NUREG/TA-0050
ICSP-LP-FP-1

International
Agreement Report

TRAC-PF1 Code Assessment
Using OECD LOFT
LP-FP-1 Experiment

Prepared by
F. J. Barbero

Centro de Invesugaciones Energeticas
Medioambientales y Tecnologicas
Consejo de Seguridad Nuclear
Madnd. Spain

Office of Nuclear Regulatory Research
U.S, Nuclear Regulatory Commission
Washington, DC 20855

April 1992

Prepared as part of
The Agreement on Research Participation and Technical Exchar

and Application Program (ICAP)

Published by
U.S. Nuclear Regulatory Commission

9206050036 F20430
P%g NUREG
1A=-00%0 R PDR



Ty

NOTICE

This ruport was prepared under an international cooperative
agreement for the exchange of technical information* Neither
the United States Government nor any agency thereof, or any of
their employees, makes any warranty, expressed or implied, or
assumes any legal liability or responsibility for any third party's
use, or the results of such use, of any information, apparatus pro
duct or process disciosed in this report, or represents that its use
by such third party would not infringe privately owned rights

Supernntenden, of Documets
U .S, Gavernmant Printing QMice
P.O. Box 37082
Washington, 0.C. 20073 208

ancl

T\@ﬁ.,s.[j' T(Ar nracal \.""Mn;df--;! k.: s

Springhield, VA 221861

.




NUREG/1A-0050
ICSP-LP-FP-1]

International
Agreement Report

TRAC-PF1 Code Assessment
Using OECD LOFT
[.P-FP-1 Experiment

de lnvesugaciones Energeticas
Medicambientales v Tecnole G alety
Consejo de Seguridad Nuclear
Madnd, Spain

Office of Nuclear Regulatory Research
LS. Nuclear Regulatory Commission
Washington, DC 20555

April 1992

Prepared as part of

e Azreement on Kesearch Paruopation and Technxal Exchange
undder the Intemational Thermal-Hydraule Code Assessment

and Appieation Program (ICAFP)

Published by
U.S. Nuclear Regulatory Commission



AT ey A e e e o A

NOTICE

This report documents work performed under the spoisorship of the Consejo De
Seguridad Nuclear of Spain. The information in this report has been provided
to the USNRC under the terms of an information exchange agreement between the
United States ana Spain (Technical Exchange &nd Cooperation Agreement Retween
the United States Nuclear Regulatory Commission and the Consejo De Seguridad
Nuclear of Spain in \ae field of reactor safety research and development,
November 19R5). Spain has consented to the publication of this report as a
USNRC document in order that it may receive the widest possible circulation
among the reactor safety community. Neither the United States Government nor
Spain or any agency thereof, or any of their employees, makes any warranty,
expressed or implied, or assumes any legal Tiability of responsibility for
any third party's use, or the results of such use, or any information,
apparatus, product or process disclosed in this report, or represents that

its use by such third party would not infringe privately owned rights.
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FOREWORD

This report represents one of the assessment application
calculations submitted in fulfilment of the Dbilateral
agreement for cooperation in thermalhydraulic activities
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 Applicatione Program (ICAP) of the US-NRC whose
main purpose is the validation of the TRAC and RELAF system
codes.

The Consejo de Segucridad Nuclear has promoted a :oordinated
Spanish Nuclear Iludustry 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 Electrica (UNESA)

-~ Unién Iberocamericana de Tecnologia Eléctrica (UITESA)

- Empresa Nacional del Uranio (ENUSA)

- Centro de Investigaciones Energéticas y Mediocambientales
(CIEMAT)

- TECNATOM

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

nacién”. This committee hae approved the distribution of this
document for ICAP purposes.



1.

INTRODUCTION

The fission products release test [P-FP-l was conducted on
Dec 19,1984. The first trial to conduct the test on Dec 12
had failed because of a defect in the position indicator of
the hot leg QOBV (Quick Opening Blowdown Valve). The test
was terminated by the PPS (Flant Protection System) action
at about 10 s and the transien: ended at S0 s. This test is

designated as LP-FP-1A.

The thermal-hydraulic transient of the test LP-FFP-1 has
been initiated by the reactor scram and opening of the QOBRV's
with one second dslay. This experiment simulates large - eak
LOCA in the cold leg with delayed ECC injection to allow pin

rupture and fission products releasa

LP-FP~1 was specified tc be sim:lar to LOFT axperiment
L2+-5 and OECD LOFT experiments LP-N2-6 and LP-LB-1, except
for initial primary pump operation, closure of the BLCL
valve and ECCS operation for core recovery and fuel cladding

guench.

From the thermal-hydraulic point of view, the following

objestives were considered achievable:

. Determine system thermal-hydraulics and core thermal res-
ponse for initial and boundary conditions similar to a
large break design basis LOCA leading to and limited to

fisesion product release from the fuel cladding gap region.

- Determine the fission product retention effectiveness of

the ECCS operating in a mode representative of a German
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2. FACILITY AND TEST DESCRIPTION

P E R L R R R R T T

2.1 System configuration

The LOFT facility was designed *» simulate the major
components and system responses of a commercial PWR during
“a LOCA. The experimental assembly 'ncludes five major sub-
systems which have been instrumented in such a way that the
system variables can be measured and re-orded during a LOCA

simulation. The subsystems include:

Reactor vessel

Intact locp

Broken loop

Blowdown supression tank (BST)

ECC system

Complete information on the LOFT system 1is provided in

raf [1].

The arrangement of the major LOFT components is shown in
Fige 2.1 and 2.2. The intact loop simulates three loops of a
commercial four-loop PWR and contains a steam generator, two
primary coclant pumpe in parallel, a pressurizer, a venturi

flowmeter and connecting piping.

