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ABSTRACT

The three dimensional analysis of RIA for a typical BWR with high burnup fuel
were performed using the EUREK A-JINS/S code to understand the realistic fuel behavior
during the transient. The fraction of fuel failure was evaluated applying the newly revised
failure threshold. For the anaysis of RIA in BWR, the influence of void reactivity
feedback was studied to understand how it affects on the fuel behavior under the RIA.

The results for a typicad BWR indicated that the void reactivity feedback
significantly influences to decrease the maximum fuel enthalpy and the fraction of fuel
failure.

This paper presents the results of three-dimensional analysis of RIA for a typical
BWR

This study was performed under the sponsorship of the Ministry of International
Trade and Industry (MITI)

1. INTRODUCTION

The results of recent reactivity insertion accident (RIA) experiments with high
burnup fuel performed in France (CABRI; Schmitz, 1994) and in Japan (NSRR; Fuketa,
1995) indicated that some fuel failed at the lower deposited energy in the fuel than was
previously assumed.

Taking it seriously, Japanese Nuclear Safety Commission (NSC) had reviewed
the current licensing criteria for RIA, and the failure threshold for high burnup fuel was
revised based on the new experimental data. The new failure threshold related to PCMI is
defined as function of fuel burnup and it decreases stepwise with increasing fuel burnup.
This change would directly affect the safety assessment of RIA.

Historically, the point kinetics model or one dimensional kinetics model using

core wide coefficients having a significant conservatism has been employed for the safety
assessment of RIA. This approach is insufficient to evaluate the distribution of fuel
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enthalpy in the core considering the variation of fuel burnup. In order to investigate the
influences of fuel burnup and decreased threshold on the safety assessment of RIA, the
realistic analysis by using detailed three-dimensional method is necessary.

Three-dimensional neutronic transient code “EUREKA-JINS/S’(NUPEC, 1998)
iIs a modification of EUREKA-SPACE (Inabe, 1977) code which was originally
developed in JAERI. The EUREKA-JNS/S code has been modified in detail at
NUPEC/INS and it has been used for the audit calculations on the safety analysis of RIA
at NUPEC/INS to support the safety examination conducted by MITI (Ministry of
International Trade and Industry).

The three dimensional analysis of RIA in typical BWR with high burnup fuel
were performed using the EUREK A-JINS/S code to understand the realistic fuel behavior
during the transient and to evaluate the safety margin accurately. The fraction of fuel
failure was evaluated applying the newly revised failure threshold. For the analysis of
RIA in BWR, the void reactivity feedback was considered to understand how it affects on
the fuel behavior under the RIA.

The results of three-dimensional analysis of control rod drop accident for atypical
BWR considering the void reactivity feedback indicated that the void reactivity feedback
significantly influenced to decrease the maximum fuel enthalpy and the fraction of fuel
failure.

This paper presents the outline of three-dimensional neutronic transient code
“EUREKA-JNS/S’, the results of code verification and calculated results of the RIA in
typica BWR with high burnup fuel.

2. Fudl Safety Criteriafor RIA

The fuel safety criteriafor RIA is defined in “the Evaluation Guide for Reactivity
Insertion Events of Light Water Nuclear Power Reactor Facilities® (Nuclear Safety
Commission, 1984) in Japan. For the RIA, the limit on the maximum fuel enthalpy is
used as fuel safety criteria to avoid the loss of coolable geometry and the generation of
coolant pressure pulses. Based on the data from the NSRR RIA experiments, a fuel
enthalpy level of 230 cal/g is used as the acceptance limit for the RIA in Japan. Thislimit
must be readjusted considering the decrease of melting point of fuel with increase of
burnup and with addition of gadolinium or plutonium.

In Japan, the fuel failure threshold to evaluate the number of fuel rod failure under
the RIA is mostly based on the data from the NSRR RIA experiments. The fuel failure
mechanism is classified into the following two types.

e Pellet-Cladding Mechanical Interaction (PCMI) Failure
e High-Temperature Rupture

Depending on the fuel failure mechanism, the individual fuel failure threshold is
defined respectively. The threshold for the fuel failure due to pellet-cladding mechanical
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interaction (PCMI) has been revised in 1998 based on the new data from the CABRI and
NSRR RIA experiments. Since the PCMI failure occursin the early phase of the RIA, the
burnup dependent limit for PCMI failure is defined by the initial fuel enthalpy increase as
shown in Fig.1. Theinitial fuel enthalpy increase from the time zero to the time te defined
in Fig.2 is used to evaluate the PCMI failure.

Test ID No Failure| Failure Test ID No Failurel Failure
PWR O ¢  [SPERT,PBF A A
BWR 0 - CABRI(UO,) \V4 \ 4
IMTR O [ ) CABRI(MOX) (&) +
250 I I I I I
A O .
5 200 A O o —
8 A Q) & Q e
%( o 20 O O
150 o & O -
S A % A
c
£ O ®
2 A 5 n
T 100 © <>VJF _
S O & ¢ %
W] ® - L 2 & ,'§7
T
T 50 L L] e . _
. o e
Failure Threshold
0 | | | | | | |
0 10 20 30 40 50 60 70

Fuel Burnup(GwWd/t)

Fig. 1 Fuel failure threshold related to PCMI

R A,

Reactor Power

L

tp te
Time

Fig. 2 Definition of the time teto calculate the initial fuel enthalpy increase
use used for the evaluation of PCMI failure

The high-temperature rupture related to critical heat flux is observed in the fuels
that have the pressure difference over 6 kg/cm?g between internal and external pressure

A-3



of the fuel. The threshold for the high-temperature rupture is defined by the total fuel
enthalpy as a function of pressure difference between internal and external pressure of
fuel rod, as shown in Fig.3. The maximum fuel enthalpy in each rod is used to evaluate
the high-temperature rupture. The internal and external pressure difference of fuel rod
would exceed 6 kg/cm?g in the cold start-up condition (at atmospheric pressure) of BWR,
therefore the fuel failure due to high-temperature rupture is evaluated in the RIA analysis
of BWR.

300 —
o O Upper limit for fud integrity
8” [212 ® Ce ® Lower limit for failure
2 200
o
3 |
é |
© |
= |
5 100 |
e : NSRR Experiment
e ' Tt~ .65 :
| = = - -Failurethreshald
| |
I I
ol 1 . | | | L L |
70 10 20 30 40 44.450 60
Difference between Internal and External Pressure of Fuel Rod (kg/cﬁ’)
Fig. 3 Failure between threshold defined as function of pressure difference

between internal and external pressure of fuel rod
3. Outline of EUREKA-JINS/S Code

Three-dimensional neutronic transient code “EUREKA-JINS/S’ is a modification
of EUREKA-SPACE code which was originally developed in JAERI.
In the EUREKA-JNS/S code, the model to calculate the reactivity insertion due to
control rod movement and the feedback due to changes of fuel temperature and
moderator density is completely revised by applying the perturbation theory.

