pical., r. e ' e r " S '., n a4

cen er :a1 ?4R: al it provides eteegency ec;;pf .n er*.;on ';r :re r m arys

.iur;ng inter ediate and large break LCCAs, nne ;. .: pr m ces r:r cec r/ n?at

removal during normal s.utdown. The LPIS represents 1 pc *cnt ; a1 ;atnway *r
relesse of pr**ary coolar.t from the . eactor vessel !RVs. If scre ;oulang .ere

. not *aintained duri: g suen an event and if fuel rods f u i t'd , firsten produc*
release to the environment could occur if the sax 111ery bu; ding aluu f aaled,

ixper:. ment LP-7P-2 simulated the system tnermal-nydrsuli:s trs core ancovery
tenditions during fission product release and transport that are extected to

,

ccour in a four-loop PWR from rupture of a LPIS pipe 4,s a result of a
7-sequence accident. The initial condittens for the ext.craent r* presented

,

typical ecmmercial PWR operations. The break size resulted in a

c.epressurizaticn that was bounded by previously c ontluc t ed LCFT experiments
.8- 2 and LS-1 on tne upper end and by Experiments L3-1, L3-5/3-5A, and

L3-6/L8-1 on tne lower end .

The thermal-hycraulic posttest calculation of the LOFT System as a nnole was 1

perforted using . the RELAPS/MCO2/36.04 computer code. On the otner hand the
SCDAP/MODl/21 computer code was used to calculate the detail e:. t

thermo-mechanical core behaviour during the heatup phase of the _ experiment.
Tigure 1.1 shews the interdependency between these two codes usually known as
the RELAPS-3CCAP passive link.

The RELAPS/M002 and SCDAP/M001 input decks used for this analysis were based

on those used by the INEL to prepare the Best Estimate Prediction Document
(SEP)0' several 1 provements and error correctiens on the pretest deck ~ were

madet (t) To correct'some' errors, (b) to match . the experimental Sequence- of
events. (c) to improve the primary system depressurization process. and (d) to j
try to avoid the steam starvation observed in the pretest calculation. t'

The calculation results have been compared to the meassured dats-to assesa tne
capabilites of RELAPS/ MOD 2 and .S00AP/ MOD 1 for si'nulating- the thermal hydrauli,

,

c-

conditions-which magnt occur _ during a ?WR severe accident. Section 2 of this
,

|: report presents the objetives and a brief Jescrip tion of the LP-FP-2- !
experiment.

Section 3 summari:es the thermal-hydrwlic:results measured curtog
I- the transient. - Section . 4 describes the RELAPWMOD2 input model used for the

( .~
1

,
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base . case calculation. Section 5 discusses the results of the pesttest
calculation in ecraparison with the measured data. Section 5 sne.s n ?!LAr5 ;

sensitivity study ecmpared to the base case results. Section 7 introcuces tne

SCDAP/MCD1 nodalization model. Section 8 discusses the SCDAP results in
comparison with the measured and the FELAP5 data. Conclusions and

recomendations derived from this analysis are presented in section 9. A short
description of the special configuration of the LCFT plant and its

- instrumentation for the LP-fP-2 experiment is shown 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 tne 7. ELAPS / MOD 2 input model

used-for these analyses, while a full listing of the SCDAP input data is gtven
in Appendix D. Appendix E presents some statistics of the computer time
consumed during the calculations.'
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RELAPS/' _ 2

V-sequence transient thermal-nydrauli:
general behaviour of tr.e LCT! plant

CCRE CORI *H BCUNDARY
GECMETRY CONDIT 0NS

' CHANCES 3k -CORE PRES 3URE

-CORE LIOUID LIVEL
i B LOCKAGES) -CORE INLET FLO'd

1

SCDAP/MCD1

Core Fuel temperatures and mechanic.1 behaviour

Including -Radiation
models -Metal-water reaction
for -Clad ballooning and rupture

-Control rod models
-Tuel liquefaction and

resolidification

F?GURE 1.1 Flow chart of computer cedes used in tae analysis, showing tne
interdependency between them.

(PASSIVE LINK SET'4EEN ?. ELAPS /MCO2 AND SCOAP/MCD1)

4
.



_ _ _ _ - - --_.._._.m._.. _ _ _ . _ . . _ . . _ _ _ . . _ . _ _ _ _ . . _ . _ _ _ . _ . _ _ ___ __7

I

i

2. LP-FP-2 TXPERIMENT CESCRIPTICN

2.1. Objectiven

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

To obtain fission product release, transport, and deposition data during the
jea-ly phases of a risk dominant reactor transient in order to estaolish a

benenmark data base fort |

1. Assessing the understanding of the physical phenomena controlling reactor

i- system fission product benavior.

|
'

2. Assessing the capability of computer models to predict the remetor system >

fission product release and transport. .

.

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

Thermal hydraulic Objeetives

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

I - core damage.

II. ' To provide transient fuel rod temperatures in the center fuel assembly up
to the rapid retal-water reaction - temperature of 2100 K (33209) with
aerosol generation from the (Ag/!n/Cd) control rods.

|

| -.
- Fission Product Obseettvesj

- 1. To . determine the f raction of the volatile fission products (Cs, I, Te..Xe.

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

-- . .- . _ - _ . -. _ -. - - . , . _ . _ . ---_.- _ ~ . . , ., . . _ - - _ _ _ . _ . - , .



__. __ _ . . _ . . _ . . _ . . _ _ . . - __. ___._... __ ___ _ _____..._ .._,_ _. . _ _

2. To determine the fraction of volatile f.ssi:n products and aerosols
transpcrted out of the primary coolant system.

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

4 To determine the deneral mass balance of volatile fission products in the
fuel, primary coolant system, and blowdown tank.

i

\in order to meet the former objectives the LOFT plant was specially modified
as is summarized in the next section.

2.2. Key f ea tures of the LOFT facility including changes for the LP-FP-2
e xp e ri're n t .

P

The LCFT PWR is an 1/50 size model of a commercial 4-loop PWR that has been
used to stucy phenomena associated with loss of coolant, subsequent ECO
injection, and finally tission product transport with serosols at the initial
stages of core damage.

The experimental assembly includes five major sucsystems tha t have been
instrumented in such a way that system variables. can be measured and recorded
during a LOCA simulation. The subsystems include the reactor vessel, the
intact loop, tne broken loop, the blowdown suppression tank (337), and the ECC
systems. Complete information en - the LCFT system is provided in Reference 7
and a discussion cf the LCTT scaling philcsophy and specific modifications for
LP-FP-2 experiment is provided in Reference 8.

The following is n' brief description of the LCFT facility as it was built for
the LP-FP-2 experiment.

The ' arrangement of the major LOIT components is shown in Figa e 2.1. The

intact loop simulated three loops of a commercial four-loop PWR and contains a

6-
__ .- _ ._ . . . . _ _ _ _ . , - . _ _ , __ -.
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steam generator, tEo primary .:colant pumps in parallel, a pressura:er, a
Venturi flowneter. and conne: ting piping. A socaA p;ece nas 0:nnet te: to t''

intact loop cold leg cownstream of the pwp 1; s enar,ge . Th;s r.rev.iet the
initial cre%k path during the blowdown. The papang of :nis DrssK 7 s ta Ls 1. D 1
in nominal $ch 160 pipe having an inner diameter of 1.16 in. The f;ll fl ys,

area was used to vent PCS coolant. This line was 0105ec prt0r to fission

product release so the fission product transport would be solely an the

simulated LPIS line.
1

The breken' loop consists of .2 hot leg and a cold leg For this exoerinent, the
broken loop cold leg was flanged off and the oroken 1scp Mot leg pump and ]
steam generator simulator *r were removed. The simulated LP13 line was connected
to the . end of the broken loop hot leg and provided thJ >ath for fisston j
product transpert from the primary system to ;he BST. The simulated LPIS line J

'

is- illustrated -in Figure ?.2. The pipe size selected fer the LCFT 'PIS pipe !
-

simulation line was 1-1/4 in. nominal Schedule 150 having an inner diameter
of 0.0295 m (1.161n.). The entire LPIS . itne was designed with a total length '

- of 21.34 m (70 f t) and the distance between the tsolation valves CV P138-100
.

and OV-P138-191 was 15.67 m (51.4 ft).'

.
.

.

The LOFT reactor vessel, thown schematically in Figure 2.3. has an annular ,

downcomer, a lower plenum, lower core support plates. a nuclear core, and an
upper pienem.-The downcomer is connected to the cold legs of the intact and ,

broket loops, and the upper plemAm, to the hot legs. The core etusis*s of 1196
anrichedi uranium fuel rode arranged in five square and four triangular '

- (corner) fuel sszemblies (see ~ figure 2.1). The fuel rods were designed to
commercial PWR specifications except that they are- only.1.60 m ( 5.5 f t) long

'
. - and(several. fuel rods have special instrumentation.

.

!
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The- requirements imposed on the LP-FP-2 Expert .ent. from the standpoint of |

facility decontamination and recovery, weres
i

1. Experiment LP-FP-2 must be conducted with pertpneral assembly fuel red )

claading temperatures limited to 1533 K (230Ce T).

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

' facilitate removal from the reactor vessel.
!

i
'

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
censisted of 11 control rods.100 prepressurized (2.41 !4Pa. 350 psi) fuel rods

enriched to 9.744-wt% U and 10 instrumented guide tubes. The CFM was.

separated from the peripheral fuel assemblies by a 0.025-m (1-in.) thick,'

zirealoy . cladding. mitconium-oxide insulated thermal shroud. The center fuel
' assembly-was designed to enable the 9.744-w% enriched fuel rods, or simply
referred to' as the test rods. to heatup above 2100 K (3320fF), wn11e r

maintaining the peripheral fuel rods below 1390 K (20448F) 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 tne LP-FP-2
experiment.

.

' The two LOFT ECC systems are capable of cimulating the emergency injection of
'

a commercial' PWR. Each of them consis'.:a ' of an accumulator. a high-pressure -

and .- a low-pressure injection systems. There were no programmati:

. considerations innerent in.ECC operationi therefore, the ECC injection was not~

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

The LOFT steam generstor. - iccated: in the intact loop.. As a vertical U-tuce
e

design steam generator. Operation of the - secondary coolant system during
Experiment LP-FP-2 approximated tnat of a commercial PWR.

,

A complete Tissien Proouet Measurement . System ( FPy.S ) was designed- am
m

fabricated for the detection, identification and collection of radioactive

11
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7ABLE 2.1. :.P-PP-2 T'.'E' ESCR PT: N.

".al 4:c 3srt?sters'

Actt<e Langin 1.67 m i

;!accing CD 10.7 -m
:taccieg 751:(.aess 0.62 tm
;'accing mate 1al Ir-4
3a0 inickness 0.3C5 *m

hel 3 uncle 8arameters

Numcer of hel toes, Cuter Scuare luncles 204
%.meer of %el Rees, C:ener Bundlet 70
Numeer of Fuel Aces, Center Sundle 100
Total n.mcar of :.el Roos 1136

'

Roc Array, Scuare anc Centar 15 a 15
Red Array, Corner 12 a 12, triangular
4:d Pit:n, in. 0.553

hel Parameters CW D y : horal

Total UO2 :er sin 1.137 kg 1.134 kg
.

%el censity 9 3". 9 3".

Enrichment 1.744 wt% 4.05 wti

Control 4:d Parameters

L ?ctal ::ntrol r:ds in core 80

| CFM control recs fer aerosol source 10

! ,lacding material 304 $$ -

'lacding tnickness 0.51 mm'

| Dotson w teris1 BOAg-15!n-5Cda

8eisen Eccs :ar Cluster 20

CFM Ther?.al Shield

Claccing taterial Ir-4
Outer Claccing tn*:keess, em 3.175
!nner Claccing int:kness, m 0.62
Insulation saterial Ir0

2

insulation constty
3lower section (0-0.2Cm) 2160-2480 kg/m

seccnd section (0.30-0.31m) 2000-2160.

third section (0 91-1.42m) 2160-2480
toD section (1.42-1 76m) 2480-2720

Total snielc tniencess, m 29.2
Total.shiele neignt, m 1,76

13
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tsetepes in the LCFT POS. L71S, and "ST. This system, aliast.ated in Firire
2.5. consisted of three cesic subsystems: (a) four ga- a spectr: meter systems
and Or.6 gross gama cetector. (b) a deposition sasp4:ng systen, an: >*: filter
sampling systems. Eacn of these subsystems is fully descrited in . eference 9.
Because tne orlect of car analysis are only the t..ertal-nyersulic conta ti ns
during the LP-FP-2 transient we do not get anto furtnet details of the FFMS.

F2
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Figure 2.5 Sene9atte dt33 ram of the LOTT system snowing the relative positions
of TPMS instrumentation.

Additional details of the LOTT system and the instrumentation can be found in
Appendix A and in reference 9.
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2.3, fxperiment Sescription

Expertment LP-FF-2 consisted of four dist. net pnases: ist fuel

pr4 conditioning, (b) pretransient, (c) transten* and (d) posttransient. The

tour phases were contiguous; neweser. eacn pnase had a specically defined

beginning and ending. The fuel preconditioning anc posttransient pnases of tne

experiment consisted of relatively long periods of time to compared with tne

much shorter pretransiert and' transient phases.

The pu*pese Of the fuel preccoditioning pnase, in conjunction with the

pretrann:m enase, was to subject the CTM fuel rods to a Mnimun bu'nup of

325 MWD /MT: was ach: w ied by Opera L/,t the LCFT reactor at s thermal

power of 32 Mw for 94 h. shutting down for 75 n, and then operating at 26.5

MW for a period of BO h. The burnup that the CFM accetved during this .nitial

preliradiation period as calculated to be 346 TU..

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 ar.d to establatn the

initial condit ons for tne experiment. Figure 2.6 9 hows the preexperimeat.

pcwer history for the LP-FP-2 expertnent. The initial c om'i .+ ote revit ements

included a core decay heat of between 675 kW and 695 kW at 200 a fcilowing

40 - -
, , , ,

.

I Can mass = 4.00
35 .- Bumuo = 430 mwd /MTU

.

h [ M30
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I;
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:gure 2.5. Freexperiment power history
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reac tor scrani, and also the establishment of typica. pressure, temperature,
= and flew conditions _ that would simulate a :omnercial ?WR. This pnase of the

experiment immedtately fellowed the terminat:en of - the pr=concitioning pnase

and ended with the initiation of the transient pnase at t) iresctor scrams.
The pretransient included ~ the operation of . the LOFT reactor at sn average
thermal power of 31 X4 for - 26 h, followed by 15 add . ttenal hours of

1rradiation at approximately 26.5 X4. The estimated burnup on the CFM

following this irradiation w ', 84 MWD /MTV. Consequently. the total burnup on
the CFM prier to test initiations was 4LO X4D/yTU. The ORIGEN2 calculated core

#decay heat _ at 200 s was 684.1 k't, well within the plaried limits,
.

l

The actual burnup on the CFM was much higher tnan originally planned. This
occurred teccuse the LP-FP-2 Experiment was initially planned to be run on
July 3 with- a CFM burnup of 346 MVD/MTU; however tne CFM control rods would

|
not f during this . firts attempt and the experiment had to ce aborted. ;t

was _ .er discovered tha t high flow conditiers in the core - caused this

condition and tripping the primary coolant pumps (PCPs) early into _the
transient wet.;d allow the CTM control rods to fall. The LP-FP-2 Experiment was
successfu1Ay; run 6 dn,vs later -' on July 9. A serendipitous result of the

extended _down time and extra irraciation was the achievement of a higher Cs to
! ratio than originally predicted (e.g. 4.0 vs. 2.9).

The LP-FP-2 transient was inittaceo ty a reactor scram at 14:07: 44.9 on July
L9, 1985 (defining tg), followed by the insertion of the CFM control rods 2.4 s
later. ' The main - purpose. of _ the C7M control rods was to provide Ag/In/Cd
material . for L aerosol . generation and depos .tionE sites for - fissien . products
during the high temperature pcrtion ef the experiment, as would be present 'in
a-PWR during a V-sequence accident. The break line in the-intact loep ecid leg
:(ILCL) was opened at 32.9 s to. begin depressuri:ation of the PCO. At 221.6 s

the other break 1;ne, which simulated the LPIS, was opned- in the _ croken loop -
hot leg (3LHL). Ine ILCL break was closed after 735.5 s in accordance with the
experiment -cperat;cnal specifications . .However, the ' subsequent system

- depressurization nas _muen slower than expected and tne pressure remained too
higt. for operation of the fission product measurement system- (FPMS).

In order to. reduce _ the . system pressure below 200 psi (1. 38 MPs ) , the ILCL
break was reopened at 877.6 s, and the PORV from the pressuri:er was opened at-
882 Sec. With the PORV, !LCL, and LPIS linee 4 en, the PCS pressure fell below

16

- . - .- , - , - . ,,



- - - - - _. _ ._.

the 1.38 MPa (200 psig) design limit for operation of the FPMS e 1013 s. The

ILCL break was tnen elesed at 1021,5 s. and the FORV was elocec at 1162 s. The
core was allowed to uncover and to heatup, resulting in the failure of tne
control rods and fuel rods in the CTM. Fission products aere f;: st detected at
about 1200 s in the F1 and F2 sample itnes. The expertment .as cntinued until

about 1766 s vhen a h;gh temperature t.1p en the exterior sall of the :TM

shroud was reached. By that time, the CFM had rr. ached an estimated maximum
temperature in excess Of 2400 K (386017) and had been above 2100 K (3320eF)
for at least 4.5 min. The emergency core ecoling system (ECCS) was then

activated at 1732.5 s and the core was quenched by 1795 s.

The final, or p os ttransi ent chase of the experiment consisted of a time

interval of 44 days during which the redistributien of fission products in the
-

( qas and liq id volumes in the blowdown suppession tank and tr.e leacntng of
tssion products from the damaged fuel rods in the CFM were measured. This

nyj nase began at the closure of the simulated LP;S line, which terminated the
,N .;
*1" lowdown and initiated the reflood of the reactor vessel, and ended 44 days

.fi
later.

17
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3. SUMMARY Of THE THERMAL /MYORAULIC !ATA

This section su m ari:es the tnermal/ hydraulic ;*M; .easured data of ine sys+em
prior to and during = fission product release and transport and has been taxen

i

from-tne QLRS ,ncluded- are the hydraulic response during the blowdown. the
*

fluiJ and metal temperatures during t tssion product release and trsnspert. and

the fuel rod cladding response during the blowdevn and heatup phases.
Reference 9. 2tves- a full description of the TH results.,

Table 31. lists the specified and measured system :end:ttons immediatei/
prior to - the LP-7P-2 transient. Except for the liquid level in tne SST. all
initial _' conditions were- within the limi ts specified in the Experiment

a

Specification Document _(ESD)~. Since no attempt had been made to use tne SST- j
to _ simulate _ a containment vessel, this single out-of-specificaticn value did

|
1

net affect the' outcome.of the experiment. !