The broken loop consists of a hot and a cold legs, each
of which are connected to the reactor vessel and the BST
header. Primary coolant pump and steam generator simulators
vere installed in the broken loop hot leg to provide the flow

resistence normally represented Dy these components in a



commercial PWR. Each broken leg contains a quick-opening
blowdown valve, a recirculation line, an isolation valve,
an orifice tc represent the break plane, and connecting
piping. The recirculation lines eatablish a small flow
through the broken loop to maintain hot fluid conditions
in these loops which otherwise are stagnant prior to

initiation of the experiment.

The LOFT reactor vessel, shown i1n Figure 2.3 has an
annular downcomer, a lower plenum, lower core support
plates, a nuclear core and an upper plenum. The downcomer
is connected to the cold legs of the intact and broken

loops and the upper plenum is connerted o the hot legs.

The core consists of 1300 enriched uranium fuel rods
arranged in five square and four triangular fuel assemblies.
The fuel rods were designed to commercial PWR specifications
except that they are only 1.68 m long and several fuel rods
have special instrumentation. Twenty-four fuel rods were
enriched to & % (wt) U235, and twenty-two of these ware pre-
pressurized at cold conditions to 2 41 MPa. The other two
fuel rods were unpressurized and were designed to be easily
removed for PIE. All other fuel rods in the core were un<
pressurized and enriched to 4 % (wt) U235. Fig 2.4 shows the
fuel cladding thermocouple locati: 1s and Fig 2.5 shows all
the central fuel assembly instrumentation, as well as the
locations of the two fuel rods which were removed for PIE.
Fig 2.6 shows the location for the *hermocouples in the upper
plenum. Nomenclature and location ~f the instruments may

be seen in Apendix A.
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The ECCS in FP-' was designed *» simulate the hot leg
and cold leg ECC iﬁjoction rates representative of the ECCS
operation in a KWU 1300 Mwe reference PWR under nominal ceone
ditions. As mentioned, injection have to be delayed to allow
fuel rupture and fission product release and transport in a
vapour etivironment. Accumulator A was rooted to the intact
loop cold leg (Fig 2.2) and was used to inject ECC scaled to
the reference PWR best estimate cold leg accumulators and

LPIS injection based on power scaling ( 1:100)

Accumulator B was roocted to the upper plenum (Fig 2.2)
near the top of the center fuel assembly through a special
piping configuration conveniant to the LOFT system and not
related to the reference PWR. Accumulator B was designed to

inject ECC scaled to the reference PWR.

As the injection line enters the pressure vessel,6 [t
penetrates through the central fue) module and branches in
the upper structure (see Fig 2.7). At station 203.17 (3.44 m)
above reactor vessel bottom and about 42 c¢m above the top of
fuel pins, 6 reflood injecticn nozzles are positicned to in-
ject inside the flow shroud in the central fuel module. At
station 191.82 (about 13 cm above the top of fuel pins) an-
other 8 reflood nozzles are positioned in such a way as to
inject outside the flow shroud and towards the peripheral

elements. Details may be found in reference (2].

Accumulator B ie connected to the pressure vessel by three
lines. Injection in the hot leg. in downcomer or in th™e upper

plenum can be activated. Direct injection in the lowncomer is



only activated in case of PPS as hapenned in LP-FP-1A. The
same lines are also used by the low pressure injection system

(LP1S). See design of the injection line in Fig 2.8.

The upper plenum injection valve CV-P120-5% which is very
near to the pressure vessel was then opened about 50 s before
the test while the far valve CV-P120-3] was kept close. This
means that the whole line between that valve and the nozzles
in the upper plenum was ribjected *c the system pressure of

14.77 MPa during a period of 90 s before the test.

No accumulator blowdown and no venting of the primary sys-
tem were performed after the failed experiment and no preca.i-

tions were taken to prevent nitrogen injection. The injection

line of accumulator B included large amount of nitrogen before

system pressurization in the transient phase of FP-1. This
nitrogen was then compressed to system pressure during the
90 s after opening CV-P120-54 and the gar bubble was moved

towards the accumulator B, behind the flovmeter FE-P120-33.

The LOFT steam generator, located in the intact loop, 18
a vertical U-tube-design steam generator. Operation of the
secondary coolant system approximates that of a commercial

PWR.
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2.2 Test description

RS ETES---

LP-FP+-1 was defined to caonsist of four distinct phases
which were designated as: fuel preconditioning, pretransient,
transient and postransient., The four phasee were continous

and had specific beginning and ending definitions.

The purpose of the fuel preconditioning phase, in cenjunce
tion with the pretransient phase, was to subject the 24 6 %
(wt) enriched fuel roda in the new center assembly to the
ainimum regquired burnup condition of 1175 MWD /MTU prior to
conducting the transient. Thie burnup is egquivalent to power
operation at a maximum linear heat generation rate of 52.2
Kw/m for 20 days on the enriched fuel rods. The precondition-
ning phase started at the begining of plant heatup prior to
power operation and ended with termination of power operatior
after the calculated burnup fraction had been achieved. An
additional period of preconditioning beyond that required for
minimum burnup occurred after the first attempt of conducting
the experiment. The delay of one week resulted in three more

daye of power operation, reaching 1417 MWD /MTU.

The pretranesient phase consisted of a reactor shutdown
interval of approximately five days, followed by a power ope-
ration interval. The final plant preparations were completad
during the reactor shutdown interval. The power operation
interval established the required minimum decay heat level
(86 ¥ of DH in commercial PWR fuel rods after one year of
at 52 Kw/m), and the initial conditions for conducting the

experiment. The requirement to build up the short lived



fission product inventory of 40 Equivalent Fission Froduct
Hours was uchiovo& by 70 %¥. The pretransient phase started
at the termination of power operation in the preconditioning
phase and ended with initiation of *he transient py a reactor

scram,

The transient phase of the experiment started with reactor
scram, followed by the opening ot the QOBV's and ended at the
initiation of the closure of the broken loop hot leg (BLHL)
QOBV. The BLCL-QOBV was closed at 68 s to ensure that posi-
tive cors vapour flow existed for the *transport of fission

products, released from the fuel rod gap, along the intended

path for fission product measurements The unplanned injection

of water in the upper plenum due *o the expansion of non-
conden=able gases in the injection l'ine from accumulator B
have caused a delay in pin rupture core reflood and oystem
recovery, which commenced at 344 s inatead of the expected
value of 100 s on a peak cladding ramperature trip of 1037 K
in the peripheral fusl assemblies was accomplished with cold
leg and upper plenum accumulater ECC injection. The maximum
cladding temperature measured in the central fuel assembly

was 1210 K.