The code uses a quasi-static kinetics model coupled with a multi-channel thermal-
hydraulic model based on a homogeneous flow model. In the quasi-static kinetics model,
the space-time neutron kinetics is described by assuming variable separation between the
amplitude function and the shape function. The amplitude function is described by point
Kinetics equations for up to six-delayed neutron precursor groups indicating the overall
dynamic behavior of core power. The shape function is described by two-group diffusion
equations indicating the spatial power distribution in the core. In calculating the shape
function, three-dimensional diffusion equations are solved by using CITATION code
(Fowler, 1971).
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Each function is solved within each sequential time step. The amplitude function
Is solved at very small time steps, while the shape function is solved at arbitrarily
specified time steps when a significant change of reactivity is occurred in it. Within a
time step for the shape function, the spatial distribution of the neutron flux is not revised
and the change of reactivity used in the amplitude function is obtained based on the
perturbation theory. The change of reactivity is obtained by multiplying the weighting
function and the change of cross sections and integrating overall the core.

The therma-hydraulic model in EUREKA-JNS/S is based on 3-baance
equations for a homogeneous flow. In the thermal-hydraulic calculation, the core is
modeled with multiple parallel coolant channels and each channel is divided into a
number of axial nodes. The thermal heat transfer from the fuel to the coolant is calculated
by solving the radia one-dimensional heat conduction equation with the Crank-
Nicholson method for each axial node of each channel. The pressure drop across the
channel is calculated by solving the momentum equation with the Newton-Raphson
iterative procedure. In the calculation, the fluid mass in each channel is readjusted to
keep the initial pressure drop throughout the transient as a conservative boundary
condition. The fluid mass is suppressed in accordance with the increase of void fraction
to keep the initial pressure drop in a channel.

In the saturated boiling region, the void fraction is calculated by using the
homogeneous flow model in which no dlip is assumed between vapor and liquid. In the
subcooled boiling region, the Levy model (1967) is used to determine the departure point
of boiling and the Zuber-Findlay model (1965) based on drift flux model is used for the
void-quality correlation.

For calculating the heat transfer from the fuel to the coolant, the heat transfer
correlation models specified in “the Evaluation Guide for Reactivity Insertion Events of
Light Water Nuclear Power Reactor Facilities’ are used.

4. Verification of EUREK A-JINS/S

To assess the three-dimensional diffusion model incorporated in the EUREKA.-
JINS/S code, the steady-state core analysis has been performed against the Tihange unit-2
operating data. The Tihange unit-2 is a Framatome type 3-loop PWR, for which the
operating data throughout the Cycle 10~12 operations have been obtained from the
Tractabell of Belgium. It is pointed out that the eight MOX fuel assemblies were first
loaded into the peripheral corein the Cycle 12 operation.

The three-dimensional power distributions have been calculated by EUREKA-
JINS/S at EOC of Cycle 12 operation and compared with the measurements. The result of
comparison for the axially collapsed two-dimensional power distribution is presented in
Fig.4. The differences between the cal cul ations and measurements are shown in Fig.4 for
all assemblies in the core. The results of calculations were in good agreement with the
measurements, where the RMS error on al assemblies was within 2.2%. The core
averaged axial power distribution is compared with the measurement was also in good
agreement.
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(+) Diff.max.[%] = 7.5 RMS Error [%] = 2.2

(-) Diff Max.[%] =-4.9 kgt = 1.002927
Diff. = (Calc. —Meas.) / Meas. (%)
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10 7.1/35|-0.5|-0.8/0.7|-0.7| 1.6 (-0.2| 0.7 |-2.1{-2.0| 1.1 | 2.2
11 1.6(-2.9|-0.1|-1.4|-2.0|-2.0|-1.6|-1.3|-1.2(-1.7(-1.3|-4.4|-2.5
12 1.2(0.2|-0.6|-1.7|-1.7|-1.5|-1.7|-1.3|-0.9(-0.8(-0.7
13 10(-38/16|06(22|1.1|20(-4.3|-1.2
14 -0.6/3.0|122|32(35|39]|-1.7
15 2745|128
Mox Fuel Assembly

Fig. 4 Comparison of two-dimensional power distribution at EOC

In contrast to the good results of RMS error on two-dimensional power
distributions, the larger errors were found to exist for the MOX fuel assemblies compared
with the UO, fuel assemblies as shown in Fig.4. The measured power distributions are
trandlated from the detector reaction rates. A part of instrument signal is produced from
the gamma ray interaction. The fraction of the U-235 fission chamber signal generated by
gammaray is small (<5%), but the fraction is very different for instruments in MOX fuel
assemblies versus UO, fuel assemblies since the thermal flux and neutron reaction rate
are so low in MOX fuel assemblies. Thus if the gamma ray contributions to the detector
signals are not accounted for properly in the translation of detector signals to the power, a
few percents of under-prediction will be expected in the calculated power for MOX fuel
assemblies.

5. Analysisof RIA in BWR
5.1 BWR CoreModel

With the support of the utility, full core three-dimensional model of a BWR core
was prepared. The BWR core model represents a typical BWR-5 core on a equilibrium
cycle. The core models for end of cycle (EOC) and both at cold and hot zero power (CZP
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and HZP) were used in the RIA analysis. The core includes 764 type-A fuel assemblies of
9%x9 fuel configuration with burnups up to a assembly maximum of 55 GWd/t. The
control rod patterns for two conditions of CZP and HZP are shown in Fig. 5 and Fig. 6,
respectively. In each core, the dropped rod was located in the periphery of the core. The
core model for each condition was modified such that the design-based rod worth of
1.0 %ak/k was increased to 1.3 %ak/k. This was achieved by exchanging a few fuel
assemblies adjacent to the dropped rod into another positions. The cross sections for each
core were provided by the utility and validated against initial steady-state conditions.

_— Dropped rod position

: control rod inserted cells

Fig. 5 Initial control rod pattern for EOC and CZP
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Dropped rod position
/ pp p

. control rod inserted cells

Fig. 6 Initial control rod pattern for EOC and HZP

In the neutronic model, the radial mesh was 4 nodes per assembly and the number
of axial planes was 48 in the effective fuel region. In the thermal-hydraulic model, the
core region was modeled by 100 thermal-hydraulic channels for CZP case and by 112
channels for HZP case, respectively. In the region around the dropped rod, each channel
represented a single assembly in order to accurately reflect the thermal-hydraulic
reactivity feedback effects following a control rod drop. In other region, each channel
represented several fuel assemblies. The number of axial nodesin each channel is 20.

5.2 Core Conditionsand Assumptions

The analysis of control rod drop accident in BWR was performed for two
conditions of CZP and HZP at end of cycle (EOC). The initial core conditions and
parameters used in the analysis for each case are shown in Table 1. In the analysis, the
dropped rod worth was chosen very conservatively to keep the similar assumptions used
in the conventional safety analysis.

The void generation causes negative reactivity feedback effect and plays an
important role in suppressing the fuel enthalpy increase for a BWR. In the current safety
analysis of RIA, the void reactivity feedback is not applied so as to make the results more
severe. The current void generation models are based on the experiments under steady-
state conditions, therefore, these models are not verified against the prompt heating
condition found during a RIA. However, in order to understand the realistic fuel enthal py
increase and safety margin during the transient, the void reactivity feedback calculated by
the current models was applied in the analysis of BWR RIA. Furthermore, to understand
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how it affects on the fuel behavior under the RIA, another calculations were performed
by neglecting the void reactivity feedback.