The significant events - for Experiment LP-FP-2 ara 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 LF-TP-2- transient was initiated by scramming the reactor - 1th the4

peripheral centrol. rods' which defined t. The ' prima.*y coolant. pumps (PCPs),

o
were then turned off at about 10-s-(or tfl0 s: note tnat all experiment
times are referenced relative to t0). Af ter tne PCS flew had de'ereased to 1905 .

kg/s1(1.5 x 10 lbm/h) at 22's, the center fuel assembly control rods were
l

-un ocked from the D1 device and - allowed to fall -into' the CTM. At 24 s the
control rods -were ' fully inserted in the core. The ILCL oreak was _ then opened --

- at 33 s, and ne LPS line was opened at 222 s the-core started neating up wnen-.
-

the liquid level decreased in the peripheral cundles at 662 s. The CTM began
,

heating up at 689 s. The !LCL break was - closed at 736 s; however, it was <

,

reopened at 8'S 3 to accelerate the PCS depressurization rate.,

6

.

s

t
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*able 3.1 Initital conditions for experment .P-FP-2

Soccified' weasured
Dartmeter Value Value

Primary Coolant System

11.7 : 1.cOore de ta T (K)i --

21.1 : 2.5-(*~) --

Drirary system cressure
(not leg) (MPa) 14.95 : 0.1 14.98 : 0.1

(psia) 2168 : 15.0 2173 : 15
,

Hot leg temperature (K) 571 : 1.1 571.6 : 0.8
(*F) 569 : 2 569.2 : 1.4

559.9 : 1.1Ooid leg temocrature (K) --

548.2 : 2('F) --

Loo: mass flow ( kg/ s's 479 : 19 475 : 2.5
6

(1dn/h x 10 ) 3.8 0.15 3.77 : 0.02

499 : 15Boron concentration (ppm) --

D?imary coolant cumo injection
(both pumps) (L/s) 0.127 0.016 C.128 : 0.003

(gam) 2.0 = 0.25 1.98 : 0.02

Reactor Vessel

Powe.4 level (MW) 26.5 2 0.5 26.8 : 1.4

Decay heat (200 s) (kW) 685 t 10 684.8

Maximum linear heat generation
C

rate (kW/m) 40 42.5 2 3.6

(kW/ft) 12 12.97 e 1.1

Control red positten
(acove . full-in position) (m) 1.37 : 0.01 1.38 : 0.01

(in.) 51.0 2 2.0 54.3 : 2.0

Steam Generat:r

6.38 0.08Secondary system cressure (MPa) --

925 : 12(;sia) --

w. 0.17 : 0.06Water level" (m) --

6.7-: 2.4(in.) --

19
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Table 3.1. (continued)

3:ecifiec#Da*s eter *etsure:
Vaiue 2n'. n.

_F essurizer __

3t.iquic volume (m )
--

3 0.57 : 0,03
('t ) --

20.'.3 : 1.05
3' eam volume (m ),

--

0.37 : 0.03(ft ) --

13.07 : 1.06
Water temperature ( F,)

--

(*F) 616.9 : 2.'.--

550.8 : 3.8
i'. Pressure _(MPa) --

(psia) 15.1 : 0.1--

2100 : 14.5
Liquid' level (m) 1.12 t 0.1 1.05 : 0.06(in.) 44 : 4 44. t. : 2.4

Suppression Tank

Liquid level (m)-
1.19 + 0.051 1.18 : 0 06- 0.0(fn.) 47.0 + 2 46.5 : 2.4- 0.0 .,

'

--Gas volume - (m ) --

3 59.11 : 2.02(ft )- --

2087 +. 71
Water temperature (K) .

<311 ~295.5 : 0.5(*F) <100 72 : 1
~ Pressure (gas space) -(kPa) 100 e 20 95 3(psia) 14.7 : 3 13.3 : 0.4

3cron-:encentration .(ppm)- --

17*.0 : 15

,-

|
!

|:
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"acs: 3.1. (continued)

Sce:ifiec' *easured
a*3rette 'value

_
Value

Etergency C:re Cooling System

3: rated water storage tant
Tem:crature (K) 303 : 3 301.3 : 3

(*F) 35 : 5 52 : 'a

A::cmulator A licuic level (m) <2.17 1.31 : 0.02
( i r. . ) <86 71.3 : 0.3

accumulator A pressure (MDa) >4.21 5.1 : 0.06
(psia) >611 740 : 9

A::Leulator A t;uic
tempe-ature (X) 303 x 3 303.1 : 0.7

,
('F) 85 : 5 36 : 1.3

|

me:cmul.xter 5 iicute level (m) <2.16 1.31 : 0.02
(in.) <B6 71 : 0,8

Accumulater 8 pressure (MDa) >4.21 4.95 : 0.06
(psia) >611 713 9

A: unfulatcr B licuid
:em;erstura (K) 303 : 3 305.6 1 0.7

g ('C) B5 = 5 90.4 : 1.3

2. If no.value is lis'ed, none was see:1fied.

b. Steam generator licuid level referenced to 2.95 m (116 in.) acove the
Og of the tube sheet.

c. A: proximately e:1.ai to this value.
.

21
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Tablo 3.2. Chronology of events for experiment LP-FP-2

'ime After boeriment
!nitiationEvent (s)_

Scram
0.0

Control rods fully inserted _ 2.4 : 0.1
PCP coastdown initiated 9.7 : 0.1
CFM control reds fully inserted

23.4 2 0.5
ILCL oreak initiated 32.9 : 0.1
PCP coastdown comolete' 25.1 : 0.1

.End of succooled blowdownb 53 : 1
tSecondary relief valve cycle

56 1 I
Fressuri:er empty 60 : 5

_LPIS line break initiated 221.6 : 0.1
Sec:ndary pressure exceeded primary system 260 : 10caessure

Earliest coolant thermocouple deviation
from satu*ation (voidage at that location)

Uccer plenum 300 - 10Hot leg pipe 390$10.swncomer 730 - 10Lower plenum 300$20
Fuel rod ,claccing heatup started in PFM 662 2

Fuel rod cladding heatup started in Cr7 589 2 2

ILCL break closed 735,5 : 0.1..

ILCL dreak reopened
877.6 : 0,1

-PORV opened 882.0 : 0.1
F3 filter en line 950,8 : 0.1

LPIS bypass closed _ 951.9 : 0.1
F;MS lines opened 1013.1 : 0.1

22
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Table 3.2. (continued)'

*ime After Experi.ent

Initiation
Svent (s)

ILOL closed- 1021.5 : 0.1

80RV closed 1152.0 : 0.1

*irst indication of (gap) fission Droducts at F1 1200 : 20

First indication of (gap) fission procucts at F2 1200 : 20

First indicatioc. of (gap) fission products at F3 1249 : 60

Perinneral fuel claccing reacned 1460 K (2172*F) -C

0Maximum upper plenum coolant temperature reached 1495 : 5

First indication of (fuel) fps at F1, F2, and F3 1500 : 10

Clacding temperatures reach 2100 K (3320*F) 1504 1

Shroud temperature reached trip setpoint

ist thermoccuple 1743 : 1
2nd snermoccuple 1766 : 1

'Maximum cladcing temperature reached --

LPIS line break closed 1777.6 2 0.1

FPMS lines closed 1778.1 : 0.1
dMaximum upper plenum metal temperature reached 1780 i 5

|
; Deposition coupons isolated 1780.6 : 0.1

ECOS initiated 1782.6 : 0.1

Accumulator flow stooped 1795 : 2

-Maximum.LPIS line coolant-temperature reached 1800 5

I
Core quenched 1795 * S

Cooldown initiated --

Stsam generator feed-and-bleed started 2600 .10-

PORV opened 3350 : 10

PORV closed 3380 10

PORV opened 3680 : 10

PCRV closed 3690 : 10

Exoeriment terminated. ~~
^

2J
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Tabie 3.2. (continued)

a.'The pumps were' allowed to coastdown under the influence of the motor
generator flywheel until the pump speed reached 750 rpm. At that time, tne
flywheel was disconnected from the motor generator and the pumps quickly
stopped adding energy to the fluid. The time at whien the flywheel was
disconnectec is defined as the time the PCP coastdown vss complete,

b. End of subecoled blowdown is defined as the time when the first measured
fluid temperature outside of the pressurizer reaches saturation conditions,

c. None of the cladding thermocouples in the peripheral fuel bundle measured
validated temperatures above the setpoint. The two that gave readings abcVe
this setpoint failed before reaching the setpoint,

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

not be interpreted.

e. Because of the larae 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 (38603F) cased on extropolation's from
valid temperature readings before thermocouple failure.

f. .The peripheral fuel modules were quenened by.1793 s. Most of the central
fuel module cladding thermocouples were quenched by 1795 s. Some isolated
thermocouples- indicated persister.t high (superheated) temperatures a few
minutes later. Interpretation of the temperature data is ccmplicated by the
large number of ther toccupies -in the center fuel module inat failed during
or just before reflood.

gJ Because of the hign backgrcund in the area surrounding the G1, G2, and'G3
spectrome te rs , data were collected for several weeks after termination of
the thermal transient.

. 0.1
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In addition to reopening the ILOL break. the PCRV was opened at 392 s. After

the system pressure dropped below 200 psi (1.38 MPs), One ILCL ar.d ?ORY ;2nes
were closed at 1022 and - 1162 s, respectively. Fission produe activity .as

first detected in the F1 and T2 lines at about 1200 s. The hottest measured
cladding tempera tures reached 2100 K (3320tF) by 1504 s. The transient,

continued until the outer shroud wall temperature limi ta tien of 1517 K
(22721F) was reached at 1766 s. Subsequently, the FPMS lines <ere isolated at
1777 s and ECCS injection was initiated at 1783 s. The core was quenched at
1795 s (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-line measurements systems. Also, batch samples were taken from
the BST ans PCS for several days: BST liquid samples (21 d). BST vapor samples
(29 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 everpressurizing, and a feed-and-bleed operation on the steam
generator was initiated.

3.1 Blowdown Hydraulics,s

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

The experiment hydraulics readted in a gradual PCS level decrease and,
ultimately, in a slow core boil-off. The loops began to void at approximately

So s (intact loop ut leg) as shown in Figure 3.2, which compares the

individual average chordal densities measured by the gamma densitometer in
this leg. The level decreased until the loops were completely 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 centinued to drop, entering the-
top of the ecre by 700 s. The entire core was voided by approximately 1355 s
as indicated by the level probe in the 3rd.-fuel module. 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 more enan 300 s after all cladding

'thermocouples in the core indicated heatup.

26

+m -



t
%

, " Ie.p;;.0CIBeg.p .

0* "-' ''
i 5o *.A
j * 4

C ?'
-

s.
t e h k ,j f f

~ * -.
.

3 M
2 :T*
*

i
w I

,.

= 0.5 3 .- :. 30 -
a -

a ;
Ii

E i
.

2
'. . , 5m '
' .t ..\ .,O* -o e
\: . ...L' ..

\

r '

'3'3 0.25 {'
-

., l t '''if g.,y' ,A
-_

" ' ? .g w

{-

p .p. , b .e d h ,.)
,

o3
o 50 40 , , , z. -

sTime (S i

Figure 3*., Intact loop hoe leg density~*

27

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



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

..

.

.. *** Ota s4 6 - Wi ella de JCl e Pt.0 Gt t * J!//1498 .**~ 'CsI' Le *4a86 f*s44780, ~

#4e .se.

4dette Pl at t 5 8 f tt *t t 15 B C *.

eee e e ee eee ee ee e eee e oo o o e e e e ee e se eee ee
e . (eeneattgr sae64 late t - *
e tee e ee eee ee e e e e ee e eee ee e e eooe ee ee eee
e 1 a 't.0CC * a8 999.30C 6
e 106 .J40 34 e 3.0C0 e
+ int .we. 0E G - *1 * .CIO e,

s e e e e ee eee ee e ee eee eee ee ee eeeee ee eeeee
18ett

8P asOnt
(088 903I

.. . . . _

0 s= 4

3. 7 9 e ss a so st 00JJJ 00tt ( OC 2CCc( e ss es a s s e s a a s s a ct C0300s 4 tJCLO(C se nosese...a3.04 e sa s 4 +ttsdO)300CCt CCJtCCCC(000000004303std0000eu (CLD(daeassassessamaa.eeseseaosese,..een..... . ..i

.t e e s s s s s osodoue0 )C OCC10(C(E C(3C300CC03 31) L 300*ec C( 3EJO s s a s s a n noce9C(s r s;st9t t( t ta Je , . . s e s s e . ., . ... .
.ea

.e 9 e as a s tatt ,~.0JJ J MC dC )3CC *.CitC80 Me0001'H*Joc a sC010t.d
0%JsMt ett K a-(tit .a is *t . .. na ma s s em e s...78 e u n uacett C C)oJo00C 3C )C)CLCCc000Motuo00 sJ000C os0&C t ea t( s e s s e es s e s,s a s e s e sa e ss e s e e.s e e s s a e es s s a m e sa..

.a& * as &Ob(00 0 340 30t 0E *eC( L C(((OGOC'J 13C 'eid". J3f $0900 JC :(tt Met (s s e asst ( .t 4 5 r.t t.e 4 a r.t , . .e..aam. sea* 1 e sa addat dua0 6040C CCGGCCC(Oco's20$400C B e BJJJ s asJe00 3 ),
(tv 33( s e p a s s s e s s e a e m e e s e n e s. e es f44ses.esesseest) * 4 3 e sa a s t s()dJJJ03 3C C)J)( e;*L&O9?O330000ec sti suc s a a a a ss,c (Ca s t*C (t((.4Crtf(it; Leeneasessasato .20 e ss a a s m as s04 J J3 3C(u)2C J7Ctt.0COC MC6110. a o s a s sa s a s e a ss e s s e s s s e e(c ...p*.s==...a

. 3 C o s a s s a s a s %0400(.JCC 3*.(C((C EC*e0 MC0eiot t o((%C DC CC0(cC ( C s t ( C((( Cs e m a s a s s e s s e set u t o Jt s. s.as nessas....ee............. ......... ................................e .......'4. .. . .. . ....................... ....a:n .:,.+ t 3:s.. r **r. <a -e:.... eie. . 53.**s s a .O . . . , asir. s a .-.e. *se+..s .- . - > . .,

es-e .:s

Figtere 3 e 3 + Condtset.1v ity levet pi otie response alsove l'in e l Assemlely 3.

i
1

,

t

_ _ _ - - - . - . . .



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

!

The PCS mass inventory declined to a minumum of approximately 500 kg t eased on
,

the blowdown suppression tank level increase) by 1300 s. At enat time, the

center fuel modale 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 9) 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 (2600eF). The center
fuel module mass flow resulted in an average of 0.4 gm/=/ fuel rod (0.04 kg/s
per 100 fuel rods). Data from th ower Burst Facility indicate that flows as

~

little as 0.1 g/s/ fuel rod are sufficient to sustain the metal-water reaction

without steam starvation .

When the shroud temperatures reached the experiment termination setpoint of
1517 K (2272*F), 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 lbm) of water from - the accumulators resulted in a PCS repressurization
from 1~.2 to approximately '3 Mpa (174 to 435 psia). This caused the accumulator
flow to momentarily cease. Additional cycles of accumulator flow and PCS
repressurization were required 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 quenched rapidly, in a manner similar to
previous 1.0FT core uncovery experiments. idos t of the center fuel module also
quenched rapidly, though more slowly- than in previous experiments. A small
fraction of the center fuel module, however , took much longer- to quench,

~

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

3.2 Core Thermal Resconse

- This section summarizes the fuel rod cladding temperature response, including.

the initiction of.dryout at various core locations, the effect of control rod

melting on'~the thermal response , the occurrence and propagation of a rapid

metal-water reaction, and tne 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

29
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module,with the dryout reaching elevattens of 1.11., 0.38, and 0.2B m i45.1%,
|and-11 in.) above tne core bottom at 662, 730 and 930 s, respec tively. Th u, a
' illustrated in figure 3.4, which com;' ares cladding and saturation :emperstres
at these elevations in the 2nd fuel module. The quench at the 10-in, elevation
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.) elevations 4 The dryout started a

little later in tnis module. ' with the corresponding times being 689, 740 and
938 s, respectively.-

At ' a.oproximately 1050 K (1430*F), t .e guide tube temperatures responded to a
,

phenomena -hat is' thought to be connected with melting of the absorber
L material .-( Ag-In-Cd) at the 0.69-m (27-in.) elevation. The temperatures on g
guide tubes.5J13 and $XOS both show a definitive decrease in the heatup rate
(from 1.2 K/s down to 0.7 K/s) which tv- interpreted as resulting from the
melting or the control rod material in these guide tubes, The argument is that

= tne 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 ' tube SHC8, which does not contain a control rod, was not

'similarly nffected. Figure 3.6 compares these three temperatures. The latent
heat Lassociated with the melting of tne control rods could account for a-

'

temperature'' shift of up to 280 K (5045F). The difference between this - value
and 1 the = 50 . K (90sF)' measured ishtft ' could be explained by the metal-water
;reacticn, which;was occurring at that timer.

At abeut 1550 s.n several control rod guide tube thermocouples at the 27-inch
e
1' elevation' showed a small' discontinuity that is thought to be associated with2

the " failure of ' the rod (see . for example. Figure 3.6). This occurred at
-

,

apprsximately~ 1?00 K G 70018 K ) . Once again, the effect is absent from
|. nermoccuple 7E-5H38-027. which is in an empty guidecrube.,

-

.

' - The f first recordedj and qualified rapid temperature rise. associated with the
rapid reaction between sircaloy-and water-occurred at about 1430 s and 1400 K
on a guide. tube at the 0.59-m'(27-in.) elevatton. This temperature is shown in
figure 3.7.: A cladding ' thermocouple , at the same elevation (see Figure 3.7)
reacted ear'...,-but was ---judged - to have failed after 1310 s, prior to the,

rapid - temperature increase. Note that, due ' to the limited number of measured
cla:' ding tempera ture .loca tions, the precise location of the initiation of
metal . water reaction on any given fuel red or guide tube is not likely to .

30
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|
coincide with the location of a thermocouple. Thus, tne temperature rises are'

probably associated with precursory heating as the metal-water react;on

propagates away from the initiation point. Oare must te taken in determining

the temperature at which the metal water reaction initiates, since the

precursory heatir.g can occur at a much lower temperature. It can be concluded
from examination of the recorded temperatures that the oxidation of zircaloy

by steam becomes rapid at temperatures in excess of 1400 K ( 20608F) .

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 because of the failure of the
_

thermocouples at the high temperatures experienced, but it was certainly in

excess of 2400 K (3960tF).

During the transient, the temperstures 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

illustrates this by comparing the temperatures at various elevations in the -

2nd fuel module, just adjacent to the shroud south wall. By the time the

reflood turns the temperatures around (1785 s), all of these temeperatures

exceed the shroud temperatures at the same elevation. The cause of this rapid

heatup is not presantly known, but it may be an effect caused by the

thermocouple leads passing through a hot area as they exit from tne top of the

core (shunting) rather than by a true local effect.