The final (postransient) phase consisted of a 12 h time
from the closure of the BLHAL-QOBV, for measuring the redis-
tribution of fission product inventory in gas and liquid in

the BST and PCS.

The in{'ia’ conditions are specified in Table 2.1 together

with the messured system conditions inmediately prior to the
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transient phase of LP-FP-1. The operational setpoints speci-
fied are listed in Table 3 together with the measured values.
Differences between specified and operational setpoints re-

flect in some cases the time elapsed between operator action

and system response.

As shown in Table 2.2, the break apertures was taken as
the initiation time of the evperiment. The reactor was scram-
med one second prior to the initiation of blowdown. This was
done for avoiding early departure from nucleate boiling (DNB)
on the € % fuel rods which would lead to exceseive cladding
temperatures early in the transient The blowdown was the
initiated by opening the QOBVs and the pumps were turned off

and decoupled from their flywheels within 1 s.

The PCS quickly depressurized to saturation pressure in
the upper plenum, broken hot and cold legs by 0.1, 1.1 and
3.5 s, respectively. A bottom-up partial core qQquen.h occurred
between 6 and 7 s, followed at 12 to 18 8 by a total top-down
quench of the central fuel assembly The lower part of some
of the peripheral fuel rods did not completely quench at
this time. This total top-down guench was the lst indication
thet the upper plenum injection line was leaking. Th . un-
planned injection of water in the upper plenum doesn’'t in-

fluence the pressure history.

The cold leg QOBV was closed by 58 8, forcing all break
flow out the cold leg and core flow from bottom to top. A
sustained heatup of most (not all) nf the core started at

90 s, resulting in the rupture of some of the enriched fuel



rods beginning at 325 s. The ECCS was initiated at 344 s
and the entire core was gquenched by 365 s. A 12 h postexpe-
riment sampling period followed and the experiment was then

terminated with plant cleanup and sumple remcval for PIE.



TABLE 2.1. Initial conditions for experiment LP-FP-1

Spccifxod(') Measured
Value Value
g;;gégv COOLANT SYSTEM

Core delta T (K) .ovvvvnnvnnansns 4.4 £ 0.1

Primary system pressure (hot leg) ¢

CIORRD 6 < 5 5w s s S v b o A 14.95 ¢ 0.1 16.77 £ 0,00 12D
Hot leg temperatura (K) ......... 3773203 $77.56 = 0.8

Cold leg temperatura (K) ........ $63.2 = 1.1

Mass flow intect loop (kg/s) .... 679 219 486.7 2 2.5(b) {(+1.6 %)
Boron concentration (pp#) ....... 612 = 15

Primary coolant pump injection
(boch pumps) (L/8) .ivvvsov.ve.ss 0,127 2 0.016 0.126 = 0.003

REACTOR VESSEL

Power 1evel (M) ...covevvencenes 3881 17.0 ¢ 1.28%) (26 1)

Maximum linear heat generation

28t (RH/W) (s cavion s SR 52 512 2 3.6

Conrrol rod position ‘above

full-in posiction) (@) .....:0004n 1.37 = 0.01 1.28 ¢ 0.002
STEAM GENET 'TOR

Secondary system pressure (MPa) . 6.41 £ 0.08

ater lovel % ...l . 0.19 £ 0.08 0.15 + 0.06'®) (=21 2)
PRESSURIZIR

Liquid woivak (-3) S Y T 0.66 &£ 0.02

BLARE VOLUBR < ¢ovvouxniaorssvessos 0.27 ¢ 0.02

Water temperature (K) ........... 616,2 = 5.8

Pragsurs (MPE) . :icovvvvinsunan 16.73 2 0.11

Liquid level (M) .......ooveevnn. 1.12 = 0.1 1.23 £ 0,06 (+0.8 1)
BROKEN LOOP

Cold leg temperature (K) ........ 561.4 = 1.5

Hot leg temperature (K) ......... 564.5 ¢ 1.8



SUPRESSION TANK

Liquid level (m) .

..

-

Gas volume (13) .....

Water temperature (K)

---------------

-----------

...........

Pressure (gas space) (kPa) ......

Boron concentration (ppm) .......

EMERGENCY CORE COOLING SYSTEM

Borated water storage tank tem-
perature (K) ...c.ces

Accumulater A

Accumulator A
(above iuside

Accumulator
Accumulator

cure (K) ...

Accumulator
Accumulator

Accumulator
ture (K)

A
RS

.-

liquid level (m) ..

stardpipe position
bottum of zank) (m)

pressure {MPa) ....

liquid tempera-

R

liquid level () ..
pressure (MPa) ...

liquid tempera~

0.06 }) (#19.6 %)

Spccxfxad“) Measured
Value Value
1.27 & 0,127 1.52 ¢
47.90 ¢ 2.11
184.4 ¢ 3
99.5 ¢ 3
3868 ¢ 1S
303 = 3 303.4 ¢t 7
2.15 £ 0.03 2.11 £ 0.0}
0.4 £ 0.03
4.14 2 0,17 4.30 £ 0.06
303 ¢ ) 300 £ 6 %)
2.1 £ 0.03 2.08 ¢ 0.01
4.15 £ 0.17 4,26 ¢ 0.06
303 £ 3 08 £ 6 %)

(a) If no value is listed, non was specified.

(5) These values were out of specification.