Tablel Core Conditions and Parameters for RIA Analysisin BWR at EOC

Value/Assumption
Core condition/Parameter

Cold Zero Power(CZP) Hot Zero Power(HZP)
Initial power level (MW) 3.293x10° (10°® rated) 3.293x10° (10° rated)
Coolant inlet pressure (kg/cm?A) 1.58 72.3
Coolant inlet temperature (°C) 20 286
Coolant flow 20 % of nominal
Dropped rod worth (%Ak/k) 13
Control rod drop speed (m/s) 0.95
Delayed neutron fraction (%) 0.58 0.56
Prompt neutron lifetime (us) 48 41
Void reactivity feedback Applied and calculated by using the current models
Ratio of direct moderator heating 0.02

Following the Japanese evaluation guide for RIA, the fuel enthalpy limit of 230
cal/g was readjusted to 200 cal/g by considering the decrease of melting point of fuel
with increase of burnup and with addition of gadolinium. The number of fuel rod failures
was evaluated for two failure mechanisms respectively. The number of fuel rod failures
due to PCMI was calculated by applying the PCMI failure threshold shown in Fig.1. The
number of fuel failures due to high-temperature rupture for this event was calculated by
using the burnup dependent failure threshold shown in Fig. 7. The limit of 92 cal/g up to
40 GWd/t was derived from the failure threshold shown in Fig.3 by conservatively
assuming the pressure difference of 30 kg/cm?g. The limit of 65 cal/g was conservatively
used for the fuels over 40 GWd/t.

=
o
o

92

(o)
o

Failure Threshold
)2

(o2}
o

65

S

N
o
I'T T T 171

Fuel Enthalpy (cal/gu02)

1 I 1 1 I 1 I 1 I 1 I
30 0 50 60 70 &0
Pellet Burnup (GWd/t)

LO
o
N
N

Fig. 7 Burnup dependent failure threshold for high-temperature rupture
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5.3 Resultsfor aCoreat EOC and CZP

The three-dimensional analysis of control rod drop accident was performed for
end of cycle (EOC) and at cold zero power (CZP). Fig. 8 shows the reactor power during
the transient on a logarithmic scale relative to nominal power. The figure also shows the
differences between the results with and without void reactivity feedback. For both cases,
the power pulse started at about 0.9 seconds and reached a maximum value of 4.7 of
nominal power at about 1.2 seconds. At that time, the power pulse was terminated due to
the negative Doppler reactivity feedback. The power for the case with void reactivity
feedback decreases gradually after termination of power pulse, while for the case without
the void reactivity feedback, the power rises slowly until the plant is scrammed.

10°

100 ] N
g
2 10"
:
% 10"
14
10°
— With Void Reactivity Feedback
--------- Without Void Reactivity Feedback
10_5 1 1 1 1 l 1 1 1 1 l 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1
0.0 0.5 1.0 15 2.0 25 3.0
Time (s)

Fig. 8 Reactor power during the transient for EOC and CZP

Fig. 9 shows the trend of the different reactivity feedback components during the
transient for the case with void reactivity feedback. The figure aso shows the power
pulse on alinear scale. This figure shows that the boiling in the core initiated right after
the termination of power pulse and the void reactivity feedback acts effectively to reduce
the power increase as shown in Fig. 8. In the cold start-up condition, there is about 80 °C
coolant subcooling at atmospheric pressure and, therefore, this delayed the onset of void
generation caused by the rod drop accident.

Fig. 10 shows the maximum fuel enthalpy during the transient. The figure also
shows the differences between the results with and without void reactivity feedback. For
the case with void reactivity feedback, the fuel enthalpy increased rapidly due to the
power pulse and reached a maximum value of 108 cal/g at about 1.3 seconds. At that
time, the heatup due to the power pulse was terminated by the negative Doppler reactivity
feedback and also the heatup after power pulse was suppressed by the void reactivity
feedback. While in the case without the void reactivity feedback, the fuel enthalpy rises
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slowly after termination of power pulse until the plant is scrammed and reaches a
maximum value of 135 cal/g at about 2.6 seconds. This result indicates that the void
reactivity feedback influences effectively to reduce the peak fuel enthalpy.

0-020 T T T T T T T T T T T T T T T T T T T T T T T T 5
0.015

4
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0.000

-0.005
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Fig. 9 Reactivity components during the transient for EOC and CZP
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Fig. 10 Maximum fuel enthalpy during the transient for EOC and CZP
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Fig. 9 shows the trend of the different reactivity feedback components during the
transient for the case with void reactivity feedback. The figure aso shows the power
pulse on alinear scale. This figure shows that the boiling in the core initiated right after
the termination of power pulse and the void reactivity feedback acts effectively to reduce
the power increase as shown in Fig. 8. In the cold start-up condition, there is about 80°C
coolant subcooling at atmospheric pressure and, therefore, this delayed the onset of void
generation caused by the rod drop accident.

Fig. 10 shows the maximum fuel enthalpy during the transient. The figure also
shows the differences between the results with and without void reactivity feedback. For
the case with void reactivity feedback, the fuel enthalpy increased rapidly due to the
power pulse and reached a maximum value of 108 cal/g at about 1.3 seconds. At that
time, the heatup due to the power pulse was terminated by the negative Doppler reactivity
feedback and also the heatup after power pulse was suppressed by the void reactivity
feedback. While in the case without the void reactivity feedback, the fuel enthalpy rises
dowly after termination of power pulse until the plant is scrammed and reaches a
maximum value of 135 cal/g at about 2.6 seconds. This result indicates that the void
reactivity feedback influences effectively to reduce the peak fuel enthalpy.

Fig. 11 shows the maximum fuel enthalpy distributions in the core. The maximum
fuel enthalpy occurred in the one cycle burned fuel assembly adjacent to the dropped rod.
The result indicates that the maximum fuel enthalpy in an assembly is correlated by the
distance of the assembly from the dropped rod position, the control rod pattern and the
burnup of the fuel.
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Fig. 11 Distribution of maximum fuel enthalpy of each assembly for EOC and CZP

A-12



Table 2 presents the numbers of fuel failures due to PCMI for the control rod drop
accident. In Table 2, the difference between the results with and without void reactivity
feedback is also compared. Since theinitial fuel enthalpy increase at the time t. defined in
Fig.2 for two cases shows small difference, therefore, the difference between two cases
for number of fuel failures due to PCMI is small. The void reactivity feedback becomes
effective in the later phase of this event due to the delay of void generation at cold start-
up condition, therefore the void reactivity feedback shows smaller effect on the initial
fuel enthalpy increase and hence on the fuel failures due to PCMI.

Table 2 Summary of the results performed for aBWR at EOC and CZP

Results
Item With Void Without Void
Reactivity Feedback Reactivity Feedback
Maximum reactor power (ratio to nominal) 4.7 48
Maximum fuel enthalpy (cal/g) 108 135
Maximum initial fuel enthalpy increase (cal/g) 106 108
Number of fuel failures due to PCMI 110 127
e o o e o ih ®

In contrast to the small difference for the results of fuel failure due to PCMI
between the cases with and without void reactivity feedback, the large difference was
obtained for the results of fuel failure due to high-temperature rupture between two cases
as shown in Table 2. The maximum fuel enthalpy during the transient for the case
without void reactivity feedback is about 26 % higher than the results with void reactivity
feedback as shown in Fig. 10. Due to this difference, the number of fuel failures due to
high-temperature rupture for the case without void reactivity feedback is approximately
ten times larger than the results obtained when the void reactivity feedback is taken into
account. The void reactivity feedback becomes effective in the later phase of this event
due to the delay of void generation at cold start-up condition, therefore the void reactivity
feedback shows larger effect on the maximum fuel enthalpy and hence on the fuel
failures due to high-temperature.