The cooling af the core took much longer than any previously measured quench

in LCFT. This was in part due to the much higher temperatures that existed
'prior to quenen 2400 K - 38608F for this experiment compared with the-

previous maximum of 1261 K - IS100F - measured during Experiment LP- 1 ).
More important, nowever, is the geometry of the core during reflooc.

Relocation of ene core undoubtedly resulted in masses of core material much '

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

than tne ones corresponding to a
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i:<A
-regular fuel rod geometry. : This ; lo postulated to be One - cause of the slow

.

-

: :coldown manif ested - by ~ - thernoccuple- TE-5007.c27 'f ailed),- shown in Figure
.

'1 10, 'Even thcugn - this tr.enecouple failed, i ~ is believed that the fallare
'

~-w

mode :- 1:s a junction relocation an.d that tae thermcccuple is Laduating a
- remperature at sons locution in' the center fuel mcdule ). ~ that thermccouple was

slowl;r : wling towar:is saturavun untd1 2010 s,when the ; unction apparentl y
broke. Thus, even though- the core had been essentially quenched for .ere- than
200 s, the - temperature wes only slowly decrassang, t:11cating the :.nsulating
effect of s ''.arge mass of material autrocading the thermocouple,
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4. RELAP5/ MOD 2 SI'4ULATIg CF LP-FP-2 E'/.FERIMENT

c.1.0eneral..overwiew cf the ~etnodology ; sed for tne analysis
_

li is well known tn at RELAPS/MO32 nas not been designed to analyr.e severe

ace t dente . In fact, t nandle ents limitation the Idaho National Engineertn;

Laborttery (INEL) is developing a special severe core damage computer package
cal.ed RELAP5/SCDAP The REL4PS/SCO AP computer eM.e is the .;ntegration cf.

a <
three vell known stand-ulone ecdes: RELAPS/M002 3C AP/MODl' and,

TP AFM.LT- 2 ^l The integrated code is being designed to perfern test est; mate
'

.

analysis of tne behavieur of a L'en under severe accident conditions,

y

However the ac *.ual 'tersion of the integrated code only runs in a CRAY machine.

5Because of the unavailability of any thM maenine at Spain (by the time tne

group eegan tne calculations) we were forced +o uso the same metnedolcgy.

decided for the Best Esttente Prediction (BEP[ af the experiment, i.e..
i

pasuive coupling between the RELAPS/MCD2 and the SCDAP/ MOD 1 Ocmputer codes.

L

The raadamental idea of tnts metnodology consists in simulating the . general *

the rmtl.-hy draulic behavior cf the LOFT system using the RELAP5/ MOD 2 code;,

! while the detailed core behavior is simulated using tne SCCAP/ MODI code.

A brtef tsammary of the highligthtn of these two codes ta presented in Appendix .

r

B. THe interdependency between both codes is schematically snewn in figure

4.1.

According to this passive coupling methodology, prior er tne main driver

RELAPS/MCD2 calculation, a first SCOAP run is required in order to estimate

the core gec9etry enanges (blockages) following the fuel damage. This first

SCDAP cal:ulatue :s, in ruen, driven by a preuntna y R2 LAP 5/MCD2 run to
,

provde *.he necessary boundarf condittons for SCO AP (see figure 4.1. ) Once tha
fient SCDAP r.n :s complated we have estimations for the amount of blockage
due to the f.ei :ladding ballooning and ruptu:e, tne control rod material

relocation c.ue to tne melting of tne zirealcy at some c orre:pc r. ding

temperatureo. New m can go furtner on doing the main RELAPS/MCD* calculat;:n

making sou c0rs re.tecah ar.' ons. at the previously determined corresponding
temperatur-e3 (see .ip .* 4.2.,

.

=
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To end up this iterative process, the main RELAPS/ MOD 2 calculation, emolcying
the indicated blockages between the indicated temperature Intervals. provides

the thermal-hycraulic information required for the SCCAP code to calculate the

detailed core thermal response.

4.2. RELAP5/M002 Noda11:ation for Experiment LP-FP-2

The nodalization used for the base case calculation was based on the

RELAP5/ MOD 2 input deck that was used for the planning and predic tion of the

experiment at the INEL . and also in several input decks used for the posttes
4' '5

'

analysis of the LP-SB-3 .

-

Bast: ally the nodalization used :,n RELAP5/MCD2 for this calculation is a

standard LOFT nodall:ation, with changes which were necessary to represent the

particular system configuration for Experiment LP-TP-2.

Figure 4.3. show= the nodali:ation diagram for this calculation.

The nodalization model differs from the standard RELAP5 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 L?IS

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 la a dead end

volume.

3. The reactor <essel was extensive.y remodeled to represent the special core

configurat. and to better simulate the flow splitting and mixing. Special

emphases were glien to peak cladding temperature behavior in the center and

peripherai f.el bundles. and also to the thermal response.cf the guide

tubes, control rods and thermal snroud surrounding the center bundle

assembly.

11
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_ The cross flos model was applied to the junctions cannecting. the cold legs4

to the vessel and to ~ the junction connecting the pressurice.- to the intact
loop hot leg.

5. The emergency core coolant system (ECCS) and its two injection locations
for tne LP-FP-2 experiment (one into the lower plenum and the other into
the downcomer) were modeled. in order to simulate the reflood.

- 6. The. blowdown piping was attached to the ILOL leg with a nodali:ation
6similar to that used in the SEP calculation but using the cross-ficw,

model for simulating the tee connection of the break line to the ILCL15
.

7. RELAP5/ MOD 2 code does not include a metal-water reaction model. However,
when the fuel rod cladding temperature rises above 1273 X (1832tF).
metal-water reaction becomes the principal heat source. Therefore, a
metal-water reaction model was included using the RELAP5 control system *

6Heat generat;on was calculated using the Cathcart-Pawell model for

cladding temperature in the range 12'3 to 1853 K |1832 to 2876tF) and the
Urbanic model-for cladding temperatures above 1853 K (2876eF). 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
snould slways' te- positive. The metal-water reaction was also _ calculated on
the cladding of the gui' tubes and the inner surface of the therm.i

-shroud. These models we 4 Teluded in the input deck and can be seen in

Appendix 0.

if S. Detailed upper plenum nodalization was designed to better simulate the flow

mixing ~.The detailed upper plenum model specifically considers the mixing
in the upper end box represented ; by- Volumes 240 and 241 with a cross flow

junction between nese volumes. The mixing between the flows coming from
the cen:er bundles below the 5.69 m (224 in.) elevation, with reference to

Lthe bottom of the reactor vessel. is also modeled oy the cross ficw
junction between Volumes 245 and 246. No_ mixing is allowed between Volumes

42,
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i ON252 anc' 153 due to the geometry of the .pper plenum :et'.een *te 5.69 m

an.) elev ati0n ar.d tne nor:le level.

3. A nplit 1;*ncomer upper ar.n ul . a .as eseJ. *> 1 :n the er:ss fi ; ar

connect;ans * .

10. The :cre is divided into two channels, each containing six axial fluid
cells of equal lengtn. The enannels are hydraulically isolated. The
thermal shroud, which is represented by a heat structure- is the thermal
link between the too core channels. The leak path cetween the down:cmer
annulus and the upper plenum is modeled by a cross flow junction
cennecting Volumen 730 (downcomer annulus) and 256 (upper pertion of the

'nozzlo area stove the peripheral bundles) .

,

11. The eight h:t rods in t+1e center bundle and remairing 9.*'0% enriched fuel
rods are represented by tno heat structures. The 10 guide tubes and 11
control reds are separately represented by two heat structures. The fuel
rods in the peripheral bundles are represehted by two heat structures. One
structure represents the four rows of rod groups surrounding the thermal \

shroud outer surface. The remaining fuei rods are represented by the
t?cond heat structure. The guide tates with and without the tentrol rods
ste not s ia.Ji a t e d . This will result in a slightly it.c r e ased temperature
excursior in the periphcral b ndle (Reference 5).

The fermer :haracteristics of the input model were common to the BEP deck
However several .pdates were made in crder to improve the calculation results.

Basic enanges -a e to the test estimate prediction deck were:

1. Renodali:a:;;n of ILOL treax piping: use of cross flow volui;e in cold leg
,e

for tee mode!.ir.g (vol 1811''; and tne volune 182 has :een deleted, using a
new lengin of 11.3 m for tne creak line volume number 191.

43
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'

.

/.. Renodalt:stion of the LP!S break line (Feferen e '7). fle w befah isolat;on
vilve ares (valve 355. A = 2.d521E-4 m), when bypass Ive z.a art;,, tne
length of vol..no 325 ta 16.02 m; <nen tne T.5MS is si;&ned 9S0. 3 sect the
L/1"i line was renoca11:ed to snr.lude the new length of 21.53 m.

Addittensi .1csses from valves and cends .ere taken :nto account: . hen
bypats line is used the added loss ecetft:1ent was 43.59; for the clo.co.-n
through the TP'43 the loss coeffteient .as 47.29. 01scharge roeffietents for
tha sutv,.01ed and saturated flows were 0.93 and 0.82 respectivelyU.

a

3. fo pstform these calculations with ILCL break. LPD line and PCRV opened as
in the experiment. The final closure time of the ILCL break and PCRV was
simulated when the primary system pressure dropped below 1.38 v.P s .
following the experiment specificatione0

4. Simplification of the lower plenum nodalization. in orcer to avMo core
flow escillations during the transient.

,

5.-Downecmer annuius i e. nodeled as a single volume stack, simi. tar to
LP-SB-3 *

.

6. Filler gap was separately +'*%sd '
.

-

7. New steam generation (SG) 3reak nodali:ation: Components 549 and 550 of the
BEP deck were deleted. The 50 leak was simulated keeping a minimum area of
the 'n Steam-Isolatten Valva (MSIV) of 0.2 % (Valve 540).

Other minor changes .ere applieds.

a) To correct some errors in~several control variables.
,

b) To finely tune the experimental sequence of events

44
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J

|
l

b) To finely tune the experimental sequence of events

c) To match the initial teactor vessel pressure drop and, in turn, the anattal

pump speeds tremoving several addittional loss coefficients in the .cper

plenum).
,

|

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

and 147 junctions. A full input data listi.tg is supplied in Appendix C
'

r

!
i

4.3. Simulation of the core geometry changes in the b a t.e RE1.APS/ MOD 2

calculation. i

:

i

| Because of the special configuration of the LOTT core for the LP-FP-2

l Experiment the damage was reduced to the center fuel module (CTM) (See i

i

}. Reference 8 and 9 and also section 2.2. of this report). Therefore, following
,

the general methodology described in section 4.1. . prior to the main RELAPS

calculation, 'a $CDAP calcula' tion was performed for the center bundle toi

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 tirealoy.

A preliminary posttest analysis using KELAP5/M002 provided the TH boundary
'

-conditions (CTM pressure, CTM inlet flow, CTM liquid level) to run SCOAP.
+

6

SPDAP calculated approximately a 53% blockage as.a result of fuel eladding
.;

ballooning.and rupture at the : hot plane, an additional 5% ulockage at the

'first -elevation due to control rod . material relocation. and at the

' correspond 4ng temeperstures of approximately 1200. 1700 8K, respectively.
1

~No blockage cue to fuel. ltquefaction was calculated by the code, because the
maximum calcula ced clad ' temperature was only 2500 L 9K. Up to this temperature
the outer 2 0 layer did not fall. . thus avoiding tne meltedI zircaloy reloca-72

'
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 tne 53% bicexage at 1200 V. As
a ressenaele value far the NA:n RELAP5/MCO2 cal:uist;on.

The control rod failure temperstare of !?CO 8K estimsted by LCOAP nas
considered too nigh scecially lwox ag et the IP-FP-2 Cata Report .As it is
explained in that document, the most probacle temperature at unien the control
rods failed in the IP-FP-2 Experiment was 1250 eX. Theref0re the groue decided
to assune the failure of the centrol rods wnr i iney reached 1250 'K. Meantime,

and, although the 5% bicekage calculated by 30DAP was considered too lew. tne

group cetert.rined to employ suen a value, in order te increase tne CTM inlet
mass flow during the rapid metal-water reaction phase of the transient. The
reason for tnis was th e steam starvation conditions, calculated in tne -

preliminary posttest analysis where the blockages were 50% - 67% -80%. This
>

reduced the extension of the metal-water reacticn such that SCOAP could not
predict the fuel cladding relocation ocserved in the experiment.

.

Then, the 80% blocksge due to fuel cladding relocation (see Reference 6),
although not calculated by SCDAP. was considered still applicable to the main
RELAPC/XOD2 simulation, at tne correspepnding temperature of 2245 8K (melting
temperature of the (-Z (0).

Therefore a 53%-5%-80% blockage case was run as a base case for the
thermal-hydrault, analysis. As discussed previously. Figure 4.4 presents the

calculational scheme and shows the interactions tetween the RELAP5 and SCDAP
results.

The analysis assumed the fuel cladding ballooning and rupture-induced blockage

at L the fourth elevati:n until 1250 K (i"90tF) were reached in the control
rods. An addittenal 5% blockage was applied to the second elevation until 2245

K (3580tF) were reacned on the fuel rod due to control rod material
relocation. During tne final stage of the calculations, an BC%-blockage due to
fuel liquefaction was icpl:ed to the first elevation. The blockages at the
fourth and second elevations were removed when the first elevatten blockage
occurred because of- the material relocations at these elevations.

The RELAP5/MCD2 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 calculationa, which w111

46
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be decribed in see;;:n 7

*be 53-67-SC% tieckage case .as also analp ed to de erntr.e r.e senst u ci,:-f :r

the REl.AP5 -calculated '.CFT system.ther al-nydrau;1: benavicr to :1cerage. ine
results of the 53-67-80 blockage :sse et;l not ce snesn in the F.e x t sect::n

because the dif ferences with the case case sere neglagtble IA s;miliar trend

was observed during the SEP calculations)6 ,

_

j

l

m
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5. RESULTS OF THE RELAF5/M002 BASE "ALOULATIOy j

*his section presents the trermal-h-dtnu12: results cf Ixpert ent L? FP-2 base/

posttest calculation. Prior to perform tne pesttest calculatten, a steady

state esiculatien was executed to ct.ta;n the initial conettions easures
14

during the experiment. Following the steady state calculation. the trsnstent
calculation was started with the trip setreints taxen from the experiment )
sequence of events. The following sut:o ec t ions discuss the steady state and |

transient calculations.

5.1. Calculation of the Steady State

Using the staady state controller pacVage added to the PEP input deck . the
'

simulated LCFT system was brought to the required initial conditions. The

steady state calculation was performed with the transient option. The

calculation was continued . until the observec 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

i pressure, pressurizer level, cold leg terrerature, primary system mass flew

rate and steam generator secondary level. The behaviers of the secondary side
feed and steam flows, pump speed rind head, pressurizar heater power,

preesurizer spray valve and steam generator main steam valve positions, and
primary side charge or let down flown were the other parameters checked for .

the steady state.

.

The systen pressure was -controlled by tt.e pressuri:er spray : which injected

- cold leg fluid to the pressurtzer to reduce the pressure if the pressure was

calculated to be greater than the Cttsured value. The second controller on the

-system pressure was the prebourtzer featers. These netters, although in

reality were located close to the bottom of the pressuriner, were placed at

the mixture level in the RELAP5 model to increase the boiling. The pressuriser

level was-controlled by two controllers. One controller which charged fluid at

=the cold leg temperature to' the cold leg if the pressurt:er level was. lower

than- the setpoint. The second contrciler . dumped the system fluid to .a time

dependent volume if the pressurt:er la quid le' ri was "tgner than the ' set-

point. The-final values of ' the primary pressure and pressurl:er level were

calculated to-oe almost the same as tneir measured values. The final valve
_ positions controlling the preesuri:er spray, primary system charge or let down-

49
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,

flows were zero. The final pressuricer hester power was cero. The pressurizer
surge line fitw was negligic!e at tne end of tr.e steacy state : al:u; a n :.r; .

The-primary loop flow was acjusted by using a prcportional/ integral controller
,

based on loop ficw errer to centrol p u. p speed. The steady state Intse r 1:op
flow was calculated to be the same as the ex;erimental value. The pu p speed
and head were in agreement natn the measured initial values. The trcken lecp
ficw (from the vessel to the cold leg and via tne reflood assist valve to the
ho' sg and back to the' vessel} uas small and cased On the leak flow tnrough
the reflood assists by-pass valve. The total by-pass lead flow based on the
flew loss coefficients used in ne input deck was calculated to be 6.9% et the
total loop !~ low . This value ecmpares well with *he generally accepted 7% of.

the loop flow.

The cold leg temperature was controlled by the main steam valve position with
a pecportional/ integral control system. 3ased en the steam flow rate and heat 1

transfer to the secondary side, the code calculated the secondary system
prnsure. Another control logic sas used to adh t the feed flow to control

the steam generater required level. This concroller us also coupir,3 to the
main steam flow. The steam generster level, main stean ar.d feed wr:er flows

,

i

were calculated to be the same-as measured. A.1though the pteam and feed water

flow rate s were correctly calculated, the steam generator .,scondary side
pressure wam the only parameter ceing calculated of fcet by 0.19 Mpa Crem the

'

measured equivalent.

.

After about 200 s of calculatinn the steady state was considered acceptably
stable. Tables 5.1 cempares 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 ;ncrebse the staan generster secondary pressure.
(decreasing - the ' hydraulic diameter) no success was reached. The complex
geometry and: atypical internal structure of - the steam generator with rather
simple nodalication are the possible causes of the proclem.

,

50
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Table 5.1. Initial conditions for experiment LP-FP-2

Comparison between calculated and -essured

values

Calculated Measured

Parametet Value Value

Primary Coolant System

Core delta T (K) 10.54 11.7 1.4

Pr.smary system pressure (hot leg) (MPa) 14.98 14.98 0.1

Hot leg temperature (K) 570.37 571.6 0.8

Cold leg temperature (K) 559.83 559.9 1.1

Loop mass flow (kg/ s) 475.04 475.0 3 2.5
Primary coolant pump speeds 3240.1 3200.0

(both pumps) (rpm) 3273.7 3200.0

Pump differential pressure (KPa) 450.0 475.0

Reactor Vessel

Power level (MW) 26.8 26.8 3 1.4

Pressure drop (KPa 190.0 195.0 6.6

Steam Generater

Secondary system pressure (MPa) 6.13 6.38 1 0.08
Water level (m) 3.12 3.12 0.06

Pressure drop tprimary side) (KPa) 237.1 230.0

Pressurizer

Water temperst.re 'K) 613.5 616.9 2.1

Pressure (MPas 14.95 '5.1 : 0.1

Liquid level '. , i 1.06 1.06 : 0.06

i

il
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5.2. Base Transient calculation

This section presents a Oc parisen of tne p:stexpertment eil:w.ation using
RELAPS/ MOD 2/36.04 and tne reasured thermal-hydravi a data.