{¢) Steam generator liguid level referenced to 2.95 a (116 in
of tube sheect,

13

)

(«1.8 )

(+3.8 2)

(=0.99 %)
(=C.9 %)
(+2.8 )

(+1.6 2)

.) abeve top



TABLE 2.2. Operational setyuoints

L . Lvant Spciziicd Ac:::l
RERERTC BSOEMI g s o766 -5 595 i nn blnly (0w T 3 40 & 1.0 £ 0,025 | «0.99 = 0.01
QOBY GUBN. i caswaeny da 2808 asasvadiassdn smes 0 0
Primary pumps turaned off ....... .c.q0000 dasles 11228 % 028 0.2; ¢ 0.0l
FPMS ‘solaction valve opened ......:«:ivcvvuias 29 £ 2 8.2 2 0.1
BLCL QORY GLOBBE vussvsscrsrusdnnsnosminaans 49 = 5 62.5 ¢ 0.1
FPMS incore isolation valves closed *) ..., %1 340.8 ¢ 0.08
Accumulator A & B injection ltlttld(b) g 347 =2 1 Jeé.3 £ 0.05
FPMS BLHL isolation valve closed ) ........| 371 =2 3171.7 ¢ 0.08
Accumulator injection ltoppcd(d) ........... 507 = 1 506.5 ¢ 0.5
HPIS injection starts '™ ................... 507 ¢ 1 $15.8 = 0.5
BLHL QOBV closed™® .. .....iiiiiiiiiiininnn. <527 535 ¢ |
QOBV isolation vaives closed''’ ... .... oo B ¢ 7 695 = .

(a) Defined as when 3 peripheral thermocouples measured (037 K (1408 °F).
(b) 5 to 7 @ after FPMS incore isolatioa valves closed.

(¢) 30£2 @ after FPMS incore isolation valve closure,

(d) 160 s afier sccumulator injection imitiation.

(e) Within 20 s after accumulator injection termination.

(f) After closure of BLHL QOBV,



of LOFT system

scntation

repra

2.1, Axonometric

Figure



AcCimuiaion vent lng
_ walve CV P20 25

—tated S Actumiaton Glacharge low
FIP12031 8
b FIPI0 51y

Pumps veives
Cv F120 824 . ; "
Cv#oue . CvPI08 Accumulalon Gleche

~ LPIS pump B discharge

kd 1 P18 tsciaifon wound

onfice veive CV P120 701
iPS tow FIPI20 12

— LIPS heat exchanges ECC 1 o8

Figure 2.2 Emergency Core Cooling System
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Figure 2.5. Central fuel assembly ins‘rumentation
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Figurs 2.7. Accumulator B upper head injection
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3. INPUT MODEL AND NODALIZATION

Y T s t e e s e R R R R

3.1 Code

Code used was TRAC-PFl Mod 1 (version 11.0), installed en
CDC Cyber 810,

The Transient Reactor Analysis Code (TRAC serie P) is an
advanced best-estimate code for handling PWR accidents, having
the capability to make a 3-D model in the reactor vessel Code
uses full two-fluid model with two-steps numerice in the one-
dimensional components and may also handle a noncondensible

t Jas field.

TRAC has the capability to treat the following phyeical

phsnomena:

1. ECC downcomer penetration and bypass, including the effects

of countercurrent flow and hot walls

2. Lower plenum refill with entrainment and phase separation

effects
3. Bottom-flood and falling~film reflood quench fro-%s

4, Muitidimensional flow patterns in the core and plenum

regions

§. Ponl formation and countercurrent f.ow at the upper core

supnort plate region
6. Pool formation in the upper plenum

7. St«am binding

23



10.

11.

i2.

13.

14.

15.

16.

. Average rod and hot rod cladding tamperature histories

Alternate ECC injection systems including hot leg and

upper ..ead injection

Direct injection of subcooled ECC water, without artifi-

cial nixing zones

Critical flow (choking)

Liquid carryover during reflood

Metal-water reaction

Water~hammer effecte

Wall friction lossea

Horigontal stratified flow, including reflux cooling

Code has been used without any modification in models or

components. No multiplicative factor for minimum stable film

boiling temperature (MSFBT) has been introduced.



3.2 Nodalization
Nodalization of the LOFT system for the FP-1 test may be

seen in Figures 3.1 to 3.6 and Table 3.1.

Input deck for determinig the plant steady state (actually

“a first orocessing by TRAC), is in Table 3.2

peactor vessel is modelled as three-dimensional due to the
non-homogeneous phenomena registered during the experiment.
j-inner rings represent the core and the 4th downcomer, which
extends from 'evel 3 to level 1] . Core covers levels 4 to 8

and loops inssit at level 1l.

First ring simulates the central (11 x 11) fuel assembly
and around, a zircaloy shroud. Second and third ringe are tha
internal parts of the periphera) bundles. Vessel 18 nodalized

in 192 cells.

Bypasses have been introduced in the nodalization for get-
ting a better calculation of core )Jiquid fraction (underes-
timated in pretest calculations). rescription and calculations

of these bypasses may be found .n reference (3]:

« 4 bypasses connecting lower and upper plena, carrying
4.7 ¥ of the flux through the intact loop in the steady

atate.

- 3 bypasses from downcomer to lower plerum, carrying 4.1 %

of the above mentioned flux.

The existence of 1300 rods in the core was simulated using

18 "theoretical" TRAC rcds:



12 standard rode, representing 4 % enriched fuel rode,

one per internal cell

4 rods with peak factor 1.25, simulate the 24 ~ 6 %X fuel

trods, one per cell in the central ring

1 rod in cell 8 with peak factor 1 094

l rod in cell 12 with peak factor 1.236

Rod axial dynamiz renodalization factor is fixed in a
value of 11, instead the initially selected of 60, due to

high running times.

Ducay heat used has been obtained from the previous power

and burn-up histories and may be sean in Table 3 3.