The results of three-dimensiona analysis on control rod drop accident for EOC
and CZP are summarized in Table 2. The results for the case with void reactivity
feedback showed that the fuel safety criteria to avoid the core damage is adequately
satisfied and the fraction of fuel failure is quite small under the control rod drop accident,
even though the significant conservatism is employed in the dropped rod worth. As part
of the analysis, the influence of a negative void reactivity feedback is studied. The results
indicated that the void reactivity feedback greatly reduces the maximum fuel enthalpy
and fuel failure for this event.
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5.4 Resultsfor aCoreat EOC and HZP

The three dimensional analysis of control rod drop accident was performed for
end of cycle (EOC) and at hot zero power (HZP). Fig. 12 shows the reactor power during
the transient on a logarithmic scale relative to nominal power. The figure also shows the
differences between the results with and without void reactivity feedback. For both cases,
the power pulse started at about 1.0 seconds and reached a maximum value of 7.2 of
nominal power at about 1.3 seconds. At that time, the power pulse was terminated due to
the negative Doppler reactivity feedback. The power for the case with void reactivity
feedback decreases gradually after termination of power pulse, while for the case without
the void reactivity feedback, the power increase is continued until the plant is scrammed.
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Fig. 12 Reactor power during the transient for EOC and HZP

Fig. 13 shows the trend of the different reactivity feedback components during the
transient for the case with void reactivity feedback. The figure aso shows the power
pulse on alinear scale. This figure shows that the boiling in the core initiated right after
the termination of power pulse and the void reactivity feedback acts significantly to
reduce the power increase as shown in Fig. 12. In the hot standby condition, the coolant
subcooling is very little and, therefore, the boiling begins immediately and a large
amount of void can be generated in the assemblies surrounding the dropped rod.

Fig. 14 shows the maximum fuel enthalpy during the transient. The figure also
shows the differences between the results with and without void reactivity feedback. For
the case with void reactivity feedback, the fuel enthalpy increased rapidly due to the
power pulse and reached a maximum value of 97 cal/g at about 1.4 seconds. At that time,
the heatup due to the power pulse was terminated by the negative Doppler reactivity
feedback and also the heatup after power pulse was suppressed by the void reactivity
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feedback. While in the case without the void reactivity feedback, the fuel enthalpy still
rises after termination of power pulse until the plant is scrammed and reaches a maximum
value of 164 cal/g at about 2.8 seconds. These results indicate that the void reactivity
feedback influences significantly to reduce the peak fuel enthalpy at hot stand-by
condition.
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Fig. 13 Reactivity components during the transient for EOC and HZP
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Fig. 14 Maximum fuel enthalpy during the transient for EOC and HZP
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Fig. 15 shows the maximum fuel enthalpy distributions in the core. The maximum
fuel enthalpy occurred in the one cycle burned fuel assembly adjacent to the dropped rod.
The result indicates that the maximum fuel enthalpy in a assembly is correlated by the
distance of the assembly from the dropped rod position, the control rod pattern and the

burnup of the fuel.
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Fig. 15 Distribution of maximum fuel enthalpy of each assembly for EOC and HZP

Table 3 presents the numbers of fuel failures due to PCMI for the control rod drop
accident. In Table 3, the difference between the results with and without void reactivity
feedback is also compared. Since the initial fuel enthalpy increase at the time te defined
in Fig.2 for two cases shows small difference, therefore, the difference between two cases
for number of fuel failures due to PCMI is small. The void reactivity feedback becomes
greatly effective in the later phase of this event at hot standby condition, therefore the
void reactivity feedback shows smaller effect on the initial fuel enthalpy increase and
hence on the fuel failures due to PCMI.

Table 3 Summary of the results performed for aBWR at EOC and HZP
Results
Item With Void Without Void
Reactivity Feedback Reactivity Feedback
Maximum reactor power (ratio to nominal) 7.2 75
Maximum fuel enthalpy (cal/g) 97 164
Maximum initial fuel enthalpy increase (cal/g) 77 81
Number of fuel failures due to PCMI 26 49
Number of fuel failures due to high- 57 576

temperature rupture
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In contrast to the small difference for the results of fuel failure due to PCMI
between the cases with and without void reactivity feedback, the large difference was
obtained for the results of fuel failure due to high-temperature rupture between two cases
as shown in Table 3. The maximum fuel enthalpy during the transient for the case
without void reactivity feedback is about 85 % higher than the results with void reactivity
feedback as shown in Fig. 14. Due to this difference, the number of fuel failures due to
high-temperature rupture for the case without void reactivity feedback is approximately
ten times larger than the results obtained when the void reactivity feedback is taken into
account. The void reactivity feedback becomes greatly effective in the later phase of this
event at hot standby condition, therefore the void reactivity feedback shows significant
effect on the maximum fuel enthalpy and hence on the fuel failures due to high-
temperature rupture.

The results of three-dimensional analysis on control rod drop accident for EOC
and HZP are summarized in Table 3. The results for the case with void reactivity
feedback showed that the fuel safety criteria to avoid the core damage is adequately
satisfied and the fraction of fuel failure is less than 1% under the control rod drop
accident, even though the significant conservatism is employed in the dropped rod worth.
As part of the analysis, the influence of a negative void reactivity feedback is studied.
The results indicated that the void reactivity feedback significantly reduces the maximum
fuel enthalpy and fuel failure for this event.

5. Conclusions

The three-dimensional analyses of RIA for a typical BWR with high burnup fuel
were performed using the EUREK A-JINS/S code to understand the realistic fuel behavior
during the transient. The fraction of fuel failure was evaluated applying the newly revised
failure threshold. For the analysis of RIA in BWR, the influence of void reactivity
feedback was studied to understand how it affects on the fuel behavior under the RIA.

The results of three-dimensional analysis of control rod drop accident for atypical
BWR showed that the fuel safety criteriato avoid the core damage is adequately satisfied
and fuel failures are quite small under this event, even though the significant
conservatism is employed in the dropped rod worth. As part of the analysis, the influence
of a negative void reactivity feedback was studied. The results indicated that the void
reactivity feedback greatly reduces the maximum fuel enthalpy and fuel failure for this
event.
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ABSTRACT

In order to conduct audit analyses at the Institute of Nuclear Safety/Nuclear Power
Engineering Corporation (INS/NUPEC), several physical models of RELAP5/MOD2 have
been modified to improve the simulation capability for loss-of-coolant accidents (LOCA) in
boiling water reactors (BWRs). The models modified are mainly related to the prediction of
peak cladding temperature during the blowdown and reflood phases of a LOCA, e.g. models
for inception of boiling transition, post-dryout heat transfer, interfacial friction, counter-
current flow limitation (CCFL), CCFL breakdown, rewetting, spray water behavior, and two-
phase mixture level. Systematic code verification of these models has been conducted using
data from separate effect tests and integral tests. Some of the parameters sensitive to a BWR
LOCA have been identified from these verification efforts, and they have been reflected in
the modification of standard input data for the plant analysis. The enhanced code, named
RELAPS5/MODZ2/INS, is used aa NUPEC as the best estimate anaysis tool for the BWR
LOCA audit analysis.