Once the steady-stste results were considered cc:vptable, the steady stace
controllers associated dith the pressurizer heatirs. pressurizer spray,
primary system mass charger and letdown, pump speec, and various valve

position were removed. The trips for various settons were defined based on the
measured data. '~

The transient calculation was atarted from time toro 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 calculation was carried out in 1850 se

A summ.ary of the calculated significant events .for Jxperiment LP-TP-2 are
chronologically listed in Table 5.2. in <:omparison with the measured values.

The agreement can be considered as remarkable.

Figure 5.1 shows a comparison of .he calculated and measured primary system
pressures. Both curves show a sidght drep in pressure following scram and a
subsequent--rapid. decrease dom to -saturation pressure- following break-
initiation. The end of subcooled blowdown happened at 62 s, compared with the
53 a indicated from measurements. A slightly lower pressure was reached in the
calculation due to the slightly lower initial fluid temperature (see Table
S.1). The pressure response sgreed well with the observed data for the period
until initiation of the LPIS line break at 221.6 s.

,

s

\
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Table 5.2. Chront_ ogy of events fer Experiment LP-FP-2. Compartson

between calculated and measured values.
.

RE14P5/ MOD 2 71me After Experiment

Calculated In:tiation

_

Event 71me is) 's)
,

Scram 0.0 0.0
PCP coastdown initiated 9.7 9.7 : D.1

0.1 !ILCL1 break initiated 32.9 32.9 +

PCP coastdown complete * 28.5 25.1
'

0.1+
~

bEnd of subcooled blowdown 62.0 $3.0 1.0+

Secondary relief valve cycle 70.0 56.0 : 1.0

LPressurizer. empty e0.0 60.0 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 coolant thermocouple devsation

from saturation (voidage at that location) i

-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 i

Fuel rod cladding heatup started in PTM 666.0' 662.0 1 2.0-
Fuel rod cladding heatup started in CFM 711.0 689.0 : 2.0
I1CL break closed 735.5 735.5 0.1+

j. ILCL' break reopened. 977.6 877.6 0.1
! PORV opened 882.0 882.0 0.1

F3 filter on line 350.0 950.8 0 .' 1

,

i

I

|. 33
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Table 5.2. feontinued)

RELAPS/MCC2 71 e After Exteriment
Calculated Initiation

Event f71me Is1 Is)

ILOL elesed 950.0* 1021.5 -0.1- +

#PORV closed 950.0 1162.0 0.1
First indication cf (Esp) fissi:n products

at F1 (clad rupture at abcut 1000 8K) 1176.1 1200.0 20.0
Control Rod Ta11ure (1250 'K) 1428,0 1500.0
Peripheral- fuel cladding reached 1460 K
(21729F) 1769.3 --d

Maximun upper plenum wolant temperature,

:renehed' 1767.0 1495.0 5.0
Tirst ind'ication of ffuel) TPs at T1. T2.
and F3 (Fuel Failare at about 2245 'K) 1539.8 1500.0 10.0
Cladding temperatures reach 2100 K i

.(33205K). ' 1490.0 1504.0 3 1.0
Shroud temperature reached trip setpoint -'

ist thermocouple 1743.0 : 1.0.

2nd thernoccuple 1766.0 ; 1.0-

,

>

Maximum cladding temperature reached 1769.0- --f

LPIS line break closed 1773.5 1777.6 0.1
Maximum upper plenum metal temperature
reached * 1770.0 1780.0 5.0

'EOCS initiated- 1769.3 1782.6 '

., 0.1
'

Accumulater flow st:pced 1325.0: 1795.0 -|+1,_
. -~

Maximum LPIS line ecciar; temperatu.e
;. ireached 1777.5 ;B00.0 + 5.0
|: Core quenched- 1805.0 1795.0 : 5.08

-

L.; _. _ .. _ . _ - .; - .- . ,._ _ - - - - - - - e - - - - - ---'--' ' - - ~ - * ' ' - " ~ ~ '



Table 5.2 (continued)

a. The pumps were allowad to coastdewn under tne :nflaence of tne ottr

generator flywheel until the pump speed reacned 750 r;"1. At that time, the
flywneel was disconnected from the motor generator and tne pump 3 quickly
stoppec adding energy to the fluid. The time at wnich the flywheel was

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

|
,

b. End of subceoled blowdosn is defined.as the time when the first teasured i

fluid temperature outside Of tne pressuriter reacher saturation conditions.

c. The ILOL Sreak and the PCRV were closed when the calculated primary system

pressure dropped below 1.38 MPa.

d. None of the cladding thermocouples in the- peripheral fuel bundle measured,

Ivalidated t?mperatures above the setpoint. The two that gave readings above

this setpcint falled before reaching the setpoint. However the calculated-
eladding temperatures reached this ECCS trip setpoint be fore that the

.

shroud setpoint. -

|

e. These temperatures represent the maximum eensured temperatures before

reflood at these l oc a tions . The thermocouple output during reflood could-

.not be interpreted.
|
t

l

f. Because of the large number of cladding thermocouplek in the central fuel
module tbat failed at high temperatures during the transient. it is not-

possible to determine the precise maximum temperature or +" * time' at which

it occurred. The time is e s tie.a te d to te between 179 1795 s. The

maximum temperature exceeded 2400 K (3860eF) based on e.. ,polations from *

valid temperature' readings before tnermoccuple failure,

g. The pertpneral fuel modules- were qdanched by 1793 s. Most of the central-

fuel module cladding .thermocouples were quenched b y -- 1795 - s . Some isolated

thermocouples :ndicated persistent high isup . heated) temperatures a few

minutes later. Interpretation of tne temperature data is complicated by the

large number of thermocouples-in the center fuel module that failed during

.or just before reflood.

55
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.

In contrast with the good agreement for the period pr;cr to LPIS itne trean

initiation (221.6 s), the sucse@ent depressurt:st;cn este was ant t:aby

underestimated until 350 sec. and overestimated from 425 s up to tne ::asure

of the ILCL break at 735.5 s. This anomalous cenaviour is not .eil understood.-

It was postulated in the ';LT[ that tne compl;:ated network of dends in ite

LPIS line resulted in a higher flow resistance under single pnase conditions

and also inhibited the draining of liquid from the line under two phase

conditions. There is an indicaticn from measurements of the fluid tempe-sture

that the LPIS line >as not ecmpletely drained until after about 1200 s. The

latter effect differs from the calculation in which the LP!S line was

completely void af ter about 425 s. The venting of steam, calculated by the

code, would not readily take place eith liquid remaining in the line. The

higher sys tem 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 sinulated the LPIS isolation valves. The true
o

area is a 42% lower than the LPIS line full : low area (6.818 E-4 m' ) -See ;

reference 17 for more details. This update along witn 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 .anaAysis 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 noda212ation sroblem or a code

deficiency (errors in the critical flow modell. -

The present analysis could be - improved using two different discharge
coefficients f or ' the two-phase and single phase flow periods of the LPIS

' discharge process 10.82' 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 RELAP5/M002.

37
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i

After the initial closure of tne !LCL break at ?35,5 soc. rte :al uiatec

depressurizatten rates agreed mall with nedau. The eni/ net.:* :n a *nat+

the closure times of the ILOL break and the TOR 7 (?rvsure loor tnen 1.M v?s ;
were calculated very soon (see table 5 . 2 ,- he to the io.er than reasured
calculated pressure.

The measured and calculted ' secondary system pressures at e shown in Figure 5.2.
The measured steam generater secondary pressure, after termination of

feedwater and steam flows, increas,td to the main Steam valve ycling 3etpoint
of 7.11 MP3 (1031 psial at 56 s compared with the 70 a predicted. The
differences in pressure inersase and time of 'alve cycling are possibly due to
slightly different initial conditions and to che SG ltak model. The secondary
system continued to act. ss a heat sink until the primary pressure had dropped
below the see:ndary pressure. . This was predicted at 230 s compared with - the
ebnerved time of 250 s.

The rate of depressurt:ation is slightly overestimated due to the differences
in the primary system pressure and possibly to some unaccuray of the steam
generator simple lenk nodelling, used for the analysis. [

Figure 5.3. Shows a ecmparison of the calculated and measured collapsed itquid
. .

level in the ste , 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 tne- average fluid densities measured by the gamma
,

densitemeters in the broken and intact loop hot legs cottpared to the values
calculated by hELAP5/M002. The gama densitometer sources **ere prematurely

__

isolated. These density data are available only for the first 250 s of the ;

tractient. These data - shew- that the voiding started at about 50 a . - f.n the
intact loop het leg and at SS s in _the broken loop hot leg what is in good
agreement with the' AELAP5/McD2 results. While the level decrease ~ 1n the loops
could not be directly toni tored later char. 250 s, it la clear - from thermo-
couple' data on the upper plenum that the loop was void by 470 s As snown in
Figures 5.4 and 5.5 RELAPS/ MOD 2 calculated tnat the intact loop and broken
loop hot legs were votded at 390 s and Alb s respectively.

P

The pressurizer emptied at about 60 s, time . hich was 'nell determined byw

RELAPS/ MOD 2 as it is shown in Figure 5.6.
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Figure 5.7 shows the measured and calculated intact loop not leg ficw fer the
first 500 s. Measured data were lost t.fter opening sf *he LPIS line break. An
excellent agreement =as obtained for this initial ; nase of the transtent. '4 ass
flowrates in the antact locp hot leg she. that loop flow reased snen tne

pressurizer e*ptied. at about 60 s.

Figure 5.8 shons the calculated Prima:y Coolant 3ystem Mass Inventory. The
transmittall magnetic tape containing the experimental data did not :entain

any mass inventory results. However. lately, the PCS mass inventery has been
9derived from the mass increase in the 3ST . These data have not been qualified

during the transient. Thus, the derived PCS mass inventory is useful for trend
informatior, though not for absolute magnitudes during the transient. The

trends are reasonable, and a single point check of the mass inventory can be

made since the levels were qualified both for initial conditions and f or 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 lom) to a minimun of just over 500 kg (1100 lbm) at 1300 s. This

single points can be compared to the computed values of A3b2 kg at the

begining and 668.6 kg at 1769.

By c.omparing Figures 5.8 ano 5.9 we can see that the PCS mass inventory

decreased rates are well computed by RELAPS. Fcr the first 300 s RELAPS

determines a rate of 8.6 kg/s versus tne 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 ILOL break ano the PORV (Table 5.2) .

The calculated break mass flow rates are presented in Figures 5.10.a and

5.10.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 1750 s- means that

there was a greater driving head to sustain the LPIS break flow. The measured

pressure data aere :n the range 1.2 to 1.45 MPa. compared with the RELAP5/M002

values of 0.76 to 1.2 MPa for the same time period. The LPIS line flow

calculated and s:me measured single points are compared in Figure 5.11 for the

critical time period, for wnich 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 fl e rate is sligntly greater tnan the :alculatec ene,
e.a t :s consistant with the ht;ner pc utary v/ stem p r e s 1 u." e . However the

,

dif ferences with the :alcul ted values t7 to ist in flew) are much smaller
than those f ound in the planning of the IP-FP-2 expertrent (see Appenetx F of
Reference 3).

;

In any case tnese differences in the break flow have at impact in the tore
-flow. Although there was no direct measurement of the core mass flos, the

,

experimental steam flow rate in the center fuel module _ was cetained 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 kg/s (0.09 lbs/s) or
0.4 g/a (9 x 10"# lbm/s) par fuel rod, which is 3 times the value calculated I
prior to the ~ experiment . The mass ficw rate was sufficient to allow the '

metal-water reaction to proceed without steam starvation, as it was oeserved
in the experitient.

This value can be compared to the core flows calculated by RELAPS/M002 which

are snown in Figure 5.12. The calculated CfM inlet flew during the damage
phase (1200 to 1750 s) is a factor 5 to 25 lower than the experimentally

,lderived value. This will be the cause of the calculated steam starvation i
'

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
differences in the LPIS line flow.

As will - be explained in section 5.3, the lower ~ than measured CFM inlet flow
- can be related to either errors in the calculation of the core flow
redistribution due to blockages or to phenomena which have not ceen considered
in the calculations (i.e. steam generation due to the slumping of some molten
material into the lower plenum), or octh.

Figure 5.13 shews the calculated collapsed liquid level in the reactor vessel.
Two curves are shown _ in this pic ture. One - is the liquid level calculated
throt gh the average - channel in the core -see the noda11:sticn diagram in
Figure _ 4.3- - and the other is the one calculated through the CTM. No
significant differences were foun terween both calculations.

The progression of core uncovery in the center and peripheral fuel assembi;.ea
is fairly rapid until the cold leg- break was closed at 735 s; thereafter th.:

65'
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uncovery ir~ ssses very slowb' it ta hypotnesi:ed tnat ci: sere of tne -Od,

leg bresM. in terminating tne systen depressuri:st;on, caused a snarp

reduction in the rate of vapor generatten anc therecy Orcugnt abou: a totai or
partial collapse of the frotn level in :ne vessel. Following the re-. $ening Tf
the lLOL - the 11;uld level decreased again ran dly but after ths final 11CL,
breck closure the system pressure then remained almost constant so tnat tne
continuation of core uncovery until the end of transient was solely dependent
on heat input from the fuel and netalwork.

.

Several points representing the experimental progression of core uncovery as

indicated by the observed initiation of hehtup are also shown. The dif'erences _

are not considered to be very important as lor.g as the Departure from Nucleate
Boiling (DNB) times at different axial levels are very accurately determined
as will be shown below.

Comoarison of Core Thermal Response

First of all- it snould be emphasized the known limitations in the :apability
of_RELAPS/MCD2 to model the core thermal respense during a severe accident.

Keeping in mind this fact, the c:re temperature excursion calculated by hELAP5
should be considered only as an approximation to -the reality.

Figure 5.14 presents tne measured cladding temoeratures at the 0.25 m (10
-inch)- elevation In the center fuel assemoiy vita the calculation a't the

neares modeled location. The DNB : me and tne Initial heat up rate are in
close agreement with the measured data. However after tne first CDI blockage
simulated in RELAPS due to clad ballocning (1176s) -see Table 5.2- the risew-

rate was overpredicted antil the end of the transtent. The average temperature
rise rate until 1700 s was :al:ulated to be acout 0.8 K/s, higher than the 0.5

-.K/s observed in the exper: ment.

The uncerprediction of mar.a flow of steam tnrough the CFM is believed to nave
resulted in an under;ren:::en of nest transter ccefficient. The Otserved

-

increase in the temcerature rise rate at 1700 s occurred at a too low
tempersture - of about 7CO < ' 11612 K . to be tne result of rapid metal-water

.. reaction at-this 1: tat;on and was not calculated. The observed behautour may

74
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be the result of the - thermal radiation due to tne *:emperature of tne material
at higher elevations or to mater:al relecatien ;* cst pr0caciej, :le;tner

thermal raciation in the axial direction ner the direct effe: wf material

relocation on. local temperature is modeled by RELAP5.

Figure 5.15 compares the fuel rod cladding tt..acerature measured at tne 0.69 m

(27 anen) elevatien in the center assembly with the :trresponding RELA?5
results. Good agreement with the initial heat-up rate of 2.2 K/s (4.0 F/s) was
obtained in the calculation during the period prior to PCRV eperation and
reopening of the cold leg break. The observed temperature r:. s e este then

decreased, apparently due, to flashing of liquid in the lower plenum induced
by the ~ depressuri:ation. However this effect is not so strong in the

:alculation because of the lower than measured depressarication rate during
this period. This causes a higher than measured temperature prior to the

initiation of the Metal-Water reaction (MWR). As a consequence, the initiation
lof the MWR dominated temper a ture excursien begins much earlier in the 1

calculation.(1225 s) that in the data (1590 s). 4 hat is mere surprising is j
that the observed oxidation of :ircaloy by steam becem7s important at

tempe.ratures in excess of- 1400 K (2060 SF) in contrast . with the 1273 'K,

:onsidered in the Cathcart-Pawell model . We nave 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, unich is not enougn to mantain the
exothermic reaction. Even though this steam starvation situation, the maximum
calculated clad temperature of 2430tK is very close to the maximum validated
-experimental data. The calculated cocidewn dve to the ECCS injection as much
faster than the observed one at this elevation.

Figure 5.16 compares the measured fuel red claddir.g temperature at the 1.07 m

(42. inch) elevation in the center assembly wi tn the nearest :orresponding
calculated temperatures (0.34- to 1.12-m (33- to 44-inenes) elevation). The
average rate of temperature r:se was observed to be about 1.3 K/s (2.3 F/s)
until- 1450 s (after wh;ca :ne temperature increased very rapi' due to the

metal-water reacti on) . Op to tnis point in time the temperature increase
calculation was not too -different from the data. As before, the initially
higher than measured temperatures can be associated with the underpredic ticn
of the CFM steam flow. The observed tempersture rise rate increased rapidly
after 1450 s, when the cladding temperature was about 1500 K (2240tF), to
about 22 K/s (40tF/s). Only'a small increase in the temperature rise rate was
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calculated becaus3 the enmparatively low mass flow rate in the center

assembly, about I'.0035 Kg/s. resulted in steam limitation at this elevation.

It snould be noticed that the maximum cladding temperatures measured (2400 K)
were located at this elevation, wnereas the maximum predicted temperatures

L occurred at the 0.56 to 0.34-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 5.17 to 5.19 compare the code results with the messured cladding
temperatures in the peripheral fuel assemblies at different elevattuns.

_

Figure 5.17 shows an excellent agreement between the calculated and measured
peripheral clad temperatures at the 10- 2n elevation until about 1700 s. At
1700 s, the thermocouples near the outside of the shroud, particularl. at
lower slevations. began an extraordinary temperature excursion. The cause of
the rapid peripheral temperature rise is somewhat uncertain. The exothermic

r action between :ircalcy and water is not considered a possibility betause a

ths initiation temperatures were too low; nor is radiation from the shroud

wall likely because the wall temperature is lesser tnan that reached by the
fuel red thermoccuples at this elevatien. It is judged that the rapid

S
temperature rise was caused by snunting of the thermocouple leads, where they
passed through an area of high temperature (near the top of the core).

Therefore tne differences with the calcuiated results are meaningless.

The maximum cladding temperatures measured in the peripheral fuel assemblies
occurred at the 0.66 m (26 inch) elevation en fuel rods adjacent to the

insulating shroud. Figure 5.18 shows the temperature history recorded by v

thermocouple TE-4H15-026 toge :he r with tne corresponding teeperatures

predicted by RELAPS/M002. The agreement is excellent until the opening of tha
PORV (882 s). Due to the lower than measured primary system pressure, the-

cooling induced by the opening of the PORY (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 enes until about 1600 s. Than the same
sudden temperature excursion took place. As explained in Figure 5.18, n;

credit was taken of this excursion. The calculated maximum peripheral cladding
temperatures (1460 K) occurs at 4th elevation in ecntrast with the experi-
mental observacions. This can be easily justified in terms of the strange
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recorded temperature excursion at lower elevations.