Figure 3.4 shows the intact loop nodalization, including
presgurizer, primary side of SC and ECCS with the roots of

LP! and HP! systems:

« Accumulator A has been simulated as a PIPE compo. ant ine-
ta*d an ACCUM component for avoiding calculation time. Flow

rates correspond to those of a 1300 MW scaled KWU reactor

- Cold leg is fractioned in several cells for helping follow

condensation when the accum.lator begine to inject.

« Pressurizer hae been simulated aleso as a PIPE for the same
reason as before FILL connected at the upper end represents a

relief valve.

Steam generator secondary side is modelled as a STGEN
component, including secondary downcomer, main steam line and

steam control valve (see Figure 3.5).






such as TE-SUP-004 (see Fig 2 8) qguide tubes and flowmeter
FE-P120+-31. Main characteristics of the selected injestion

were:

Bulk of mass injection starts at 16 s, being preceeded

of a slight mase f'ocvy of coolant

Duration of this injection expands up to 100 ».

Mase flow doesn't cease during the heatup phase.

A second injection peak exists al 270 s.

Total unplanned mass water injected is 400.5 Kg.

Trips defined in TRAC to simulate the events occourred

during the experiment, were:

tis) Event Components
1. QOBVs aperture 32.43
> § Pumps disconnect 4.5

63.5 QOBY (BLHL) closes 43
345. Reflood begins 15
Accumulator B and BREAKS are inhibited during the plant
steady state calculatione. When this state is reached, code
!

starts the tranrient using restart data and the 'input deck

in Table 3.5.

;Q'Q“
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TABLE 3.1. Nodalization elements of LOFT system

Nusber of Cells

Component -
Description
Ruter Primary Secondary
Intact l B0t 10g="TER .c:sicirssnnsnassn 8 3
Loop 2 Steam generator--STCEN .. ..... 10 5
3 Steam generator to pump
’i’m“‘r‘l L I I I J 3
a M“’m TR R R EE R R 2 -
s '\.’-m TR R R R R R T e 2 -
b Pump discharge~~TEE ........... 2 i
7 C°1‘ 1.'“"! LRI B A I B R B B B B B AR R 9 l
8 Pressurizer-=PRIZER ......¢ 000 i | -
st.‘ 21 .‘ld.l’-r!t P I T R R R 2 l
Generator 22 Dowvncomer=-=TEE . ......cc.connun 4 I
Secondary 23 Exit valve=<VALVE .........0000 ) -
2‘ ut‘t iﬂl.l"rtu A GERBR LI .. - -
25 st.““‘t,-m TEEEREEEEEEEE - -
Vassel 50 Vessel
ARS8l 1ovale i rvisicsnananies 12
Radial segments ..,....... & 192
Azimuthal Sectors ... ...« us 4
Broken 3 Hot leg~TEE'® ... .. i.ciinns 26 )
( ’
Loop 4l Cold leg~-TEE'® .. ....... : 2
32 Hot leg break~BREAK ........... -
42 Cold leg break--BREAK .,.... -
43 Cold leg break=-<VALVE ......... -
Emergency 12 HPI connection and piping-~TEE. 1 1
Core 13 LPI connection and piping-~TEE. ! 1
Cooling 14 Accumulator check valve--VALVE. 2 -
Systeuns l Accumulator=ACCUM ...icavaveses 3 -
16 BPIw»FILL ssvsee B s ood et b | i

Upper Plenum 81-32

£CCS bl=72

Upper nlenum connections,
Cells 1! through 13, Vessel
Lol FouPIPE sconvcaniiseonans

Usper plenum f{lls~=FILL ......

-—

(a) Secondarvy sides of hot and cold dloken loops represent reflocd assist

Yypass iines



TABLE 3.3. Decay heat in LP-FP-)

t(s)

B e bs et it pa e s DO O
&>
o

DH (MW

R .

. &

32.425
.87%
514
.990
.299
. 996
. 648
.332
271
. 185
062

T T T R T

I — |

)

....-..--.....---.J

TZBLE 3.4, Unplanned injection history

t(s)

Q.
0.4%
2.
16.
38.
40.
100.
178 .
455.
265 .
271.
277.
345.

-

L.-.-.-.-‘

—

b

30

Mase flow
rate (Kg/s)

0.

o

S -

D000 0O0OWMuICOC

Pno® w0 0

oo
~

P .- - -

Integrated
flow (Kg)
prasasenen=y

0.
2.
6.
6.
16.
102.
11§8.
292.
311.
3351.
354.
3589.
366
400.

L.O‘.--.‘.-l

VUM ON YOOV NECMY

tis) DH (Mw)
pE s TSeesssan-- - -
4. 1.987 1
6. i.875
8. 1.792
10. 1.726
18, 1.60%
20. 1.518
30. 1.396
40. 1.309
60. 1.136
100. 1.070
200. 0.9%0
300. 0.840
10 E4 0.0%3
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Figure 3.6. Broken loop nodalization
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4. RESULTS

1 Steady state

L B B BRIE B B B B J

Plant steady state conditions have been determined after
$2 & of "pseudo-transient” for starting the transient phase

calculations, based on the referred input model.

Table 4.1 resumes the final values for a represantative set
of variables, compared with the sguivalent measured ones. The
agreement is good in general, except in the case of the steam
generator dome pressure, which shows a minor convergence ta-
te. The main conseguence »f this fact is to have a slightly
higher temperature in the intact loop (mantaining differences

between hot and cold lege), without influence on the transient

evolution.
Convergence criteria used (also 'n transient) have been:
-« Inner convergence : 5 0E-6
- Outer convargence : 5 CE-4
-~ Steady state convergence : 1 OE-5
-« Maximum numbar of iterations in vessel 50
- Maximum number of outer iterations 10
.

« Maximum number of steady state iterations . 25

Total calculation time for this %2 s of pseudo-~transient

has been 89400 s of CFU.