1. INTRODUCTION

An audit analysis is one of the important missions of the Institute of Nuclear
Safety/Nuclear Power Engineering Corporation (INS/NUPEC) in supporting the Japanese
regulatory authorities with safety evaluations of nuclear power plant applications. The audit
analysis codes at INS/'NUPEC are based on frozen versions of open codes developed and
evaluated by government organizations such as the United States Nuclear Regulatory
Commission (USNRC), Japan Atomic Energy Research Institute (JAERI), etc. Initially, a
modified version of RELAP4, namely RELAP4/MODG6/U4/J3, was introduced from JAERI
and has been used at NUPEC as an audit analysis code for loss-of-coolant accidents (LOCA)
for boiling water reactors (BWRs). Although most of the analysis models of the code had
been validated before code transmission from JAERI to NUPEC, further modifications were
found to be necessary. In particular, some BWR-specific components and phenomena were
not modeled for LOCA analysis sufficiently to comply with the 1988 revision of the Japanese
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"Guide for Evaluation of the Emergency Core Cooling System of LWR Power Plant” (ECCS
assessment guideling). The main points of the revision of the Japanese ECCS assessment
guideline are the certification of models and correlations proposed by the applicants and
vendors based on their new experimental findings on CCFL, CCFL breakdown, by-pass leak
flow etc.(Murase,1985), (Nagasaka, 1984 and 1985). Because the models predicted peak
cladding temperatures (PCT) drastically lower then those by the previous models, it was
necessary to cope with these model changes. In the process of modification, several models
based on confidential information of applicants and vendors had to be introduced due to the
lack of available open information at that time. Thus there have been restrictions on disclose
the details of the models to the public.

To avoid these restrictions and to improve the transparency and the analytical
capability of the code, RELAPS/MOD2, the state-of the-art technology at that time, was
introduced from the USNRC. However, experience with RELAP5/MOD2 showed that the
code gave poor results when applying it to BWR LOCA analysis. For example, it tended to
significantly overpredict both the void distribution and the amount of carry-over in two-phase
flow. The causes of deficiencies were traced back to the origina interfacia friction
correlations used in the code, particularly those formulated for the bubbly and slug flow
regimes. Efforts to correct such deficiencies are particularly important in BWR LOCA
analysis since the deficiencies could cause poor prediction of the PCT. In order to remedy
these deficiencies in RELAPS/MOD2, INS/NUPEC has incorporated a drift-flux based
interfacial friction model for bubbly/slug flow.

The models to be verified are classified by taking into account the importance of the
model parameters related to the LOCA acceptance criteria. Verification efforts have been
carried out by using data from separate effect tests and integral tests. The following models
have been qualified by using separate effect test data: interfacial drag, boiling transition, post-
dryout heat transfer, counter-current flow limitation (CCFL), rewetting at reflood phase and
spray water behavior. The integral performance of the code has been verified by using
integral test data such as from the TLTA and the ROSA-I11 tests (Kasahara, 1997 and 1998).
The modified version of the code was named RELAP5/MOD2/INS and some of the
parameters sensitive to the important phenomena have been identified and incorporated into
the standard input datafor actual plant analysis.

Generaly, an uncertainty evaluation is necessary for the results obtained by BE code
calculations. At present, we are in the investigation stage of a methodology and its effective
usage for the uncertainty evaluation. Therefore, conservative analytical conditions will be
used for audit analyses for the time being.

2. MODIFICATION AND VALIDATION FOR BWR LOCA ANALYSIS

The major process of alarge break LOCA (LBLOCA) in BWR could be divided into
two phases; namely blowdown phase and reflood phase. Many models for developmental
assessment and for benchmarking with selected separate effect tests have been developed in
the course of this work. The followings are the status of modification and validation of these
two phases.
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2.1 Blowdown phase
(1) Boiling transition

During the blowdown phase, the cladding temperature tends to increase because of a
reduction of heat transfer coefficient caused by the rapid decrease in the core inlet flow rate.
This phenomenon is called boiling transition (BT), which dominates the cladding temperature
increase in the early stage of LBLOCA. As shown in Fig. 1, the ROSA-III LBLOCA
simulation (Run926) by the tentative version of RELAP5/MODZ2/INS did not predict the BT
correctly. Theinitiation of BT istoo early in Fig. 1 (a) and thereisno sign of BT in Fig. 1 (b).
The reason of these differences is the high sensitivity of critical heat flux (CHF) to the mass
flux in the correlations included in origina RELAP5/MODZ2; Biasi’s correlation
(Collier,1972) for G > 200kg/m?-s and Modified Zuber correlation (Dongarra,1979) for G <
100kg/m*s. If mass flux G is in between 100 and 200kg/m?-s, a linear interpolation with
respect to G is adopted to evaluate CHF. In the ROSA-III Run926 test, the mass flux
decreases to around 100 kg/m*s and the corresponding CHF, which is very sensitive to the
mass flux, is very close to the maximum heat flux of the core. Therefore the occurrence of BT
depends on the flow rate (mass flux) evaluation in the core.

To improve the prediction capability of the inception of BT, a model using the critical
power ratio (CPR) concept has been incorporated which is based on the CISE-type correlation
fitted with the data of the NUPEC critical power experiments for the high-burnup 8x8 and the
9x9 A-type fuel assemblies (Mitsutake,1997) and (Kitamura,1998). To obtain the CPR, the
average thermal equilibrium quality at each axia node in the flow channel of the fuel
assembly is compared with the critical quality obtained at the same axial node by the
correlation.

Figure 2 shows the comparison between the predicted and measured critical power of
the high-burnup 8x8 steady state experiment. The overall relative prediction error is 4.6% on
the standard deviation basis.

The correlation for high-burnup 8x8 fuel assembly was applied to the NUPEC
transient experiment (Mitsutake,1997) in which the flow and power were changed as shown
in Fig. 3. The cladding temperature histories at the upper part of the heat structure were
compared with the experiment as shown in Fig. 4. The calculated temperature rise timing
delays a little bit but it is within the acceptable range. This shows the good predictive
capability of the incorporated model for the inception of BT.

(2) Post dryout heat transfer

Asshown in Fig. 1(a), the post-dryout heat transfer correlation in the tentative version
of RELAP5/MODZ2/INS code gave relatively high cladding temperature for our experiences
of application to several experiments. Therefore, a new post-dryout heat transfer correlation
has been developed which takes into account the cooling effect of cladding surface by liquid
droplets in the vapor stream. The correlation is formulated based on the Groeneveld film
boiling equation (Groeneveld,1973) by adding the term which reflects the cooling effect by
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Fig.1(a) Cladding temperature comparison for ROSA-I11 (Run926) at axial position 3
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Fig.4 Cladding temperature response comparison for the NUPEC experiment

droplets from the data of the NUPEC transient experiment for the new-type 8x8 fuel assembly
and the high burnup 8x8 fuel assembly respectively. Because the test section of the
experiment simulated the full-scale fuel assembly for BWR and the experiments were held
under the wide range of operating and accident conditions (though they don’'t cover the very
low flow rate conditions), it was expected that the correlation gives better results than dose
the original RELAP5/MOD2 model.