Figare 5.13 shows a comparison of . the reeordeo periphersi fuel assembly
temperatures at 45 in elevation with the cerresponding RELAP5 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-2HIS-026 and the temperature calculated by RELAPS are shown in Figure
5.20. The . programmatie experiment termination eriterion was reached on the
shroud outer wall ~ ( temperature acove 1517 'K). However tne calculation using
RELAPS/ MOD 2 uncerpredicted the shroud . temperature measured at this location

and also those measured at the 3.81 m (32 inch), and 1.07 m (42 inch)
elevations .due to the lack of a model for thermaj radiation. an important
mechanism controlling the- temperature rise of unheated structures. 'For this
reason the ECCS : trip criterion chosen for the RELAPS/MCD2 simulation was only

*

the maximum peripheral clad temperature (1460 K), neglecting. the shroud
criterion.

I

In any case, the relationsh.p between the center and peripheral fuel rod l
<

temperatures and the shroud ones was in ;ood agreement with the data. As a
- result, the time above - 2100 K (3321tF) in the center uundle was calculated - to
. be about 279 s -Table 5.2- in very close agree.nent wi th the 270 s measured in
the plant.

.

l'
,

t

l
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5.~3. Conclusions of the Base Case Transient jalculation

- Even though RELAPS/ MOD 2-has been used beyond its own design capatilites. tne

calculations reproduced, in general, reasonaoly 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-c'P-2 was , in gen ral,
reasonably well calculated by RELAP5/ MOD 2, keeping in mind the limited

capability of the code- to model the processess that take place at high
| temperatures.-(neither radiatien nor location models)
|

- Measured and calculated core heat-up rates prior to the onset of the rapid

| : oxidation- are in overall agreement. The differences are explE led
!

-considering the lower core mass flow induced by the lower than measured

primary system pressure.

- After a rapid oxidation begins, the calculatier. significantly underestimates
the rate of heatup in the upper part of the CTM due o 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 tneught to be - the most probable

causes for the steam limitation observed in the calculations.
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|6. RELAPS/ MOD 2 EENSITIVITY ANALY3IS

As disc'issed in previous sections of this report, the ae.oun t af CTM

blockage during the transient is one of :ne ma;or uncertainties in the

RELAP5/M002 cal:ulation.

The different than ceserved CFM heat-up behavinur is clearly due to tne
very low CFM mass flow calculatea by REi.../5. This, in turn, is strongly
influenced by the amount of "FM blockage, 'J n t:1 cnore experimental evi-

i

dence of the degree of blockage can be known from PIE's *, it is very
difficult to estinate the real blockages of the CFM. In the same way,

considering the sensitivity studies conducted at the !NEL for tne BEP

document , and based on our own experience in performing several RELAPS
posttest runs, the RELAPS/ MOD 2 dces not seem to be very sensitive to

variations in the degree of blockage, Also, the large number of runs re-

quired to obtr.in a reasonaole value of the amount of blockage for every

different physical' phenomena, drove us to choose the sit ,lest option,
i.e.: To run a NON-CTM-BLOCKAGE RELAPS calculation. !,

The idea behin.' this NON BLOCKAGE sensat:vity analysis was to get the
same glebal: the. sl-hydraulio - calculated results, but with differenc

core mass flow distribution, and - so different clad temperature excur-

sions,- '

A non'-blockage > ealcul atien would a priori increase the CFM inlet mass
flow, providing more steam available to react with the 2r such that the

-cladding temperatures would reach higher values than previously calcula-
ted.

The results ' of ta:s' sensitivi ty analysis with respect to the blockages
are presented below.

Sol Results of the Eenstt:vt:y wt n Reseect ?.c the Blockages.

In tha following paragrspns, the results of this RELAP5/ MOD 2 sensi-
tivity = study . with respect to olockages are presented. In the fi -

gures. the netatien is as follows:

36-
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.

RCR stands for the RELAP5 calculated results taking into

account the core renodalizations induces cy :ne bice-

kages.

URN stands for the RELAP5 calculatea results neglecting tre

core geometry enanges.

As expected, the general LCTT system benavtour, best represented by
the primary system pressure, was not affected by the non-blockage
simulated conditions (see Tigure 6.1). The same was true for other

important thern.al-hydraulic parameters as secondary system pre r F'14 p,

loop densities.- break flows and core liquid 'evel.

W M L r .-The major impact of this NON-BLOCKAGE CASE is the ma. .

bution eithin the core. Figures 6.2 and 6.3 shew a pr, s '* ,x

| core flows between the RELAPS/ MOD 2 base case and the sensitivity
,

i analysis results. Figure 6.2 shows a comparison of both calculated
t

CTM inlet flows. The CTM mass flow calculated by RELAPS/MCD2 without
.

blockages -ts about the double than _the calculated for the bass esse.

during the period 1200 s to 1550 s, and a factor 6 for the latest

phase of the transient (1550 s to 1750 s). At 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 perlpheral channels~

are not large enough to substantially modify the heatup process in
those assemblies hee 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 ores. Not only the maximum

temperatures, but also the heatup rates are in cloeer agreement with

the experimental data than those previously calculated.
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Therefere a t har been shown that a RELAP5/ MOD 2 calculation neglec-

ting the center fuel assemb1;- geometric changes can reproduce

,

reasonably well the experimental thermal respense of the *P-FF-2.

,

CQre.

It can be then concluded that the core flew redistribution felicwing

blockages is one of the most important uncertainties assccisted sith

the REI.APS/ MOD 2 simulation.

6.2 General Conclusions of the RELAPS/M002 Calculation
a

- RELAP5/M002 has shown to be a more than expected powerfvl tool to

reproduce reasonably well the LP-FP-2 experimental results.

.

5 - The uncertainties aasociated with the LPIS line nodalization have
been considerael'; reduced in the present analysis.

- Core flow redistribution after blockage is peccably the most im-

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

It is difficult to establish the possible RELAPS/ MOD 2 deficiencies

in predicting the flew redistricution until the ac:ual blockages

are known frers pcstirradiation examinations (PIE)

- However, it has been shown that the LP-?P-2 core thermal response

can be approximated using RELAP5/M002 by doing some sensitivity

analynis with respect tc the CFM blotkages.
,

- Of course, an lategral RELAP5/SCDAP simulation shculd reduce the

calculational uncertainties (better estimation of the amount of
blockage and tming) .

- The steam ; generated by the sicaing ct' hot core material into the

lcwer plenum water should be taken into account in the calcula-

tien. Thir. might be only possible in the integrated code sinulo.-

tions.
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7. SCDAP/ MOD 1 NODALIZATION FOR LP-FP-2-EXPERIMENT

7.1, SCDAP model for Experiment LP-FP-2
'

fcllowing the initiation of the LP-fP-2 core uncovery, the damage phase of tne
transient began ~to.take place.

.

. In ' crder 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 te considered are the following:-

Geometric changes .due to - fuel clad balloon' v.d relocation of molten
material.

--Cladding oxidation.

- Heat- tranfer at hign temperatures (rod-to-rod radiation)

To . simulate these phenomena we have used the SCADP/ MOD 1/V21 code in its
stand-alone version.

J

As iiscussed-in Section 4 of this report, RELAPS/MdD2 is to compute the gene-

ral thermal-hydraulic behaviour of the plant and the bouncary 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/M002. Af ter a short number of -interdependent calculations the final

- results can be. considered as a "best estimate" analysis. In fact, boundary

Leondi tions c are not very senef tive to small variations of the blockages. So
- this passive: link taetween both codes becomes useful .and enough accurate for
; our_ purposes.

,

- SCDAP was used to simulate only the response of the centre buncle. The peri-
pheral_ bundles 'do not ' reach temperatures high enough to appreciate any sigini-

:

ficant change with respect to the RELAPS/ MOD 2 calculation. This procedure
saved computer time, while keeping'the required precision.

9 6 --

. . . -- - .=
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'

-7.2. Nedalization

For the SCDAP calcul tions, the inpv* mocel for the- center 0 uncle is defined
as shown in' Figures 7.1 and 7.2. The model- has two fuel rod components witn 4

radial peaking. factors of 0.93 and 1.022 with respect to the center buncle'

average power, and 1 control rod, 1 guide tube, and i 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 divioed into six radial (annular)

noces: four for the fuel pellets, one for the gap, and one for the strcaloy

cladding.-

.The guide tube with the control rod is divided into five fixed radial noces
for the material layers which includes the poison, stainless steel cladding,

gap, and :ircaloy guide tube. The thermal shroud is divided into 20 radial
nodes _ as shown in F.tgure 7.3. The argon gas gaps in both sides of the

insulator are modeled. ~ An adiabatic boundary is assumed to be on the outside

of the thermal shroud.

7.3. Input Data

7.3.1. Basic' input deck.

The basie inp"t deck is very si:nilar to 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

- Inia. ital temperatures

- TH Soundary conditions
_

- Other minor modifications.
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7.3.2. Modifications

An updated specific pc.er level .av : al c u i rs t e d tax;r; int: te c t erc "'st ne

pr~er of the core during the pretrar. stent ; nase .as 26.? Y.' 'Bef 3 ', and a

r of Ref.pc.er fraetten of 17.43% generated by .he rentre tandle '3*e Apendix
2

3
9) The results of this cal:alat; n .ere 4.37436ES 4/9 and 2.390~22 *L -f Or

the hot (PT=1.222) and average (PF= 0.33) f e. recs respectively.

The actual centre fuel bundle burn-up nos 429.4 WD/MT') 4P*f. 3). !nstead of

the detailed corv power history given in Figure 2.6 a ccnstar.t p c * 'a r Of 25.8
W was ass imed during 9.17 days to obtain the same CTM burnup, to simp.;fy the

SCDAP input.

The posttest decay power has been calculated from the relative posttest decay
''

power received from I!!EL '2 corrected by the actual specific power (see tat,le ,

7.1). Aw seen on table 7.1. 420 s is the tarting time for the SLOAP snalysie.

because RELAPS/ MOD 2 calculated the ccre uncovery beginning at about that time.

Initial 0F!4 red temperatures, pressure, and liquid level foollapsed liquid

level) values all throughout the transient were taken frcm the RELAP5/ MOD 2

base calculation.

The inlet mass t' low to the centre oundle is the most important parsmeter for

the SCDAP analysis. Its large influence en the heat-up snd steam starvation

was the reason to perform several sensi tiv1 ty studies. The input and the

results of these studies will be discussed in section 7.4

The outer 2 0 layer f ailure temperature specified in the input deck .as 2960
2

K (melting temperature of the 0 ).r .,.

Other minor andate was the additten of the inpu* card 80.1 required oy

500AP/ MOD 1 mrsion 20 and succesetves *nich was not preetously required by

former code /erstens.
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Table 7.1. SCADP_posttest specific power Icvel ;

;

,

THANSIENT POWER IIOT COLD (
TIME Si"DAP TIME FRACTION ROD ROD

(s) (s) INEL (w/m ) (w/m )

U - 1.0 4.3744E8 3.9807E8
420 0 - 9.5415E6 8.6828t6
600 1:f0 .020035 8.7641E6 7.9753E6
700 280 019260 8.4251E6 7.6668E6

'

800 380 .018581 8.1281E6 7.3965E6 i

900 480 .017977 7.8639E6 7.1561E6
1000 580 .017434 7.6263E6 6.940006
1100 680 .016939 7.4098t1 6.7429E6 ;

1200 780 .016486 7.2116E6 6.5626E6_

o 1300 380 .016068 7.0288E6 6.3962E6
"

1400 98G .015681 6.8599% 6.2421E6
1400 1080 .015320 6.7016F4 6.0984*%
1600 1130 .014982 6.5537E6 5.9639E6
1800 1380 .014368 6.2851E6 5.7195t1 r

1900 1480 - - - !

2000 1580 .013822 6.0463E6 5.5021E6 ;

2400 1880 - - -

2500 2080 012688 5.5502E6 5.0507E6 i

3000 2580 .011794 5.1592EE 4.694cE6

!

!.

,

'

i

i

|

| -_
- -- . - __
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7.3.3. CTM Inlet Mass flow used fcr the SCOAP Analysis

The transient phenomsnology calculated by $CDAP during the damage pnase of the
LP-fP-2 experiment is very sensitive to the CTM inlet mass flow.

As shown in Figure 5.12. the RELAPS base calculation gave a CFM inlet tass

flow ranging from 0.007 kg/s to 0.001 kg/s during the most significant time
,

i period of the transient. (1200 s to 1770 s). These small flow v lues seem to j

-be too low. because steam starvation took place too soon. limiting the I

calculated clad temperature excursion at upper core elevations (See Figure

5.16).

As will be shown in section 8.1. SCOAP. using the CPM inlet flow determined by#

| FELAP/ MOD 2 in the bsse case calculation, gave even lower clad temperatures

than those predicted ra RELAP5.

:

Trom the experiment 1 clad temperatures it is Jbvious, that the ,tetal-water

- reaction proceeded in the experiment without steam starvation. This means that
'

the actual CTM mass flow was higher than predicted by the RELAPS base case

analysis.

Although there was no direct measurement of the core macs flow, a mean value

of, 0.04 kg/s for the CrM. was obtained' in Reference 9 based upon the

experimental core thermal response. A_ SCDAP run eas 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, il the minimum CFM inlet flow was 0.04 kg/s. the flow would

be high enough to cool tne fuel. precluding cladding temperatures higher than

1200 K.

Therefore, the actual CFM flow should be between 0.001 kg/s and ' O.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 nydrogen production were the experimental measured
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parameters used to check the goodness of the calculations, This eseudo-empiri-
,

cal procedure drove us to obt-in a minimum CFM inlet steam ficw rate of aoout |
0.01 kg/c.

|

A SCDAP calculation with a constant flow of 0.01 kg/s since about 12C0 s to
the reflooding calculated time of 1763.3 s. gave a good approx 1reation of the

clad temperatures and the hydr 0 gen proGaetien. This single value agrees well
i

with the experittental data available from the Power Burst FaM11 ty (PBF)23,
Data from PBT indicate that flows au little as 0.1 g/s/ fuel rod are sufficient

i

to ' sustain the metal-water reaction withe at steam starvation . Considering'

that the LP-FP-2 : enter -bundle contains 100 rods, we get a minimum CFM inlet
flow of 0,01 kg/s to sustain the metal water reactien (MWR) reaction, the same

- one th1t 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 ccmputed CFM flow

,

trea was blockaged.

- Table 7.2 presents the effective flow area factors calculated by SCDAP for the
whole transient using 0.01 bg/s as the minimum CFM inlet flow. Thel,e factors

i

were applied to the flow calculated by RELAPS/MCD2 right before the fuel clad
rupture (1176 s) to get a best estimation of the actual flow entering the CFM.

Figure 7.4 shows the CFM intet flow (THINFLW) given as e houndary condition to
SCDAP. for the final _best estiinate ' posttest analysis. ulong with both the
RELAP5/ MOD 2 base _ (RCR) and the sensitivit/ (NRN) calculated results, for
comparison,

A full listing of the SCDAP. _ inpd deck is provideo in Appendix D of this
report. Using this_-decx, SCLAP predicts a more- realistic estimation of

cladding temperatures :ladding exidation and hydrogen . production. as will, be
presented'in section B.2 of this-report.

!

I
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Table 7.2 CTV Lest Estimate Inlet Flow

Time CFM Flow Area CTM Inlet F ow

' "0a to 1176 si 100% As calculated by RELAPS (base case)
1176 s ,to 1545 s? 47% 0.01 kg/s

1545 s to 1660 s? 42% - 0.009 kg/s

1660 a to 1769.3 s 31% 0.0066 kg/s

1769.3 s to EDT 31% As calculated by RELAP5 (tase case)

!

,

!

j .-
,:

a. Cladding Rupture time as predicted by RELAP5 (120CK)

b. Control rod- failure time as _ predicted by CCDAP using a minimum CTM inlet

flow of 0.01 Kg/s- ,

,

c. Tuel failure time as predicted by SCDAP using a minimum CTM inlet few of i

0.01-kg/a

d. ECCS; injection time as predicted by'RELAP5.

.
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C, RESULTS OF THE SCDAP/Mt ,/ CALCULATION

The SCDAP code calculated the detatled representation of the central

bundle heatup, and included effects due to cladding oxidatt en, hydr: gen
generation, and the ge netry enanges caused y clad ballooning and mate-
rial relocation.

Teo main analyses have been performed to take into account the influeace
of inlet flow entering the CTM.

The results of both calculations are described in the following subsec-

ti c.4s .

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

Base Calculation.

Using the same ficw values obtalhed by RELAPS in the base calcula-
tion, the Central Fuel Module Inlet Flow was unable to provide

enough steam to sustain tne initiated metal /wate." reaction. Because

j of that, the excursion of temperatures did not take place in such an

extension and so, the experiment was hardly simulated. Tigure 8.1 tc

8.3 show the clad temeperatures calculated '2y SCDAP in comparisen

with the measured data and the RELAP5/ MOD 2 base calculated results.
It is in* ' 9 sting to point out tne earlier DNB time cal:ulated by-

SCDAP. This can be dus to the fact that the collapoed liquid level

given ts SCDAP as a- bnundary condition is smaller - than the real

mixture level, whic . accounts for the voiding effect. Also it should

be remarked that under the LP-FP-2 conditions, the RELAP5/ MOD 2 neat

transfer package does not predict DNB until the void fraction is )

greater than 0.999.

B< sides tnese discrepancies the heatup rates calculated by SCDAP are

in very close agreement with the experimental data until the onset

of the WR.

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-prr/uce the fuel liquefaction.
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This steam starvation led uts to anal /re several parametri: :Mdies

to conclude that at, inlet ficw of 0.01 Xg/s should te encugn. ma .c

has been explained before in section 7.4.

S.2 50DAP Results u..ng "Best Eatinate" 0FM Inlet Flow

This section presents the results of the best estinate posttest ans-

lysis of the LP-FP-2 experiment using the SCDAP code.
|

The base deck for this case is given in Appendix D and has been dis-
~

- cussed previously in dec-ton 7 The only difference with the cese

fctmerl/ presented in section 8.1 is the different CTM '.nle t mass
-flow, which has been extensively discussed in section 7.3.3.

8.2.1 01addir.g Temperatur3
<

l

Before comparing the SCDAP results witn the experimental data
it can be waathwhile to follow the wnole C/M damage process

L looking at- calculated clad temperatures in the average rod
l

at different axial' locations (Figure 8.4).

.

The CTM uncovery started at about 450 s when .s mater level
P

dropped below the top of . the c. ore and was comcleted at about
890 s when the liquid level vent down the ; bottom of the cors

,

f

(see figure 5.13) .

Figure 8.4 shows the maximum temperature histortes.cf the fuel
cladding surface at different axia: elevations. After initis-

. tien of the dryout the clad ' temperatures started to increase

due to the lower cooling capability of the steam. The heatup

is temporaril stopped due to the increased steam flow created

by che 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 hec.t. A ',al node 4th,
_

reatned the clad rupture temperature of 1200 K slaghtly chr-

lier than the peak y twer node (level 3). This was so because

-of the smaller heat flux at the 4th. level,.in turn, due to ,

the smaller temperatu.'e jump between the clad surf ace and the

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

111.
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|
| node), and also cecause of the earlit' f ryo .t etserved a '; 'n_:

nede.