20



4.2 Transient

We acalize in thia chapter, results obtained after simula-
ting 400 8 of transient, compared with measured data along
the experiment. In the case of hydraulic variables, comparison
is done between registersd ‘ata and the variable calculated
in the TRAT node related to the detector actual location. For
cladding temperatures, <ode provides information at fixed rod
heights; measurements for each thermocouple 18 compared with
the calculatione in two adjacent levels and, in some cases,

using a cosine law interpolation.

Analysis is mainly directed to explain the asymmetry in
the damagad rods distribution and *» determine vessel thermal-
hydraulic conditions during the fuel rud rupture period

(325+345 8), in connection w'th fission products generation

ard transport.

Start time of simulation begins at scram time in order to
take into account ite effects on the plant thermal-hydraulic
state, mainly on rod temperatures. From simulation start point
through the instant of (OBV apertures, cladding temperatures
decresse remarkably, while hydrauli~ variables remain nearly

senstant.



42,1, Exit flows

when Q0BVs open, system pressure drops suddenly due to the
subcooled flow _hrough the breaks “oue sligntly overestimates
la? %) wystom pressure up to 16 o when becomes iLower than
ths cbrerved cne, partly because of the unplanned injection
exigtencse. The finzi pressure in the blowdown phase is well

calculaced (sea Fig 4.1).

Yigires 4.2 to 4.5 show mass flow rates through the loops,

and figures &.6 to 4 9 the corresponding densitiee.

Sudden aperture of QCaVae in the broken loop drives the
fluid, initially subcooled, to flow out at high velecity,
higher in the cold leg, a way with a lower resistence. As
prassure continues decreasing, fluid in the broken loop suffer
saturstinn conaitions, reaching critical velocity and redu-
¢ing the mase flow rate. Simultanecusly in the intact loop,
flow decreases but at lower rate so there is a net positive
mase inventory ip vessel, causing a bottom-up quench, starting
At 4.5-5 8 in simulation time (1 s less in real experiment

time) (see Fig 4.10 for CORE).

Mass flow rate in the ILHL shows a good agreement with
FR- (=205 detector measurements up to 7 &, when code calcula-
tes a back flow from the pressurizer and steam generator.
Total mass implied in this flow is about 500 Kg in 18 s, which
causes a top-down guench. Fig 4.6 is a plot of the density
in ILHL showing two peaks, one tfor eaach mentioned back flows
(pressurizer and steam cenerator) First peak is underestima-

ted and delayed, but the second one ia simulated properly.

a1



In the ILCL, there is no reference data, because detectors

have been removed in this experiment.

Agreement of muss flow rates in BLHL with experimental data
is exceptionally good, matching the peaks caused by the men-

tioned Quenches.

Code underestimates the mase flow rate in the BLCL during
the initial phase, causing a greater mass inventory and, cone-
sequently, & greater pressure as Fig 4.1 hae shoved (alvays

in the (. ae of the experimental data uncertainties).

Vessel liquid fraction for apmer plenum, core and lower
plenum may be seen in Fig 4.10, where all the raferred initial
hydraulic effects can be observed in timing and relative mag-

nitude.



4.2.2 Initial quenches

Loss of coolant and depressurization have as a direct con-
sequence the interruption of fission processes and a drastic
fall in the capability of cooling the fuel rods, from now on

proeducing only decay heat.

Figures 4.11 to 4.14 show the evolution of cladding tem-
peratures for the simulated 6 % fuel rods 13, 14, 15 and 16,
at heights 0., 0.305, 0.533, 0.762, 1.219 and 1.676 m, during
the blowdown phase. Fig 4.15 to 4 .8 show, for the same rods
and heights, the evolution in the whole transient (blowdown,

heatup and reflood phases).

The explanation of the behaviour in cladding temperatures,
can be derived from the comparison between this TRAC calcula-
ted variables and the corresponding measurements, such as in

figures 4.19 and 4 .20,

Code cklculates an initial rod dry-out beginning at about
3 s (depending on the level). This first heat-up brings clad-
ding temperatures up to the minimum stable film boiling tem-
perature (MSFBT) or beyond, for almoet the whole rod surface.
A first (bottom-up) quench stops the rise in temparatures in
the é', but isn't able to deetroy the film, as the experiment

has showed.

After thie slight cooling, tamperature grows again (in film
beiling regime) throuah the second quench (top-down at 16 8),
which rewets all the bar, remaining yet in the same heat
tranafer mode, while experimental data show a second quench

dropping the cladding temperature *o saturation. Code predicts

4



a4 maximum temperature 2 or 3 8 e.rlier than in the experiment.
Thermocouples remain at saturation several second, but a

third dry-out occurs, irregular in timing and magnitude. An

unexpected injection, actually non-homogensous and asymmetric

ends this phase. Code responds to the simulated injection only

decreasing slowly cladding temperatures and, in some cases

(as the 4 X fuel rode in central ring and 6 % fuel rods in

cell 3) quenching the whole rod and getting the saturation

temperature in the surface, when the MSFBT is reached, but

in times delayed up to 40 s, compared with the measured in

the experiment.

44
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1.3 Heat-up

After the blowdown phase and under the effects of a decrea-
8ing unexpected injection, calculated cladding temperatures
for revetted rods begine to departure from nucleate boiling
in time very near to the observed. Several thermocouples
(such as 5008 or 5105) undergoes particular gQuench situations
reaching the DNB point very late. Code, of course, cannot
predict these special cases because simulated injection is

defined to be symmetric.

DNB point is exceptionally well matched in rode 5608, 5111,

SEO09 and 4C14, all of them starting from saturation.