The temperature response shown in Fig. 4 is obtained by applying the post-dryout heat
transfer model explained above. As shown in the Figure, the calculated increase rate and the
peak value of temperature agree well with the experiment though the calculation does not
simulate well the rewetting behavior. The rewetting condition in this calculation is given by
the following conditions:

MCPR > 1and Ty < Trin . 1)
Where Ty, is the surface temperature of the cladding and T, is the rewetting temperature
calculated by llogje correlation (llogje,1995). Furthermore, even if the above condition is
satisfied, the heat transfer coefficient follows the condition below;

nucleate boiling mode (if Tyw— Tt < 45F) , Or

transition boiling mode (if Tw— Tsx > 45F).
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Where T« is the saturation temperature of coolant. The slow decrease of the cladding
temperature in Fig. 4 after the peak value is probably due to the shift of heat transfer mode
from the post dryout to the transition boiling.

2.2 Reflood phase

In the reflood phase, the void distribution and the two-phase mixture level have
serious importance for the prediction of PCT. Various phenomena such as pooling of water
above the upper tie-plate and steam condensation in the upper plenum play an important role
in determining when and how much the liquid penetrates the fuel bundle during the operation
of core spray injection system. However, the up flow steam that has to pass through the upper
tie-plate against the falling spray water affects this process. Thus, a CCFL situation can occur
which, at sufficiently high steam velocity, resultsin little liquid downflow, i.e. "flooding".

The modification of the models has been performed to include above mentioned key
phenomena: drift-flux based interfacial friction for bubbly/slug flow, CCFL for both saturated
and subcooled fluid conditions, CCFL breakdown, rewetting at reflood phase, spray water
behavior, and two-phase mixture level.

(2) Interfacial friction

INS/NUPEC traced the cause of overprediction of void distribution of the original
interfacial friction correlations, particularly those formulated for the bubbly and slug flow
regimes. In the original RELAP5/MOD2, the effect of void and velocity distributions among
a local drag force and the effect of gradient of void distribution among a local interfacial
shear force are not included. To improve these deficiencies, a drift-flux based interfacial
friction model has been incorporated. The drift-flux correlations of Zuber-Findly (1965),
Kataoka-Ishii (1987), Bestion (Analytis,1987), and EPRI (Chexal,1986) can be chosen
depending on the geometry of the flow channel and flow rate.

The steady state boiling bundle uncovery experiment performed at the Thermal-
Hydraulic Test Facility is used to see the applicability of the incorporated drift-flux model for
the fuel bundle. Figure 5 shows the experimentally derived void-fraction profile overlaid with
profiles computed by the original RELAP5/MOD?2 interfacial friction model and the three
new models mentioned above. The experimental result shows that fluid enters with zero void
due to its subcooling and then void fraction increases with elevation in a relatively linear or
slightly parabolic manner. At alocation near the two-phase mixture level, a sharp increase of
void fraction with elevation occurs. In this region, void fraction rapidly approaches 1.0 and
region of steam-cooling is reached. The EPRI and the Bestion drift-flux correlations provide
very good improvement over the unmodified RELAPS5/MOD2 and Kataoka-Ishii models.
Though all correlations (including the original one) predict steeper transition at the steam-
cooling region than the suggestion of experimental data, further improvement has not been
attempted currently because the results shown in Fig. 4 give conservative results for PCT
evaluation.
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(2) Counter current flow limitation (CCFL)

Without CCFL model, the current system code could not adequately predict coolant
distribution in certain special situations such as core spray flooding at the upper tie-plate of
BWR fuel channels. Because this phenomenon depends highly on the geometry where it
occurs, different models are incorporated into the code: upper tie plate CCFL, bundle inlet
CCFL, side entry orifice (SEO) CCFL, and bypass channel CCFL, respectively. Three types
of correlations Wallis (1980), Kutateladze (1972), and Bankoff (1981) can be chosen in each
model.

The upper tie plate and the bundle inlet CCFL models have been qualified against
experimental CCFL data obtained for mixtures of air-water and steam-water. Calculations are
performed for both general geometry (air-water experiment in a pipe (Dukler and
Smith,1979)) and BWR specific geometry (steam-water experiment in an 8x8 bundle
(Jones,1977)), respectively (Kasahara,1997).

Figure 6 (a) and (b) show the results of calculation for air-water experiment with and
without the CCFL model. The experimental data are shown for comparison. The Wallis type
of CCFL correlation expressed below is used with m=1.0 and C=0.88;

Ky ?+mKY?=C 2
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Where m and C are constants, Kq and Ky are non-dimensional mass flux of gas and
liquid, respectively. The result without CCFL model shows the poor prediction for liquid
down flow, whereas much better agreement with the experimenta data is obtained when the
CCFL model was incorporated.

The existing CCFL correlations for side-entry orifice (SEO) and by-pass channel were
modified by reflecting their structures. Only a qualitative validation was performed because
there are few experiments that directly cover the whole BWR specific geometry where the
CCFL may occur.

(3) CCFL breakdown

The phenomenon of CCFL breakdown is defined as the accumulation of cold spray
water in the local peripheral region of the upper plenum breaks the CCFL and penetrates into
the peripheral fuel channels. The model is the same as the CCFL models shown above but the
subcooling effect of the cold spray water is taken into the correlation. Therefore an
experiment (Sun,1979) was chosen that equipped with the upper plenum section, where
saturated or subcooled water was sprayed on the top of 8x8 BWR bundle and steam flows
upwards. Figure 7 compares the subcooled CCFL model with the experimental observations.
It shows that the calculations slightly overestimate the liquid down flow.
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Fig.7 Subcooled CCFL model comparison for the Jones experiment
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(4) Rewetting during reflood phase

Rewetting during reflood phase has much influence on the second peak of cladding
temperature occurring in the reflood phase. As shown Fig. 1(a), the ROSA-II1 experimental
analyses using original rewetting model show that there occurs no rewetting after the BT
during blowdown phase and the timing of rewetting in the reflood phase is delayed compared
with the experimental observations. The reason seems that the rewetting temperature is too
low. Another observation gained in the experimental analyses is the abrupt change of the
calculated void fraction near the quench front. This was confirmed to be due to the drastic
change of the interfacial friction value that depends on the flow regimes. Therefore, following
modifications are implemented into the code to improve the simulation capability of the
rewetting during reflood phase;

i)

Modification of the value of constant & of the Weisman transition boiling heat
transfer coefficient (Weisman,1981) (Eq.3) to obtain higher value than that
obtained by the original correlation. This modification improves the prediction of
the rewet timing.

hrs = hm€XP(—£AT )+4500(G / G, )**exp(—0.0124T )
Where h,, and AT are

hm=0 / At

AT=TyTa—A4Tn

respectively. Where

ATn=5(q, / 2.235)"%%

3)

The term Sis Chen’s boiling suppression factor, g is critical heat flux, G is mass flux, Ty is
wall surface temperature, T is saturation temperature of coolant, respectively. The value of
¢ was changed from 0.04 to 0.017.

i) Modification of the criteria for the change of the interfacial friction correlation to

correct the void fraction discontinuity near the quench front.

iii) Introduction of the constant rewetting temperature option (800K) to increase the

rewetting temperature in order to improve the discrepancy of quench time
between the cal cul ations and experiments.

iv) Adoption of the Bestion's drift-flux correlation to improve the void fraction

discontinuity near the quench front, because the interfacial friction evaluated
using this correlation does not chang so much under the flow regime change at the
occurrence of quench.