Above a temperaturv close to .J 0 + *ne heat generat; n he *c

the metal-water reaction tecame tne most ;*portan* energy

sourca within the OFv., prod.2:;ng a raptd temperature excursicn

at axial levels 3 and d. icliewing tr.: enset cf the rap;d t e -s -

perature excursicn. the steam that flowed througn tne ^FM be-

gan to ce consumed by the M-W reacticn, secreasir.g tne sterm

fraction in the cundle. ceing replaced by hydregen (see Figure

8.5). At about 1600 s the SCCAP code predicted tae total steam

starvation at core elevattens above the peak power nods, recu-
~~

cing the heatup r ..'s to the decay heat. level, while there was

encugh steam available to sustain the reaction at lower eleva-

tions. This trought thu pear. pcwer node to become also the

peak temperature node at the end of tne transient, reaching a

maximum temperature of 2960 K versus the 28cn K calculated for

the 4th, axial node.

After reaching 2960 K, the outer tr0 layer failed (as spect-
2

fled in the input deck -see section 7.3-) allowir.g the molten

Zirtaloy above the breach node to fall downwards to lower core

elevations. The melten Zircaloy relocated at the first and ee-

cond axial elevations, where it was resolidified. At tne 2nd i

axiel node the temperatures were in excess of 1200 K allowing

for a rap 2 d tamperature excursion due to the M-m' reaction.

Similar trands were calculated for the CFM control rods, as

snown in Figure 8.6. In this figure it is interesting to note

tne plateau of the control red temperatures at 1050 K, melting

potnt of the Ag/:n/Cd control .aterial. During certain time,

t r.e control rod temperatures remains at 1050 K oecause the

neat generhted is being consumed for melting tr.e control

alloy.

Figures 8.7 to S.9 snc.i the comparison for two ax .t al levels

(3th, and dth.: among the different calculated cladding tempe-

ratures with those experimentally measured, where the symools

stand for:
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TE: Exper imentally measured :emperature

HTTEMP-RCR: Temperature given by RELAP taxing into a:: c ur.: I

!elockages.

HTTEMP-NRfh Temperature given by RELAP eithout renodalitstten, j

'iSCT-RCR: SCDAP temperature with inlet flow from RELAP5 base

case.
t

CADCT-NR!h 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 RELAPS withou.t taking into account the i

blockages.
.

The shapes follow the experimentally measured temperatures >

with heatup rates prior to the metal / water resetion in agree-
"

ment with the date.

| There is a slight celay in reaching 2100 K, remaining above
,

this temperature during 186 S vereus the 262 s measured. The

observed lack nf continuity between the two levels (the calcu-

lated -3th elevation temperature excursion is anterior to - tne

measured-one, and the 4th posterior), could be due to the f act

of having divided the fuel ro'd length in only a few levels.*

On the other hand, using. the inlet flow given by RELAP5, SCDAP

gave very low cladding temperatures because of the stea.m star-
vation | ace section 8.1).

Figure 8.10 shows the centre bundle average red fission pr >

-duct gap invent ary. At 1358 s, rupture cladding time, the

noble gases Xe and Kr were instantly released, while the Cs

and ; remained longer due to the diffusional release process. !

'

Figure 8.11 it.dic a t es the central bundle average rod fission

product gap release

i

figure 8.12 ' and - 8.13 show the central . bundle fission product
release of soluble and noncondensable olements respectively.i.

119;
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_

3.2.2 Cladding Ox:datt en snd Hydreren Generation

The heat generated by the metal / water reaction all tr0ughout
the transient wn in figure 8.14 <here is relevant the

quick 2xcursio a plsce.

Figure 4.15 shows the central bundle total hydrogen generation
rates, snd figure 9.16 indicates the total hydrogen generation

.

in the central bundle during the transient.

__

The calculated total amount of hydregen generated in the expe-
rimert is 300 g. versus 236 g. measured experimentally (see

Appendix Z of Reference 9). Since there are approximately 38,

Kg of Zircenium present in the CTM, this amount of H2 corrut-
ponds to an average cladding oxidation of 17,86% versus the 4
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 cxidation 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).
,

S.2.3 Center Bundle Damage Preoagatien and Geometry Changes
_

The major events that occurred in the CFM during the core da-
'

mage period are summarized in Table S.1 in comparison with the.
results obtained with the SCDAP analysis.

Follcwing the core dryout. 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 level. Pressure of
the inner gas inside tne foal 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 Se 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 due to clad - bal-

124
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looning is about 53% of :ne initial flow area.

The control rod :aaterial of level. 3, a and 5 were :ompletely
i

melted at about 1520 s (see fig are B.6). At about 157C ,, tne
stainless steel clad of ne control rods melted, disolving tne

~ ~

Zircaley guide tube by the formation of an SS4r eutect ~ at

about 1800 K. Th:s eutectic formation procaced a breach at the
m

4th. level of the caltrol r0d guide tu 011owing the pre-,

viously noiten control alloy to flow oownwards the guide
tubes. Part of the molten alloy solidified at the first axial
elevations,~ causing a 5% blockage, and the rest of the molten
control material dripped below the bottom of the CFM.

Finally, at about 1700 s the Zirealoy clad of fuel and control
rods failed af ter reaching 2960 K, fixed at the input as the

'Zr0 failure temperaure. Axial levels 3 and 4 hreacned, al-
2

lowing' the molten Zircaloy flowing downwards the CFM, causing
|- a new bir ': age at levels 2 and 1, - as shown in Figure 8.17 (see
I

|

also table 8.1).
i

Table 8.2 summarites the geometry changes experienced by the
-

ICTM, as calculated by SCDAP.

The TM- averige fuel rod configuration at the end of the tran- ;

sient is ~ presente(~ 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.

It is surprising to observe that the toda did not compute ny

nel relocation within the rods, although the maximum hoop

ctrain and the fuel void fraction are much larger than the

setpoints values waien. should activate the Axial Tuel Reloca-
tion Model-(see section 4.9 of Reference 5) . ' By' reviewing- the

i
f9ELOC 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 tnat the UO fuel was nut
. 2

!120
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'l Allt E S.2 CORE DAMAGE PARAMETERS
. - . - - - - -

1. -CLAD SWILt.ING AMOUNI.' 35.45%1

CLAD SWLLliNG llMI 1258 S. AT 1100*K
' CLAD SWLLLING'LOCA110N- 0.98M (i.EVELS 't.3,5,2)

2. C L A D R u l'ItJ R E 1IME 1558 S. AI 120'4*K
CLAD llul'10RE LOCAL 10N . 0.98M.(ILVEL Ill

3. HASS 04 LONIHOL MAILRIAL MLIILD 10.1365 K (LLvEL S 't.S,3,2)

LOCAI10N Of CONIROL MAILHIAL NELILD - 5.9609 K IN 10WLR PLENUM

1.6'112 K AI 0.139/M (LEVEL 1)
2.53 sti K AI 0.l:191M (LLvlt 2. INSIDL)

h 'i. IlLOCKAGL Dill 10 SLUMPING

't.l. CONIHOL ROUS:

Al 15/0 S. lill ABSORBENI NAILHIAL HLOCKAGES A 5% AI 0.1397M (LEVEL 1)
Al 1680 S. Ital GulDL luDE Bic:KAGLS A /.5% AI 0.ft191M (LEVEL 2)

f4.2. full RODS:
Al 1/OS S. I:;2 CLADDING BLOCKAGES

A 5% Al 0.139/M (LLvtt 1), AND

A 2.5% AI 0.81191M (LLvtl 2)

it.3. IINAL TOIAL Bl.0CKAGE DUI 10 SLUMPING:
10% IN AXIAL 1.IVELS 1 AND 2

,

s. + - - . . . .
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calculated to-be liqueried at any axial locations, even thougn
the temperatures were welt above the eutectic melting tempers-

ture of OL-Zr (0) and UO (2245 K). This fact was more sur-2
prising because the SCDAP/ MOD 1/Vis used in tne pretest simula-
tion predicted liquefaction of the UO *t th' h tt'8* t*2
axial elevations.

By reviewing again the coding of version 21, wa found the* cne

upda te from V20 to V21 precluded the fuel casolution if bal-
leoning and double-side oxidation were considered.'

Therefore, taking in' account the actual coding of SCDAP/

ODl/V21. the final conf tguration calculated te occur sound
reasonable. However, our group, af ter reviewing the recencly
available neutrographies of the LP-FP-2 CFM consider impor-

tant to update the code to simulate the axial fuel relocation

and fuel dissolution phenomena.

8.3-Cenclusions of the SCDAP/MODl-Calculations

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

The conclusions are the following:

1. The core thermal response during the experiment LP-FP-2 was, in
general, fairly accurately calculated by SCDAP/MODl/ /21.

-- 2. The heat up rates. prior to the - M-W reaction initiation are in
close agreement with the data.

3. The very late clad rupture ti::te calculated by the code, raises up
doubts aoout if the " sausage type" ballooning calculated by the
code :is the most reliable model for the LP-FP-2 experiment.

. - 4. The heat up rat 7s after the beginning of the M-W reaction are
'

slightly different from the measured values..

5. The calculated total hydrocen generation is a little bit higher

g. 134
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than the experimental urta.

6. The slumping of control rod material to the lower c'_ enum has not

been observed experimentally, indicattag some possible deficien-

cles in the resolidification model used in SCDAP/MCDl.

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 experimen;al data. Probably,

diminishing the input temperature at which the ZrO is e nsidered
2

to fall, the maximum temperature calculated by the code could be

more realistic.

9. Several updates can be made to the code (Models for the axial s
,

fuel relocation, fuel dissolution, clad defc mation, an rescli-
r

dification) that could significantly improve the results.

9. SUMMARY AND CONCLUS!CNS

LO'T experiment LP-FP-2 successfully simulated the clowdown thermal-hy-

draulies, core uncovery, and carly phases of core damage resulting from

a simulated rupture in :ne LPIS piping of a P'#R , the so-called V-se-

quence act; dent scenario. The LP-FP-2 results are unique and provide

integral data at actual thermal-hydraulic conditions, for radioactiv7

fission product release, transport, and deposition in an appropriate

chemical environment.

In general, the TH ca? culations closely simulated both the general and

specific experimental res tits.

135

____ __________ ________________ ____________________ - _-__ .-



- - - _. , .- .~ . . _ _ _ ._ . . - - . ~ . - . - - - - . . . . -_..

The core boiled dry, and heated up to temperatures in excess of 2400 K

(3850er) due initially to decay heat and ultimately to a rap 2d metal-<a-
ter reaction. The center fuel module control rods melted, as did a subs-

tantial fraction of the adjacent fuel rods. Much of the center fuel, 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 modulv. The thermal shroud

was able to adequately shield the peripheral fuel rods during this time,

'and fuel red failure was neither observed nor calculated in the periphe-

ral modules.

The principal discrepancies between data and calculations can be related

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 (RZLAP5/ MOD 2-SCDAP/ MOD 1

. passive. coupling) has -proved to be very suitable for the simulation of

the- thermal-hydraulic conditio.ts present during a V-sequence accident,
,

such as the one simulated by the LP-fP-2 experiment.

.

f

f
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APPENDIX A

LP-FP-2 EXPERIMENT INSTiliA4ENTAT!P,N

__

m

This Appendix A includes the measurement identification and description of
the - short term qual ified data recorded for the transient phase of ths

'

LF-FP-2 experiment (-421 to 2096 s),

-

Also, a list-of figures indicating the location of the most important

' tra-' Acers is provided'in this appendix.

For mee details see ret erences A-1 and A-2 -
.

.
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TABLE A-1. MEASUREMENT ICENTIFIERS AND CESCR:PTICNS :CR LP :P-3.
(TAXEN FRCM THE ShnRT TERM CIRC RE?CRT) !

Measure. ment Measurement
Identification Cescriotion

AH25-755-001 H2 CCNCENilA* ION IN CCNTAINMENT VESSEL
AM2E-T55-002 H2 CCNCENTRATICN IN CCNTAINMENT VESSEL
AH2E-T55-003 h2 CONCENTRAT!CN IN CCNTAINMENT VESSEL
CR-5UP-A ROO-POSIT!0N-RCO 5
CR-5UP-B ROD 205ITION-R00 5

CVP165-0115 # URGE GAS CPIFICE SYPASS VALVE
CV2165-013A NITROGEN INLET VALVE
CVP165-014A PRESSURE RELIEF VALVE TO SST
CVP165-F112 OILUTION GAS INLET VALVE
CVP165-F113 OILUT!CN GAS (CRIFICE 1) VALVE

CVP165-Ft14 OILUTION GAS (CRIFICE 2) VALVE
CVPIC5-F120 ANNULUS GAS INLET VALVE .
CVP165-F128 AMNULUS GAS CUTLET VALVE
CVP155-F134A ISO VALVE F1 LINE .

CVP165-F1343 150 VALVE F1 LINE

CVP165-FICC PRESSURE RELIEF VALVC TO BST
CVP165-F148 CUTLET VALVE

! -
CVP165-F234A ISO VALVE F2 LINE
CVP165-F2348 ISO VALVE F2 LINE
CVP155-F236 PRESSURE RELIEF VALVE TO SST

CVP155-F248 CUTLET VALVE
CV-0004-008 VALVE DOSITION FEECWATER CLOW CONTROL
CV-9004-010 VALVE POSITION SCS STEAM FLCV CONTROL
CV-9004-090 MAIN STEAM SYPASS VALVE
CV-P004-091 MAIN FEED BYPASS VALVE

CV-P138-070A VALVE POSIT!CN SLOWCCWN SYSTEM RABV CH
CV-P138-071A' VALVE POSITION SLC%0CWN SYSTEM P.ABV C'.i
DE-BL-001A CHCADAL CENSITY-SROXEN LOOP'CL
DE-BL-0018. CHORDAL CENSITY-SROKEN:LCOP CL
CE-BL-001C- ' CHORDAL OENSITY-3ROKEN LCCP CL

DE-SL-002A CHORDAL DENSITY-BROKEN LOOP HL-
0E-BL-0029 CHORDAL DENSITY-BROKEN LCOP HL
DE-9L-002C CHORDAL CENSITY-BRCXEN LOOP HL
DE-BL-105 AVERAGE CENSITY-BROKEN LOOP CL
CE-BL-205 AVERAGE CENSITY-SP0XEN LCOP HL

A-3
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TAELE A-1 (continvec)

Measurement Yeasurement
!dentifiention Cescristien

CE-PC-001A CHORCAL CENSITY-INTACT LCCP CL
DE-PC-0013 CHORCAL OENSITY-INTACT LCCP CL
CE-0C-001C CHCROAL CENSITY-INTACT '0CP CL
OE-PC-002A CHORCAL OFNSITY-INTACT LOOP HL
CE-PC-0023 CHORDAL 0;h.ITY-INTACT LOOP HL

_

OE-PC-002C CHORDAL DENSITY-!NTACT LOOP HL
OE-PC-105 AVERAGE OENSITY - INTACT LOOP CL
DE-PC-205 AVERAGE DENSITY - INTACT LOOP HL
FEP165-F1-22 FLOW RATE F1 HEATING OAS LINE
FE-PC-002A VELOCITY-INTACT LOOP HOT LEG EOTTOM

FE-PC-0023 VELOCITY-INTACT LOOP HOT LEG M100LE
FE-AC-002C VELOCITY-INTACT LOOP HOT LEG TCP
:E-IST-001 VELOCITY DOWNCOMER STALX 1
FE-13T-002 VELOCITY 00%NCOMER STALX 1 LOWER
FR-CC-201 MASS FLOW RATE - HL TURB*0 ENS

R-PC-205 MASS FLOW RATE - HL 00*0 ENS
FR-PC-206 MASS FLOW RATE - HL TURB"00
TP165-F122 ANNULUS GAS FLOW RT ORFICE DELTA P

FT-0004-012 .FLOWRATE-STEAM FLCW CONDENSER IN
FT-8004-72-2 FLOWRATE-SCS FEEDWATER

FT-7123-035 FLOWRATE-HPIS PUMP 3 OISCHARGE
i- FT-3123-104 FLOWRATE-HPIS PUMP A DISCHARGE

FT-D139-27-1 FLOWRATE-INTACT LOOP CCOLANT
FT-P139-27-2 FLOWRATE-INTACT LOOP COOLANT
FT-P139-27-3 FLOWRATE-INTACT LOOP C00vwT

LEPOT-8139-007 QUID LEVEL - PRES $URIZER CH.S
LE-ECC-01A ACCUMULATOR A LIQUID LEVEL
LE-1F10 C0QLANT LEVEL-FUEL ASSY 1 LOC F10
LE-lST-001&2 CCOLANT LEVEL-INSTR STALX 1 LP & O
LE-3F10 COOLANT LEVEL-FUEL ASSY 3 LOC F10

,

LE-3UP-001 COOLANT LEVEL-UPPER PLENUM
LIT-9120-013 LICUID LEVEL A - BWST
LIT-P120-014 LIQUIO LEVEL 3 - SWST
LIT-P170-039 LIQUID LEVEL - ACCUMULATCR 8
LT-P004-008A STEAM GENERATOR LEVEL NARRCW RANGE

A-4 )
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IABLE A-1 ( 0ntinued)

Measurementveasure ent- Cescrie:1onIcentt f':2:1:9

LT-3004-0033 LICUID LEVEL-SCS SECCNCARY WICE RANGE

LT 3004-042 CONCENSATE RELEIVER LEVEL

LT-PC04-03AA STEAM GENERATOR LEVEL NARRCW RANGE

LT-PCCA-0833 STEAM GEN LEVEL WICE LANGE

LT-3133-033 LIQUID LEVEL-SST A

LT-P138-053 LIQUID LEVEL-BST B
ME-PC-002A MOMENTUM FLUX-INTACT LOOP HL 30TTCM

ME-PC-0029 MCMENTUM FLUX-INTACT LOOP HL MICOLE

ME-PC-0022 MCMENTUM FLUX-INTACT LOOP HL TCP

ME-PC-002 AVE MGMENTUM FLUX-INTACT LCOP HL

ME-IST-001 MCMENTUM FLUX-INSTR STALK 1 OC

NE-2H03-26 NEUTRON CETECTOR IN CORE FA#2

NE-4903-25 NEUTRON CETECTOR IN CORE FA#4

NE-6h08-25 NEUTRON DETECTOR IN CORE FA#6

PCE-5Lh-001 DIFF PRESS LPIS BRK LN VENTURI HIGH

PCE-3LH'-002 OIFF PRESS LPIS BRK LN VENTURI LCW
POE-BLM-003 OIFF PRESS LPIS BRK LN VENTURI HIGH

f PCE-SLH-004 71FF PRESS LPIS BRK LN VENTURI LCW
POE-SLH-005- JIFF PRESS LPIS BRK LN ACROSS FILTER
907-P139-006 OIFF PRES ACROSS PRESSURIZER CHANGE

P07-0139-007 OIFF PRES ACROSS PRESSURIZER CHANGE

707-0139-030 DELTA P - REACTOR VESSEL

207-P139-30A DELTA P-PRIMARY CCOLANT PUMP

207-P139-303 CELTA P-INTACT LCOP SG

PE-3LH-001 ABS PRES LPIS SRK LN UPSTRM VENTURI

PE-SLM-002 A85 3RES LPIS BRK LN UPSTRM FILTER
PE-BLM-003 ABS PRES LPIS BRK LN UPSTRM VENTURI

-PE-SL-001A PRESSURE-BROKEN LOOP COLO LEG

PE-BL-002A DRESSURE-5ROKEN LCOP HOT LEG

E-PC-002 PRESSURE-!NTACT LCCP HOT- LEG

PE-PC-005 PRESSURE-INTACT LCOP REF.