Calculated mean heating rate, from DNB to reflood point,
for 6 % fuel rods is about 3 K/s at peak power elevation,
being 45 K/e a typical value for the initial rate. Calculated

values are very near to measured data

Im those cases when cladding is in film boiling regime, the
slope is nea ly ths same or lower K but starting at temperatu-

res 200-300 K higher (see figure 26)

The effecte of a second peak of injected water at 270 »,
which provides about 12 Kg of coolant, are seen as a little
decrease of 10-15 K in cladding temperatures. Actually, this
was distributed in a very chaotic way, such as several ther-

mocouples showed (including those in guide tubes).

Heat-up follows steadiiy from this point through the simul-

taneous injection from accumulators A and B at 345 s.



Table 4.2 resumes the maximum c)ladding temperatures
reached in the TRAC simulated rods at peak power elevation
(27 inch). Marked ’alues correspond to those rods which remain
in film boiling regime during the whole transient. Fig 4.23
to 4.25 show the behaviour of those instrumented 6 % fuel rods
which ruptured, compare’ with the corresponding TRAC calcula=
tions. In the case of 5C11, the agreement is exceptionally

good, because of heat-up starts from satura*ion.

For perivheral rods (Fig 4.26), when the simulated rod has
descended from film boiling regime. the fitting in the final

hest-up phase is sucessiul.

Thermocouples cited sbove, show succesful fits between
calculations and measured data along the final heat-up phase.
In the case of 5008 (4 % enriched fuel rod), predicted clad-
ding temperature is lower than the registered during the final
heat-up phase, so it's possible that the actual temperacure in
central element during the rod rupture period were slightly
higher than the calculated cne. This comment is derived trom

only one 4 X enriched rod and must be seen ae an hypothesis.



4.2.4. T/H conditions during rod rupture period

Results from TRAC shows that all the hydrauslic variables
were nearly constant during the period in which, eight 6 %

fuel rode ruptured (325-345 9).

A small quantity of water from accumulator B line was fal-
ling over the element during this phase as some detectors
shoved (see Fig 3.8 for TE-5UP-004) We are feeding the system
with 0.5 Kg/s of ceclant in this pericd, which flows down

among the rods, vaporizing partly.

Tablees 4.3 to 4.4 resume the mean (ring averaged) vapor and
liquid behaviour during the rod rupture period, when eight
6 % fuel rods failed. Fig 4.27 shows the flow patterns (also
during rupture period, when 8 -~ 6 % fuel rods failed. Figure

averaged per ring) through the vessel.

One may see two possible and alternative paths for the
genarated fission products, both starting at peak power eleva-

tion (where there is a stagnation point) through BLHL:

= Ascending from this point to tne upper plenum
- DEiconding from peak power elevation to the lower plenum
and then, ascending throvugh the peripheral bundles in

ring 3.

Vapor in tlie upper plenum has a very asymmetric behaviour
(Fig 4.28 and 4.29), which may be explained by the presence
of the hot legs. Those cells near *» the cold lege have near

identical values.

In second ring (inner parts of peripheral bundles), vapo:

is nearly stagnant during this period



4.2.5 Cunbined injection

From 345 s on, both accumulators inject coolant for systam
recovery. Injection coused dramatic sscillations in all plant
variables, excapt on cladding temperatures which drop steadily
to the moment when the MSFBT 18 reached and the film is des-

"troyed. Quenching is nearly instanteneocus but - Appens with a
great delay cespect to the measured final guench times. Enri-
ched fuel rods (6 X) doesn't have completed the rewetting

phase at 400 s in TRAC calculations

Some other characteristice of the reflood period are: |

« Core liquid fraction rise from O to 0.8 at a rate of

4 Kg/s (see figure 4 30).

= Vapor temperature in the core decreases at a rate of

about 6.5 K/8 near the peak power elevation.
« Cooling ratees for claddi. 3 temperatures are about:

7 K/8 for 4 % enriched fuel rods in central element,
10 K/8 for 6 %X enriched fuel rods in central element.
10 K/8 for 4 % enriched fuel rods in peripheral ele-

ments.

=
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TABLE 4.1, Plant calculated steady state

Measured TRAC 'PF]

........................

Hot leg pressure (Mpa) 14.77 »+ 0.07 14 87
Hot leg temperature (K) $77.6 » 0.8 £81.6
Cold leg temperature (K) $63).2 + 1.1 567.2
Mases flow in loop (Kg/s) 436.7 + 2 = 487 .8
Steam generator secondary
| pressure (Mpa) 6.41 «+ O NA 6.77
| Pressurizer pressure (Mpa) 14.73 + O W 14 85
Pressurizer temperature (K) 616.2 + 9.8 514.3
Broken loop cold leg
temperature (K) 561.4 + 1. % 562.0
Broken .oop hot leg
temperature (K) $64.8 + 1.8 £65.0

TABLE 4.2. Maximum cladding temperatures during
rod rupture phase

4X Rod T(K) 6% Rod T(K)

aad R R R R i .l

1025 13 1254
1018 14 1238+
1018 15 1167
1048 16 1192

| Ring 1

1076+
1173+
1165+
1176+

Ring 2

20w E R

|
' Ring 3 10 950



TABLE 4.3. Vapor axisl velocity (m/s) in central
ring during rod rupture phase

F F CELL |
P een----- MEEEESTESE S E .- -
LEVEL 1 2 3 4

.---.Q.--$ ----- bl L e e -

_ & «0.78 =0.61 =0.71 «1.36

5 =0.41 =0.30 -0 39 «0.71

6 0.03 0.01 0.03 0.02

7 0.73 0.52 0.70 1.33
8 1.08 0.89 1.08 1.38 ]

TABLE 4.4. Liquid axial velocity 1'Vs) in central
ring during rod rupture phase

i i CELL
LEVEL 1 2 3 4
4 -3.60 «3.60 -3.60 3.60

5 =3.51 3,53 . ‘

6 =3.4$ -3.47 -3.45 -~3.40
7 -3.35 =3.39 «3.35 -3.28
8 ~3.26 -3.29 -3.26 «3.22

s sochcrsr e s r e n T s s s s R R e E e e e e

TABLE 4.5. Vapor temperature (K) in central ring
during rod rupture phase

i' TR B
CELL
L.—----—-.-.-.-- ----- -
LEVEL 1 2 3 4
4 502 498 499 548
8 628 621 625 666
6 540 636 837 660
7 598 596 597 617
8 498 491 497 522
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Figure 4 .21 Cladding temperatures calculated for SGO8
(4 X fuel rod in central slement)
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Figure 4 .27