These modifications are based on the experiences of the analyses for the FLECHT
(Hassan,1986) and NEPTUN (Grutter,1981) experiments (Kasahara,1997).
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The modified rewetting model in the reflood phase was qualified by comparing the
calculated cladding temperatures with those obtained from the experiments. The results of the
analyses for NEPTUN experiments are shown in Fig. 8. The agreement is quite well and the
implemented models are confirmed to be useful to predict the rewetting during reflood phase.
The other example is the analysis for the FLECHT experiments. Figure 9 shows the cladding
temperature history at different axial locations. By the application of constant value for the
rewetting temperature and the heat transfer coefficient of Weisman transition boiling
correlation, the better agreement for the quench time is obtained between the calculation and
experiments.

(5) Spray water behavior

The CCFL and CCFL breakdown behaviors on the top of fuel assemblies strongly
depend on the radial location of fuel assembly in the core. This is due to the inhomogeneous
distribution of spray water in the upper plenum. To simulate inhomogeneous spray water
distribution, a two-dimensional multi-volume treatment of upper plenum (hereafter calls
UPM: Upper Plenum Model) was incorporated in which the upper plenum is divided axially
and radially into several volumes as shown in Fig. 10.

The UPM model was qualified by comparing the calculated results with the SSTF
experiments (1981). The analytical geometry is shown in Fig. 10. The experiment is a full-
scale mock-up of BWR/6 with 1/12 symmetry in which high/low pressure spray systems
(HPCS/LPCS) and low pressure coolant injection system (LPCI) are installed at the upper
plenum section. Some of the SSTF EA1 series experiments were analyzed. Eleven tests were
performed and they are divided into three groups depending on the system pressure. The test
conditions are listed in Table 1. The initial water level is maintained with spraying the
saturated water into the upper plenum. Then the transient starts with spraying the subcooled
water instead of the saturated water. The test continues until the water level reaches the final
stable level. In the analysis, duration of null transient by spraying the saturated water until the
expected water level (~40sec) sets the initial condition. Then the spray water condition is
changed from saturation to subcooling. Those values of final water level, discharged time
(time between the water level changes from the initial to final level), and water temperature at
the upper tie-plate are compared with the experiment, respectively. Figure 11 shows the axial
water flow, the collapsed water level, and the water temperature at the three regions in the
upper plenum (inner, middle, and outer regions), respectively. It can be seen that the typical
CCFL breakdown characteristics such as downward flow of subcooled water and leveling of
collapsed water after the CCFL breakdown. The results are shown in Table 2. The
examination of al the results show that the predicted discharged time is acceptable though it
is alittle bit earlier than that of the measurements. The calculated final collapsed water level
is evaluated to be alittle bit higher than measurements, however, relative difference between
analyses and measurements are reasonable by taking into account the effect of static head and
form loss of the tie-plate on the driving force of the downward motion of subcooled water
into the fuel assembly.
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Table1l Test condition of SSTF EA1 TEST series

No. P Tsat | Wvap |Wspray | Tspray | Linit | Lfinal | Tdis Tfinal
[psia] | [F] | [Ib/hr] | [gpm] | [F] | [inch] | [inch] | [sec] [F]

1 29.5 247 | 40700 | 493 98 13.2 2.2 24 217-226
2 497 124 12.8 1.0 29 220-230
3 499 149 12.9 11 43 228-236
4 | 735 306 | 59700 | 449 101 16.8 1.6 28 287-300
5 59900 | 443 147 14.4 12 35 295-300
8 60000 | 449 104 8.4 1.9 12 288-300
9 60600 97 0.0 15 N/A 291-300
6 | 150. 359 | 73000 | 358 106 19.4 0.9 31 350-359
7 73600 147 185 0.0 42 349-359
10 73100 101 0.0 0.0 N/A | 355-359
11 73700 144 0.0 0.0 349-359

The blank box means the corresponding value is the same as above box

P :pressure

Tsat  :saturation temperature of water

Wvap :massvelocity of vapor

Wspray :volume velocity of spray

Tspray :spray water temperature

Linit  :initial water level

Lfinal :final stable water level

Tdis  :discharged time

Tfinal :final water temperature at upper tie-plate
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Table2 Comparison between the analysis and measurement for SSTF EA1 TEST series

No. Lfina Tdis Tfinal
[inch] [sec] [F]
Calculation | Experiment | Calculation | Experiment | Calculation | Experiment

1 2.8 2.2 19 24 199 217-226
2 10 20 29 208 220-230
3 11 40 43 216 228-236
4 2.8 16 23 28 251 287-299
5 3.0 1.2 25 35 259 295-300
8 3.0 19 10 12 251 288-300
9 2.7 15 N/A N/A 254 291-300
6 24 0.9 27 31 309 350-359
7 3.0 0.0 30 42 301 349-359
10 2.3 0.0 N/A N/A 309 355-359
11 2.7 0.0 312 349-359

The blank box means the corresponding value is the same as above box

Lfinal :final stable water level
-discharged time
Tfinal :final water temperature at upper tie-plate

Tdis
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(6) Two-phase mixture level

There is no model to caculate the two-phase mixture level in the origina
RELAP5/MOD2. However, the precise modeling of the two-phase mixture level is expected
to be useful to examine the reason of clad temperature change during the LOCA and it may
influence the mass flow rate above and below the two-phase mixture level. Therefore, several
models are incorporated into the code: the drift flux based model, the bubble rise velocity
based model, and the doner cell based model.For the qualification of the two-phase mixture
model, the analysis of the GE level swell experiments (Anklam,1982) were performed. First,
the sensitivity of interfacial friction correlation of the two-phase mixture level was examined
for the small vessel experiment without reflecting the mixture density jump condition to the
mass balance calculation. The correlation based on the Kataoka-Ishii (1987) gave a better
agreement with the measurement than others as shown in Fig. 12. Thus the correlation of
Kataoka-Ishii was adopted for the experiment analysis. Figures 13(a) and (b) show the two-
phase mixture level calculated for large- and small- vessel experiments, respectively. In the
case of small vessel experiments (Fig.13 (b)) the calculations show the close agreement with
the measurements and any model gives the similar results. However, in the case of large
vessel experiments (Fig.13 (@) the calculated mixture level is systematically underestimated
the experimental value. One of the reasons may be due to the fact that the non-equilibrium
effect is strong in the large vessel experiment whereas the model correlation is based on the

Original
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O L L L
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Fig.12 Two-phase mixture level comparison for the GE small vessel experiment
(Effect of interface friction model difference)
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steady state equilibrium condition. For the safety point of view, the underestimation of the
mixture level is conservative for the evaluation of clad temperature. Therefore, INS/NUPEC
doesn’t intend to modify the model further to improve the prediction capability of the mixture
level.