PE-PC-006 PRESSURE-INTACT LOOP REF.

PTP165-01-19 PRESS-PCS ON 01 SAMPLE LINE

PTP165-01-20 PRESS-N2 SUPDLY-01 SAMPLE LINE
PTP165-01-2 01 ? URGE GAS PRESSURE

A-5
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'ABLE A-1 (c:ntinued)

Yeasurement Measurement
!:entifiestion Ce sc-' o ti en

ATP165-F140 RECCMBINER PURGE GAS PRESSURE
PTP165-F1-5 ARGON SUPPLY PRESSURE
?TP165-F1-SA PRESS-Fi CARRIER GAS LINE
PTP165-F1-58 PRESS-F1 LINE-UPSTM FLCW ORIFICE
ATP165-F1-3C PRESS-Fi CARRIER GAS LINE

PTP'.65-F2-43 PRESS-F2-LINE-UPSTM FLOW ORIFICE
PT-P004-010A PRESSUREeSCS 10 INCH LINE FROM SG
PT-9004-022 CCNDENSATE RECEIVER PRESSURE
PT-9004-034 PRESSURE-SCS FGEDWATER
P7-P004-085 PRESSURE-SCS 12 INCH CCNDENSOR !N

37-P120-029 PRESSURE-ECCS ACCUMULATOR B
PT-P120-043 PRESSURE-ECCS ACCUNULATOR A
PT-P138-056 PRESSURE-BST VAPOR SPACE CH B
PT-P138-057 PRESS"RE-BST VAPOR SPACE CH C
PT-P139-004 PRESSURE-INTACT LOOP HOT LEG CHANNEL C

PT-P139 042 PRESSURE CONTAINMENT CHAN O
PT-0139-05-1 PRESSURE-PRESSURIZER
RE-T4-C96 BST RAM (

-RE-T-77-1A1 NIS-POWER RANGE CHANNEL A PEAK 1

RE-T-77-1A2 NIS-POWER RANGE CHANNEL A LEVEL
RE-T-77-2A1 NIS-POWER RANGE CHANNEL B PEAK

RE-T-77-2A2 NIS-POWER RANGE CHANNEL 8 LEVEL
RE '-77-3Al NIS-POWER RANGE CHANNEL C PEAK
RE-T-77-3A2 NIS-PCWER RANGE CHANNEL C LEVEL
RE-T-SS-1 NIS-SOURCE RANGE CHANNEL 1
RE-T-85-2 NIS-SOURCE RANGE CHANNEL 2

RE-T-36-3 NIS-TNTERVEDIATE RAMGE CHANNEL 3
LRE-T-85-4 NIS-INTERMEDIATE RANGE CHANNEL 4
RE-T-87-dA1 NIS-POWER RANGE-CHANNEL 0 PEAK
RE-T-37-dA2 NIS-POWER RANGE CHANNF.L 9 LEVEL
RPE-PC-001 PUMP SPEED-PRIMARY COOLANT PUMP 1

RPE-PC-002 PUMP SPEED-PRIMARY COOLANT PUMP 2
RP-CRCM2-oT RCO POSITION R00 2 CR0 PULSE TOTALIZER
RP-CRCM2-TC R00 POSITION R00 2 TURNS COUNTER
RP-CRCM4-PT 200 POSITICN R00 4 CR0 PULSE TOTALIZER
RP-CRCM4-TC RCO POSITICN RCD 4 TURNS CCCNTER

A-6
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TABLE A-1 (cen:inued)
.

*easure entMeasurement
!:estift:stion CeseM : fon

RP-CRCM5-PT RCO POSIT!CN RCO 5 CRC :ULSE TCTAL:!ER
RP-CRCMS-TC 400 POSITION RCD 6 TURNS CCLNTER
RP-CRCMS-PT ROO POSITION R00 3 CR0 ?ULSE TOTAL:CER
RP-CRCMS-TC 400 POSITION 400 3 TURNS CCUNTER
SP-5LH-001 SAT PRESS-LPIS BRK LN INLET

SP-SLH-002 SAT PRESS-LPIS BRK LN INLET
3P-BLM-003 S/T PRESS-LPIS ERK LN GAMMA SPECT

SP-9LH-004 SAT PRESS-LPI3 BRK LN GAMMA SPECT
SP-BLM-005 SAT PRESS-LPIS BRK LN FILTER INLET
SP-3tH-006 SAT PRESS-LPIS BRX LN VENTURI INLE

SP-BLM-007A SAT PRESS-LPIS BRX LN VENTURI INLE
SP-BLM-0078 SAT PRESS-LPIS 3RX LN VENTURI !NLE
SP-BLM-008 SAT PRESS-LPIS BRX LN VENTURI CUTL
SP-PC-0023 SATURATION PRESS-INTACT LOOP HL

SP-P139-019 SATURATION PRESS-PRESSURIZER

57 4 139-020 SATURATION PRES 3-PRESSURIIER

SP-SG-003 SATURATION PRESSURE, STEN 4 GENERATCR

SP-SG-CCA SATURATICN PRESSURE, STEAM GEN. MICOLE

SP-1ST-005 SATURATION PRESS-0CVNCCMER STALK 1

ST-BLM-C01 SAT 787-LPIS BRK LN UPSTRM VENTURI

5T-89 -002 SAT TEMP-LPIS BRX LN UPSTRM PILTER
ST-sLA-003 SAT TEMP-LPIS BRX LN JPSTRM VENTURI
ST-3L-001A SAT TEMP-SROKEN LOCP CL

ST-SL-002A SAT TEMP-BROKEN LOOP,HL

ST-PC-002 3ATURATICN TEMP, INTACT LOOP, HL

ST-PC-005 SATURATICN TEMP, INTACT LOOP, CL

ST-P139-05-1- SATURATION TEMP,-SG INLET

TC-5IC8-27 TEMP FUEL CENTERLINE /FA5 PIN 18 27
TC-5CS-27 TEMP FUEL CENTERLINE /FA5 PIN KS 27
TC-5M04-27 TEMP IUEL CENTERLINE /FA5 PIN M4 27

TC-5MCS-27 TEMP P'JEL CENTERLINE /FA5 DIN MR 27
TEPIS5-012:3 NITROGEN PURGE GAS DIPE TEMPERATURE

TEP165-F13CA TEMP-F1 LINE-0UTLET RV
.IPE TEMP 05.CF DILUTICN FILTER F1'TEP165-F1-33

TEP165-F1-BA TEMP-Fi CARRIER GAS LINE
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TABLE- A-1 (continued)
!
|

9etsurement w isuremente:centif t:ati:n
_ 2eter4:* tan.

.

TE3155-F1-33 TEMP-F1 L!ME UPSTM : LOW CR!? ICE'EP165-F1-3C TEMP-Fi CARRIER GAS LINE
TEP165-F2-33- TEMP-F2 LINE-UPSTM OILUTICN FILTERTEP165-F2-45

TEMP-F2 LINE UPSTM FLOW CRIFICE
TE-B LM-001 WALL TEMP LPIS BRX LN INLET

TE-BLH-002 STM TEMP LPIS B.1K LN INLETTE-BLi-003
STM TEMP LPIS BRK LN ' GAMMA SPECTRCMETER' iE-B LH-004

. WALL TEMP LPIL BRK LN GAMMA SPECTRCMETERTE-SLH-005
STM TEMP-LPIS SRK LN FILTER INLETTE-ELH-005
WALL TEMP LPIS BRK LN FILTER INLET

TE-9LH-007A
STM TEMP-LPIS BRK LN VENTURI INLETTE-BLM-007B
STM TENP LPIS BRK O VENTURI INLETTE-BLH-008
WALL TEMP-LPIS BAK LN VENTURI OUTLETTE-3C-002A TEMP-INTACT LOOP HL BOTTCM

TE-*C-0023 TEMP-INTACT LOOP HL MIDOLE .

TE-PC-002C TEMP-INTACT LOOP HL TOP
- TE-P004-CS4

CONDENSATE RECEIVER TEMPERATURET*-P120-001 LIQUID - TEMP-BWST
TE-P120-027 LIQUID TEMP-ECCS ACCUM 3
TE-0120-041- LIQUID TEMP-ECCS ACCUM A

TE 3120-102 LICUID TEMP-ECCS-LP.; HX B CUTLET
.TE-3139-019 TEMPERATURE-PRESSURIIER VAPCR
TE-3139-020

TEMPERATURE-PRESSURIZEP LICUID
TE-P139-029 CCOLANT TEMP-INTACT LOOP CCLD LEG
TE-P139-23-2

TEMPERATURE-INTACT LCOP COLD LEG

TE-P139-32-1 - PRIMARY : CLANT HOT LEC TEMP CHANNEL
.

.TE-P141-094 PCCS HEAR EXCH INLET- TEMP
TE-PI41-095 PCCS HEAT EXCH CUTLET TEMP
TE-SG-001A CCCLANT TEMP-IL SG INLET PLENUM-
-TI-SG-002A-

CCOLANT TEMP-IL SG CUTLET PLENUM

"TE-SG-003 L:CUID TEMP-SCS SG CCWNCCHER'

_TE-SG-004 LCUID TEMP-SCS SG CCWNCCMER
TE-SG-005 LIQ - TEMP SCS'SG CCkNCCMER
TE-SV-001 LICUID TEMP-SST STALX 1-107.2TE-SV-002 L:CUID TEMP-BST STALK 1-93.0
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weassre ea:Veasuremeit
Identificati3n ._ - CescP*Ot'**-

TE-SV 003 L:CU:0 TEMP-BST STALK 1-74.7
*E-SV-004 LIQUID TEMO-B5T STALK 1-57.2
?E-ii-005 1.ICVID TEMS-357 STALK 1-29.0 |

TE-Sil-006 LfCUID TEMP *BST STALK 1-14.7
TE-IV-007 LQUID TEMP-EST STALX 2-;07.2

^

TE-SV-0CS LIQUID T0dP~BST STALX 2-93.0-
TE-SV-009 LIQUID T0uP-BST STALK 2-74.7
TE-SV-010 LIQUIC TENP BST STALK 2-57.2
TE-SV-011 LIQUID TEMP-BST STALK 2-39.0
TE-SV-012 LIQUTD T94P OST SIALX 2-14.7

'E 7056-002 TEMPERATURE-CONTAINMEN1 AM31ENT

TE-1A11-000 '| EMF-CLA00lN3/FAI PIN All 30 IN.
75-1910-037 TEMP-CLA001NG/FA1 PIN $10 37 IN.
75-5911-023 791P-CLA00!NG/FA1 PIN BV129 IM.
TE*1311-032 7EMP-CLADQ[NG/FA1 PIN 911 32 IN,

"TEo1011-021- TEMP-CLADUING/FAI PIN C1121 IN.
= E-1.C11-039 TENP-CLA00ING/FAI PIN C1139 !N.T

TE -1. 07-015 TO494CLA00ING/FA1 PIN F715 IN.
| TE41707-025 TEMP-CLA00ING/FA3 PIN 87 25 IN.
-

i TE 157-001- CCOLAMT TEMP-RV INSTR S'fALK 1 DC
,

v
TE-IS i-00 2 CCOLANT TEM 9-RV INSTR STALK 1 DC

,

TE-157-003 CCOLANT TEMF-RV INSTR STALX 1 GC
6 -TE-!SI-004 COOLANT TEN 9-9V INSTR STALK 1 DC

75-1.1T-005 - COOLANT TEM 9-Ry INSTA 57ALK 1 OC

TE-15T-C06 COOLANT TEMD-RV INSTR STALK 1 DC

TE 1ST-003 CCCL\NT TEMP-RV INSTR STALK 1 LP
-TE-157-009 COOLANT TEMP-RV INSTR STALK 1 LP

TE-IST-010 COCLANT TEMP-RV INSTR STALK 1 LP
TE-IST-012' ' COOLANT TEMP-RV INSTR STALK 1 LP
TE-157-012. COOLANT TEMP-RV-INSiR STALK 1 LP

fE-157-013 COOLANT TEMP-RV INSTR STALK 1 LP
TE-IST-015 COOLANT TEMP-RV IMSTR STALK 1 OC

TE"109-001 COOLANT TEMF-UPPER ENL BOX

TE-1UP-002 :00LANT TE?f-UPPE4 END BOX
TE-!UP-005 COCLANT TEMP-ON OTT PE-1UP-1
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TABLE A-1. (: nsinvec)

".easurea.ent weasuremen:
Identification :ese 4 :i:n

TE-1VP-006 "ETAL TEMP-SUP CRT CCLUMN FA1
TE-10P-007 METAL TEMP-5UPPORT COL;MN FA1'

75-2E03-045 TEMP-CLA00!NG/FA2 PIN E3 45 IN.
TE-2FOT-015 TEMP-CLA00!NG/FA2 PIN F715 IN.
TE-2FC3-032 TEMP-CLA00!NG/FA2 PIN F3 32 IN.

TE-2F09-026 TEMP-CLA00 LNG /FA2 PIN F9 26 IN.
TE-ZG14-011 TEMP-CLA00ING/FA2 PIN G1411 IN. -

'

TE-2G14-030 TEMP-CLA00!NG/FA2 PIN G14 30 IN.3

TE-2G14-045 TEMP-CLA00 LNG /FA2 PIN G14 45 IN.
TE-2H02-023 TEMP-CLA00!NG/FA2 PIN H2 28 IN.

TE-2H13-021 TEMP-CLA00!NG/FA2 PIN H13 21 IN.
TE-2H13-049 TEMP-CLA00ING/FA2 PIN H13 49 IN.
TE-2H14-023 TEMP-CLA00!NG/FA2 PIN H14 28 IN. =c

TE-2H14-032 TEMP-CLA00!NG/FA2 PIN H14 32 IN.
. TE-2H15-025' TEMP-CLA00!NG/FA2 PIN H15 25 IN.

TE-2H15-041 TEMP-CLA00ING/FA2 PIN H15 41 IN.
TE-2114-021- TEhP-CLA00 LNG /FA2 PIN 114 21 IN.
TE-2114-039 TEMP-;LA00ING/FA2 PIN I14 39 IN.
7E*2L:-001 COOLANT TEMP-LOWER ENO BOX
TE-2LP-002 COOLANT iEMS-LOWER ENO BOX

TE-2LP-003 COOLANT TEMP-LCWER ENO 30X,

TE-2VP-001 COOLANT TEMP-UPPER ENO S0X
TE-2CP-002 COOLANT TEMP-UPPER ENO 20X
75-2UP-003 COOLANT-TENP-UPPER END BOX
TE-2UP-004 METAL TEMP-SUPPORT COLUMN FA2

TE-2VP-005 METAL TEMP-SUPPORT COLUMN FA2
'

.TE-3 Ail-030 TEMP-CLA00IMG/FA3 PIN All 30 IN.
'

TE-3811-029- TEMP-CLA00!NG/FA3 PIN 31123 IN..

TE-3811-032 TEMP-CLACOING/FA3 P!N 51132 IN,
TE-3C11-021 TEMP-CLA00ING/:A3 PIN C1121 IN.

'[' TE-3F07-025 TEMP-CLA00 LNG /FA3 PIN F7 25 IN.
TE-3C11-039 TEMP-CLA00!NG/FA3 PIN C1139 IN.'

TE-3UP-001 COOLANT TEMP-UPPER END E0X
TE-30P-006 METAL TEMP-5UPPORT COLUMN FA3

-TE-30P-008 TEMP-CCOLANT LLT ABOVE FA3
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TABLE A-1 (:entinued) ,

1

Measurement veasurement
!dentification Cesced::1n

TE-3UP-010 TEMP-CCOLANT LLT A30VE FA3
TE-30P-011 TEMP-CCOLANT LLT ASCVC FA3
TE-3UP-012 TEMP-COOLANT LLT ABCVE FA3
75-3U9-013 'EMP-COOLANT LLT ASCVE FA3
TE-30P-014 TEMP-CCOLANT LLT ABOVE FA3

TE-3UP-015- TEMP-COOLANT LLT ABOVE FA3
E-3UP-016 TEMP-COOLANT LLT ABOVE FA3
~-4EC8-045 TEMP-CLA00!NG/FA4 PIN EB 45 IN.

AF07-015 TEMP-CLA00!NG/FA4 PIN F715 IN.
':-4FC8-032 TEMP-CLA00!NG/FA4 PIN FS 32 IN.

TE-4GCS-021 TEMP-CLA00ING/FA4 PIN G8 21 IN.
TE-4G14-011 TEMP-CLA00!NG/FA4 PIN G1411 IN.
TE-4G14-030 TEMP-CLA00ING/FA4 PIN G14 30 IN
7E-4G14-045 TEMP-CLA00!NG/FA4 PIN G14 45 IN.
TE-4H13-015 TEMP-CLA00ING/FA4 PIN H13 15 IN.

TE-4H13-037 TEMP-CLA00!NG/FA4 PIr Hij 37 IN.
TE-4H14-023 TEMP-CLA00ING/FA4 Pili H14 28 IN.

L TE-4H15-026 TEMP-CLACDING/FA4 PIN HIS 26 Ih.
TE-4H15-041 TEMP-CLA00ING/FA4 PIN HIS 4175.
TE-4I14-039 TEMP-CLA00ING/FA4 PIN 114 39 IN.

TE-4 LP-001. COOLANT TEMP-LOWER ENO S0X
TE-4LP-003 COOLANT TEMP-LCWER ENO 90X
TE-40P-001 COOLANT TEMP-UPPER ENO S0X
TE-4UP-002 COOLANT TEMP-UPPER ENO S0X
TE-40P-003 COOLANT TEMP-UPPER END 50X

TE-4UP-004 METAL TEMP-SUPPORT COLUMN FAA
TE-4UP-005 METAL TEMP-5UPPORT COLUMN FA4
TE-5C06-027 TEMP-GUIDE TUBE FA5 LOC C5 27"
TE-5C06-066 TEMP-GUICE TUEE FA5 LOC C5 66 IN
TE-5C07-042 TEMP-INTERNAL CLA0 "A5 PIN C7 42"

TE-5C09-010 TEMP-INTERNAL CLA0 "A5 DIN 09 10"
TE-5C09-027 TEMP-INTERNAL CLA0 FA5 ?IN C9 27"
TE-;C10-027 TEMP-GUIDE TUBE FAS LCC C10 27"

'TE-SC12-010 TEMP-INTERNAL CLA0 FA5 FIN C1210"
TE-5C12-027 TEMP-INTERNAL CLA0 FA5 PIN C12 27"

A- 11
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IABLE A-1 (con:t+.ec)

Veasurement veasure ent
:centification Des:r*otion

TE-5009-027 ?EMD-INTE9NAL CLAC Fa5 D:N 09 27"
TE-5013-042 TEMP-INTERNAL CLA0 FA5 FIN 013 '2"
TE-5E05-027 TEMP-GUIDE TUBE FA5 LOC E5 27"
TE-5E11-027 TEMP-GUICE TUBE TA5 LOC Eli 27"
TE-5E-010 SHROUD TEMP EAST SICE 10 IN.