Flow patterns in vessel during rupture

phase



Figure 4.28. Vapor axial velocity (m/s) from laevel 10 to 11
during rod rupture phase

Figure 4.29. Vapor radial velocity (m/s) in level 11 during
rod rupture phase
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5. RUN STATISTICS

RS SS s

In the nodalization defined we have used the following

number of cells:

« Vessel and core .. 192
« Intact loop ......... 54
= Broken loop ..... o 37

-~ Steam generator
(secondary eide) ... . 19

Total number of cells = 302

Minimum sand maximun time steps selected were:

Range (8) DTMIN (&) DTMAX (s)

i R TR -

0 -1 1.E=5 1. £3
1«8 1.E-5 1.E+2
5 - 345 1.E-5 1. B2

e - - -

These maximum values haven't been rasched in any phase ase
may be seen in Fig 5.1, where the time step evolution along

the transient ie shown.

Figure 5.2 reflects the cumulative CPU time used in calcu-
lating the transient. Clearly, we can distinguish two phases

according to the time steps selected by the code:

Number CPU
Fhase Range (s) steps time (8) RS
Blowdown
& Heaat-up C - 345 21500 624E3 96.1

Reflood 345 - 400 16000 S76E3 119.2

R W R e B e --—



The last column, named RS, reprecents the calculated run
statistices (CPU time ir ms per cell and time step) in units

of ma/(cell*ntep).

Machine used for this calculation was CDC Cyber (ocperating
system NOC+-BE) with reserved Core Memory = 376500 and Exten-

" ded Memory = 500



CPU TGT (10meS SEC

TIME STEP (10m=-3 SEC)

14.00

12.00

10.00

-4

8.00 L

8400 72

4.00

0.00 / Jj

0.0 $0.0 100.0 1%0.0 200.0 2%0.0 300.0

Figure 5.2. Accumulated CPU time
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29,00 Z
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1 L 4
10.00 f r + - T
Uf | , |
| | | |
%00 : - - - ' Y
0.00 : -
:.J 10 PED Qe 20«0 200.0 040 ,'OGQJ
IME (SEC

Figure 9.1, Time step evolution




6. CONCLUSIONS

Cood agreement exists between calculated and experimental
hydraulic variables during the blowdown, like pressure,

mase “low ratesp and densities

TRAC«PF1 cannot simulate observed initial gquenches and fi-
nal quench time. If these delays ware consequence of an
incorrect value of MSFBT, introducing a multiplicative cor-
recting factor greater than 1.12 in The correlation for
MSFBT (only for the FP-1 case), *he experimental guench

time can be reproduced,

Good agreement is found between ~alculated and measured
cladding temperatures for the 4 % enriched rode in central

fuel assembly.

Those simulated 6 ¥ fuel rods which suffer gquench during
the blowdown phase (such as rod 15 in TRAC, close to ILCL),
show the best fitting with thermocouple data. For t e
remaining 6 ¥ and peripheral rods, higher temperatures are

calculated in film boiling transfer regime.

. Three-dimensionsl behaviour is ralculated, although unpla-

nned upper plenum injection was derined t> be azimuthally

symmetric within each (ing.

Flow pa’.terns during rod rupture period show two possible

paths for fission products in a non-dry phase.
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TABLE A.1. Nomencleture for LOFT instrumentation

Designation for the different types

L B R A A —

RFE « Pump speed

= fressure transducer
FAE « Differential pressure
LE - Coolant level
FS « Pressure switch
TE - Thermocouple

Designation of systems

FEASTEsSsSETE TSRS R A E e e

PC = Primary coolant intact

BL -« drcken loop
RV ~ Reactor vessel

P120 -« Emergency core coolant

system

Deuignation for Core instrumentation

e B S ——

Transducer location (inches £rom HOttoOmM) e

Fue. assembly row

LP -
ST -
Up -
Pl128

of '"vransducers
Coolant flow
Censitometer
Momentum flux
Flow rate

Fue! centerline

Lower plenum

Dowcomer stalk

Upper plenum

= Pvimary coolant
addition and contrel

Fuel assembly column
Fuel assembly number

Transducer tyve

91

BRI

TF-3B11-28
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POT-P133.27 123

Process insis: neatation for the
contaliumant vessel (noi shown) includes
containment preasure (PT-P138 41, 42 and
43}, containmer.. lemperature (TE 155 2).

4
:1' ;::g;" 2k A ard hydrogen concentration
(AK2E-T551.2.3) Specific instrumentation
for the pressusizer » 10 sleam genersior is
tound on thair respactive drawings in ih'a
sel
T Steam ‘]’
\
POT P1396.78 A
LOP1398,78 — A
PaT P
TEP138 1820 o
TEP139 201
ECC cold isg
njecison unit
ST P20 080
TTP139 323304
N TEP130 26 2
TEPIIN 28
PCP-1.VAMS PCP 11
PCP-1.1RMS
PCP.2VAMS PCP2F
PCP21IAMS PCP21 \ /
PCP.1 7AR PCP 2.V N — NEL MCL 100
PCP 2 VAR PCP1 P o
PCPLF PCP2P

Figure 2-3  LOFT Intact Loop Process
instrumentation

-



TESG 345

- » £CC cold leg
TESGY WA TESG2.2A 7\ ‘ gy
OEPC I,
———}—— RPEPC V2
PEPCSS
Reacir
e
g
“lﬂ"

figure A-4. LOFI
Intact Loop taxpermental Thermal-Hydraulic |
astrumentat lon
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