3. VERIFICATION AGAINST INTEGRAL TEST

In the previous chapter it is shown that both the modified models and the implemented
correlations represent a significant improvement over the origina version of the
RELAPS/MOD2 code. Therefore, this modified version named RELAP5/MODZ2/INS is
expected to notably contribute to performance of "Best-estimate” analysis.

The integral performance of the RELAP5/MODZ2/INS code has been verified against
the tests such as the TLTA (Lee,1982) and the ROSA-I11 (Nakamura,1984), which smulate
the transients under the various pipe rupture conditions. The TLTA is the experiment
simulating the large- and small-break LOCA in BWR-6 with a scale of 1/624. The
experimental apparatus is equipped with fundamental components of BWR in which one full-
scale heated bundle simulates the core. The analysis model for the TLTA-5A is shown in Fig.
14. A flow junction to simulate the leak flow and the CCFL is disposed between the bypass
(V30) and the core inlet (V15) because their influence on the LOCA hydraulicsis large. The
calculated clad temperature histories at the axial node 2 and 5 in the core (V20 in Fig. 14) are
compared with the measurements of the TLTA-5A/6424 (LBLOCA) in Fig. 15. The plural
curves represent the data from the same axial location. The calculations give conservative
results because the timing of temperature rise is relatively earlier and the peak temperature is
higher than those of the experiment.

The ROSA-III is the experiment to simulate the large- and small- break LOCA in
BWR with a volume ratio of 1/424. The core consists of four 8x8 heater pin bundles with a
half height of full-scale ones. The analysis model is shown in Fig. 16. The calculations were
performed to simulate the small break (5%) LOCA (SBLOCA) experiment Run912 by
changing the interfacial friction model, the tow-phase mixture level model, and the noding of
lower and upper plenums to their sensitivities. The calculation cases are listed in Table 3.
Case 1 (Reference Case) applies the Kataoka-Ishii’s interface friction model, and the two-
phase mixture level model is added to Case 2. The origina interface friction model is used
instead of Kataoka-Ishii’s in Case 3. The difference between Case 2 and Case 4 or Case 5 is
that one node lower plenum model is used in Case 4 and one node upper plenum model is
used in Case 5, respectively. Figures from 17 to 19 compare the history of pressures at the top
of the pressure vessel, the collapsed water levels in the downcomer, and the PCTs for the
calculation cases listed in Table 3 and the measurements, respectively. These results show
that the modification of interfacial friction model and the incorporation of two-phase mixture
model does not influence much to the overall behavior in SBLOCA, though the PCTs are
higher and the rewetting occurs later in the Cases with incorporated models than in the Case
of origina interfacial friction (Case 3). However, the overal trend (the delay in the initiation
of the cladding temperature rise, under prediction of PCT and earlier rewetting) of peak
cladding temperature in Fig. 19 is non-conservative from the point of view of safety analysis.
These trends are also seen in the RELAPS/MOD2/INS calculation of ROSA-111 LBLOCA test
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RUN926 as shown in Fig. 1. One of the reasons of these trend is the amount of water
remained in the core is dightly larger in the calculation than in the experiment. Further
gualification effort isin progress to obtain conservative resultsin ROSA-I11 test.
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Fig.14 Vessel model for the TLTA-5A
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Table 3 Calculation cases for the ROSA-I11 Run 912

Case Description

1 Kataoka-Ishii interface friction without two-phase mixture level model

2 Kataoka-Ishii interface friction with two-phase mixture level model (Donor cell)
3 Original interface friction without two-phase mixture level model

4 Case2 + One lower plenum node * with no guide tube

5 Case2 + Two upper plenum node 2

*1 The node includes the original nodes of 15,20,21,329 and 334 in Fig.16

*2 Thenode 15in Fig.16 isdivided into 2 nodes

1.0e+07

Casel(Kataoka-Ishii)

--------- Case2(Casel+Mixture Level Model)
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Fig.17 Pressure comparison fort the ROSA-111 RUN 912
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4. DATA QUALIFICATION FOR LOCA ANALYSIS

From the experiences of sensitivity anayses, the original CHF and post-dryout heat
transfer correlation give more conservative results in comparison with the incorporated
models in the blowdown phase. In the reflood phase the CCFL model is indispensable to
properly simulate the experimental trend. The choice of interfacial friction, rewetting, and by-
pass leak flow models have a large influence on PCT. The effect of such models as CCFL
breakdown, spray water behavior (UPM) is not so clear in the analyses of integral tests. This
might be due to the rather small diameter of the upper plenum in the integral tests analyzed. It
can be said that these models should be used in the actual plant analysis. These considerations
and findings from experimental analyses are reflected to the standard input data for the actual
plant analysis. Thelist of standard option is shown in Table 4.

Table4 Standard option in the input data for actual 1100MWe BWR plant analysis

[tem Standard option

Boiling Transition CPR based prediction model

Post dryout heat transfer | Groenveld heat transfer coefficient + liquid droplet cooling
during blowdown

Rewet during blowdown | CPR based rewet model (MCPR >1 + Ilogje model)

Interface friction EPRI model in the fuel bundle
Kataoka-1shii model in the other components
CCFL SEO (Kutateladze type)
Upper tie-plate (Kutatel adze type)
CCFL breakdown Not used
Spray water behavior Upper plenum is divided into multi-volume (UPM)
By-pass leak flow Form loss coefficient
Rewet during reflood Groenveld heat transfer coefficient + liquid droplet cooling
Discharge coefficient 0.825
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5. CONCLUSION

Modifications were performed for such models in the RELAP5/MOD2 as the
prediction of boiling transition, post-dryout heat transfer, interfacial friction, counter-current
flow limiting (CCFL), CCFL breakdown, rewetting at reflood phase, the spray water
behavior, and the two-phase mixture level; and they have been qualified against separate
effect test data. The TLTA and the ROSA-I11 experiments were used to verify the integral
performance of the code and the code was named RELAP5/MOD2/INS.

With these wide ranges of model modifications and validation efforts, the original
RELAPS5/MOD2 code is enhanced to be the RELAPS/MOD2/INS code; the Best Estimate
analysis tool for LOCA audit analyses for Boiling Water Reactors. Though there still exist
some non-conservative results in the analysis of integral tests, the code is adequate on a BE
basis. Some of the parameters and physical models sensitive to the BWR LOCA phenomena
have been identified and reflected in the standard input data for actual plant analysis. At the
same time, the conformance of the physica models to the "ECCS Performance Evaluation
Guide" was confirmed. At present, we are investigating a methodology of the uncertainty
evaluation and its effective usage. Therefore, conservative analytical conditions and model
parameters will be used for audit analyses for the time being.

NOMENCLATURE

C constant in CCFL correlation

G mass flux

h heat transfer coefficient

K non-dimensional mass flux

m constant in CCFL correlation

q heat flux

S Chen'’ s boiling suppression factor
t time

T temperature

A difference

€ constant in Weisman transition boiling heat transfer coefficient
Subscripts

cr critical

f fluid

g gas

m mean

min  minimum
ref reference
sat saturation
w wall
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