TE-5E-027 SHROUO TEMP EAST SICE 27 IN.
TE-5E-032 SHR000 TEMP EAST .t!DE 32 IN.
TE-SE-042 SHROUD TEMP EAST SIDE 42 IN.
TE-5F03-027 TEMP-GUIDE TUEE FAS LOC F3 27"
TE-5F09-010 TEMP-INTERNAL CLAD FA5 PIN F910"

TE-5F09-027 TEMP 7NTERHAL CLAD FA5 PIN F9 27"
c. TE-5F13-066 TEMP-GUIDE TUEE FA5 LOC F13 66"

TE-5G04-010 TEMP-INTERNAL CLAD *A5 PIN G4 10"
TE-5G04-027 TEMP-INTERNAL CLAD FA5 PIN G4 27"
TE-5G12-010 TEMP-INTERNAL CLA0 FAS PIN G1210"

TE-5G12-027 TEMP-INTERNAL CLA0 FA5 PIN G12 27"
TE-5G13-027 TEMP-INTERNAL CLAD FA5 PIN G13 27"
TE-5H05-027 TEMP-tNTERNAL CLAD FA5 PtH H6 27"
TE-5H08-027 TEMP-GtJIDE TUBE FA5 LCC HB 27"
TE-5H10-027 TEMP-INTERNAL CLA0 FA5 PIN H10 27"

TE-5H12-027 TEMP-GUIDE TUBE FAS LOC H12 27"~
'E-5IO3 027 TEMP-INTERNAL CLAD FA5 PIN I3 27"
TE-5IO4-042 TEMP-INTERNAL C' A0 FA5 PIN I4 42".

TE-5I12-042 TEMP-INTERNAL CLA0 FA5 PIN I12 42"
TE-5J03-066 TEMP-GUIDE TUSE FA5-LOC J3 66"

TE-5J07-010 TEMP-INTERNAL CLA0 FA5 PIN-J7 10"
.

TE-5J07-027 . TEMP-INTERNAL CLAD FAS PIN J7 27"
TE-5JO9-022 TEMP-INTERNAL CLA0 A5 PIN J9 42"
TE-5J13-027 TEMP-GUICE TUSE-FAS LOC J13 27"
TE-5K05-027 TEMT-GUIDE TUBE FA5 LOC (5 27"

TE-5K11-027 TEMP-GUIDE TUSE FA5 LCC Kil 27"
TE-5LO7-010 TEMP-INTERFAL CLAD FAS PIN L710"
TE-5LO7~027 TEMP-INTERNAL CLA0 A5 DIN L7 27"
TE-5LO3-027- TEMP-GUIDE TUBE FAS LOC LS 27"
TE-5LO9-042 TEMP-INTERNAL CLA0 FA5 PIN LS 42"

<
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TABLE A-1 (00ntinued)-
'

-Measurement weasurement
Identt'feation Oescristien

TE-SM06-227. TEMP-GUIDE TUBE-FAS LCC v6 27"
. 1TE-EM07-010- TEMP-INTERNAL CLA0 FA5 PIN M710"
'

TE-SM07-027 TEMP-INTERNAL CLA0_ FA5 PIN M7 27"
'

TE-5M09-042 TEMP-INTERNAL CLAD FAS PIN M9 42"
*E-EM10-066 TEMP-GUIDE TUSE FA5 LOC M10-66 IN

TE-5N-010- SHROUD TEMP NORTH SIDE 10.!N.
TE-5N-027 SHROUO TEMP NORTH SIDE 27 IN.-

:TE-5N-032 SHRCUD TEMP. NORTH SIDE 32 IN.
-TE-5N-042 SHROUD TEMP NORTH SIDE 42 IN.
;TE-55-010 SPROUD TO1P SOUTH SIDE 10 IN.

TE-55-027 SHROUO TEMP SOUTH SIDE 27 IN.
TE-53-032 SHROUD TEMP SOUTH SIDE 32 IN.
TE-55-042- ' SHR000iTEMP ' 50UTH SIDE 42 IN.
TE-5UP-004 COOLANT TENP-UPPER ENO BOX-
TE-SUP-017 COOLANT 1EMP-UPPER END BOX 4

TE-5UP-019 COOLANT TEMP.- UPPER ENO 90X
TE-5UP-023- COOLANT TEMP - UPPER END BOX

E-5UP-024 COOLANT TEMP - UPPER ENO BOXT

:TE-5UP-025; COOLANT TEMP -. UPPER END BOX
'

.iii-5UP-025 C00LANTLTEMP - UPPER END BOX

LTE-5UP-027- COOLANT TEMP - UPPER' ENO BOXs
TE-5UP-028A COOLANT TEMP - UPPER END BOX-
TE-50P-02SB COOLANT TEMP - UPPER END BOX
TE-5UP-029A COOLANT TEMP - . UPPER END BOX
TE-50P-0298 COOLANT TEMP - UPPER ENO BOX

TE-5UP-030A COOLANT TEMP - UPPER END BOX:
TE-5UP-0308: COOLANT TEMP ~- UPPER ENO BOX
TE-5UP-031A COOLANT TEMP -- UPPER END BOX
Ti-5UP-0318- CCOLANT TEMP - UPPER END BOX
TE-5UP-032A- COOLANT TEMP - UPPER END BOX

TE-5UP-0323 CCOLANT TEMP '- UPPER ENO BOX
LTE-5UP-033A- COOLANT TEMP - UPPER-END BOX
TE-SUP-0338 -COOLANT -TEMP - UPPER ENO BOX
TE-5UP-18SA METAL SURFACE TEMP-UPPER END BOX

~TE-5UP-1888 METAL SURCACE TEMP-UPPER END 30X

_
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TACLE A-1 (::nvn.ec)

*easleevent v easurement::entid*:st'en Tescriot':n
<

VE-5UP-133C
*ETAL SUR ACE TEMD-UPDER END 50XTE-50P-1930
METAL SURFACE TEMD-UPDER ENO BOX

TE-5UP-194G1
METAL SURFACE TEMD-UPDER END 50X

TE-5UP-194G2
METAL SUAFACE TEMP-UPDER END BOXTE-5UP-19731
METAL SURFACE TEMP-UPPER END ECX

TE-5UP-197B2
9ETAL SURFACE TEMP-UPPER ENO BOX

TE-SUP-212G1
METAL SURFACE TEMP-UPPER ENO E0XTE-5UP-212G2
METAL SURFACE TEMP-UPPER END 20X

TE-5UP-21581
METAL SURFACE TEMP-UPPER ENO BCXTE-50P-21592
METAL SURFACE TEMP-UPPER ENO S0X

.

TE-50P-250G1
METAL SURFACE TEMP-UPPER END BOX

TE-5UP-250G2
METAL SURFACE TEMP-UPDER ENO BOX

TE-5UP-25181
METAL SURFACE TEMP-UPPER END BOX

TE-5UP-25132
METAL SURFACE TEMP-UPPER ENO BOXTE-5W-010
SHROVO TEMP WEST SIDE 10 IN.

TE-5W-027 SHROUD TEMP WEST SIDE 27 IN.
TE-5W-032 SHROUD TEMP WEST SIDE 32 IN.
TE-5W-042 SHROUD TEMP WEST SIDE 42 IN.
TE-6E03-045 TEMP-CLA00ING/FA6 PIN EB 45 IN.*E-6F07-037 TEMP-CLA00!NG/F0, PIN F7 37 IN. )

TE-6FC9-041 TEMP-CLA00!NG/FA6 PIN F9 41 IN.
TE-6G03-039 TEMP-CLADOING/FA6 PIN G8 39 IN.
TE-6G14-011 TEMP-CLA001NG/FA6 PIN G1411 IN.TE-6G14-030 TEMP-CLA00ING/FA6 PIN G14 30 IN.
TE-6G14-045 TEMP-CLA00ING/FA6 PIN Gl? 45 IN.

TE-6H13-015 TEMP-CLA00ING/FA6 PIN H13 15 IN.
TE-6H13-037 TEMP-CLA00ING/FA6 PIN H13 37 IN.
TE-6H14-023 TEMP-CLALDING/FA6 PIN H14 28 IN.
TE-6H14-032 TEMP-CLA00 LNG /FA6 PIN H14 32 IN.
TE-6H15-026 TEMP-CLA001NG/FA6 PIN H15 26 IN.

TE-6I14-021 TEMP-CLA00IN0/~A6 PIN 114 21 !N.TE-6I14-039 TEMP-CLA00 LNG /FA3 DIN 114 39 IN.TE-6LP-001 COOLANT TEMP-LCWER END BOX
c
l-

'TE-6LP-002 . COOLANT TEMP-LOWER END BOX
TE-6 LP-003 COOLANT TEMP-LOWER ENO BOX

!
!
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APPENDIX B

BRIEF DE0CRIPTICN OF THE COMPUTER CCOES USED FCR THE AtlALYSES

( '

The RELAPS/ MOD 2 computer code was used to calculate the transient

thermal-hydraulic responses for the LCFT system during Experiment LP-FP-2.
~

The SCDAP/ MOD 1 computer code was used to calculate the core behavior

in detail during the heatup phase. This appendix gives a summary of the
more important features of these two codes.

B.1 RELAP5/M002 Computer Code

RELAP5/MCD2 is an advanced, best-estimate computer program develop-1 at the

Idaho National Engineering Laboratory (INEL) for the analysis of loss-of-

Coolant Accident (LOCA) and other PWR transients.

RELAP5/ MOD 2 is based on a one-dimensional, nonhomogeneous 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 compenents ze " built" by means of

code input, from basic code components, such as fluid 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 specialisa-

tion has been avoided as much as possible in .-der to produce a code having
few inherent limitations.

Ine two-phase fluid model consists of two phasic mass, two momentum and two

energy ' equations. In RELAP5/MODl, only one energy equation (the mixture

energy equation) is used along with the specification that one phase exists
at the local saturation temperature. The use fa second energy equation

provides more flexibility to model more general nonequilibrium states.

The basic RELAPS/MOC2 two-phase model is supported by constitutive models

for interphase drag, interphase mass transfer, wall heat transfer, and wall
friction. All of these constitutive models are closely related through the

B-2
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geometry of the two-phas e mixtu_ e er the flew regime. The interphase drag
and wall friction mcdels dominate tr.e nenhcnegeneous character cf the
mixture while the interphase mass transf er and wall heat transfer models
dominate the nonequilibriam character of the flew.

Special process models are incorporated into the basic hydrodynamic model
for phenomena that are either too complex f r mechanistic modeltng er in-
volve large spatial gradients and would require fine nodalization to ateu-
rately resolve. Examples of these processes are form losses, abrupt area
changes, enoked ficw, and reflood.

The hydrodynamic model as solved in a staggered mesh using, as the basic
option, a semi-1 plicit finite difference scheme which is stabla 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 volumes and is solved
directly using a sparse metrix routine. The remaining dependent variables
are calculated by back sutstitution. The user can also use a quast-tmpiteit
numeric scheme as an optinn (for more details see Reference B-1).

Heat transfer procesces are modeled by means of " heat structures" in which
a transient heat conduction solution is used with a variety of boundary

conditions including c Mvective heat transfer to flutd 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 spnem. In general the transient heat conduction solution is
obtained using an One-c; mens 10nal implicit centered difference scheme which
rasults in a tridtagonal matrix or wen neat structure. However. when the

reflood modil is used, a ruo-dimensional conduction scheme is used for cy-

lindrical or rectangular neat 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 tne hy-

drodynamic time step. Again, the code gives the user the option to use a

8-3
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quasi-implicit coupling between the hydrodynamic and the heat nansfer

models.

The reseter kinetics model is a point formulation and includes moderator,

Doppler, and bcron concentration feedback. The reactor kinetics model is

advanced in time using a Runge-Kutta integrstten scheme with a truncation

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-hydraalic titoe step.

\

s

The reactor controls are simulated by means of centrol components such as

s zmers, function generators, integrators, differentiators, delay lines,

lead / lags, and a rotating shaf t for coupling of turbines, pumps, genera-

tors, and motors. The control system integration is performed by a serially

irplicit Euler scheme using the same time step as the the rmal-hydr aulic

system.

9.2 SCOAP Computer Code

''* ' ' 'The 500AP/ MODI computer code has been developed at the

/ !NEL under the sponsorsni;, of the Office of Research of the United States

Nuclear Fegulatory Commission. SCDAP models the progression of light water

reactor core damage following a LOCA, including core heatup, cladding bal-

looning and rupture, oxidation, hydrogen generation, fission ' product re-

- lease, and control rod and fuel matelal liquefaction and relocation.

Version 21 cf *he SCOAP/MCD1 code uses thermal-hydraulic boundary condi-

tiens to calculate the bahavior of fuel bundle ccmponents provided they

have not significantly lost their original geometry. The struc~ures treated

by SCOAP/ MOD 1/ vel include fuel rods, control rods, and a shroud. This capa-

bility was extended' to include empty control rod guide tubes er ins tru. tent

tubes using tne f;el rod ccmponent. The fuel rod component models calculate
'

tne tnermal response. *Me mechanical response, and the response during the

early stages cf taruptten of t*is fuel rod. The thermal models consider the

important ther al effects, which include ccnv.ctive and radiation heat

%Cnsfer, nea: c o r.duc t i on , :trealoy extdation, and transport of hydrogen.

Thi thermal models also censider the radiation heat exchange between the
o

compenent surfaces and the coolant fluid. The cladding exidation model in-

cludss the hycroger clanketir.g and steam limitation effects , and both side

B-4
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oxidation (only available for the latest :0de version 211. The mechanical

models predict the ballooning of cladding and several consequent effects.

Cladding ballocntng results in reduesd flow area srd an increased cloading

Surface, both of which affect rod cooling and hydrogen generati0n rates.

The models which descrise the early stages of disruption predict the amount

of liquefied fuel and :ladding material and the relocation position. Addt-

tional models are provided to describe oxidaticn. 11guefaction, and solidt-

fication of control rods and guide tubes. A thermal shroud component sodal

is built in, <nich utilizes fine nodalization to calculate hwat conduction

through multiple material layers.

The material properties used in SCDAP are cbtained from Reference B.5 with

additional information for the control rod and shroud insulator material

(!r0 ) supplied by the fuel module design engineers (B.6)
2
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APPENDIX 0

|
|

RELAP5/ MOD 2 NPUT OATA FOR EXPERIMENT LP FP-2

The input data used for ths RELAPS/MCD2 base case posttest calculatten cf

Experiment LP-FP-2 presented in section 5 is en nicrofiche in a pouch on
the inside of the report back cover.

Microfiche titled "F2PSTSS" t.cntains the stesdy state input deck. Micro-
fiche titled "F2PSTTT" contains the input deck for the initiation of the

transient; and finally microfiche titled "FP2ROR" contains the input decks

for the successive core renodalications.

C-2
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APPENOIX D

SCDAP LOTT INPU* OAT A TCR EXPERIMENT LP-FP-2

<

.

t.ntinii; of SCOA" input data pr epared for the center bundle analys s.s presen-

ted in section e.2 is prov;ded on the attached steroficn s in the pouen en

tne inuide of the report back cover. The t i t '. e of the microfiche is

"SCM CP*2".>

..

D,

1

,

6
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COMPUTER RUN STATISTICS
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| APPENOIX E
t

I

CCKFUTER RL"i STATIST 0S

In order to assess the computational efficiency of one code the NRC recom-
mends to use (see Table 4 in Reference E-1) tne fo?.lo*Ing 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 4 DT

where

CPU is the total execution time in s
DT is the total number cf time steps
C is the total number of control volumes in the model

4 Type of machine used to perform the calculation;

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

calculations

E. 1 RELAP5/ MOO 2 Run Statistics

Figure E-1 snows the CPU time versus the transient t:me consumed in the

RELAPS/MCO2 tase calculation (section 5). Here se note that RELA?S/McD2/
35,04 set to zero the CPU time counter every time we made a renodall ation.
We think this is a code deficiency and it should be corrected in future
code versions.

In any case, Figure E-Z presents the righ: curve, showing the .otal accumu-

lated CPU time versus transient time. The total CPU t:me was 61.43 hr on a
CDC CYBER 830 machine for a total of 1850 s of transient time. Thin makes
an average ratio of 120 CPU / PROBLEM TDtE for the *.P-FP-2 transient. However

|E-2 '
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the average ratio f:r almost all * t.e t r ans t e nt :s aeout :FU/Tt:BLEY"

.

'Tsi!ME, except f:r t*O p articul ar 5; e ger:edb. F;rst of all, i* 1: * *
,

the ::de tegan to reduce *ne t me step :n:ress;ng crast;~'.1/ *re :T'

time) due to .ater ;rtpert/ arrers .n *he LPIS 1;Se. Ir.;*1311, *n;s L?ll

1:ne .as simulated ms;ng 3 velres. 72 aveld this cde instat;..t/ .e

reduce the line to enly 2 volumes, re: w'ering ne sverage rati :: f '' O f:r

the CPU time. And finally. . hen *he : re reflood started. ;1"M ' *e .ere

forced to reduced the +aximum '.1 - e step d o wr. to 1-s to get ::nvargenza

('/ery hot ore reflooded by 00 1 .ater). This agsin increased dramaticalif
9

the total TU time.
%

The grind time for +nis case '.as :s::ulated aa fo itw

r~. ,ne
x 1000 26.6 ms," ' ' ' ~ " '

124 5 61,999

However, the readertoo high Ocmpared to standard PELAPS/ MOD 2 calculations
md the tno : odeshc _M ce aware of the complexity of the 1.P-FF-2 transient

pr:blems above *entioned.

The run time of the sensitivity study .as prsetttally the sa e as tne ease

case calculatten.

E.2 SCDAP/M001 Run Statistics
-

The CPU time used for the analysis is not availacle in the SCDAP graphic

file. Therefore .e c an - nly use the gr;nd time to assess the 3COAP

efficiency.

The total CPU ti.?e .as 2.16 hr of a !OC CYBER 320 for a total of 135C s of
transient time. This akes in average of 5.8 CPU-to-pr clem time ratio. The

grind time .as calculated to te

''':cro~ ' 3e'',~~~ e -

x 1000 o 689.7 ms
5 1:nmponents)x2:54 tti-e steps)

Though the CPU time-to-Problem tire ratio is tetter fcr SCOAP than for
RELAPS, the SCDAP grind time (the cett code ef fielency parameter) is uch

L-5
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higner than the RELAF5 one, te ause of the complex nature af the

thermo-mechanical phenomena simulated with 500AP.

E.3 References
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