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Abstract

Many experiments have been conducted on accidents and transients of pres-
surized water reactor (PWR) employing the rig of safety assessment/large-
scale test facility (ROSA/LSTF). Recent research activities concerned with the
OECD/NEA international joint projects included experimental investigation
via the ROSA and ROSA-2 Projects, and counterpart testing with ther-
mal-hydraulic integral test facilities under collaboration of the PKL-2, PKL-3,
ATLAS, and ATLAS-2 Projects. Major results of the related integral effect
tests (IETs) with the LSTF were reviewed to experimentally identify ther-
mal-hydraulic phenomena involved, regarding the PWR accident sequences
in accordance with the new regulatory requirements for the Japanese light-water
nuclear power plants. Future separate effect test using the LSTF is planned to
simulate loss of emergency core cooling system (ECCS) recirculation functions
in a large-break loss-of-coolant accident (LOCA). Key results of the recent IET's
utilizing the LSTF and future plans were presented relevant to multiple steam
generator tube rupture accident with recovery operation, small-break LOCA
with accident management measure on core exit temperature reliability, and
small-break LOCA with thermal stratification under cold water injection
from ECCS into cold legs. Also, main outcomes of the LSTF IETs were indi-
cated for wide spectrum LOCA with core uncovery and anticipated transient
without scram following small-break LOCA under totally failed high-pressure
injection system.

Keywords
PWR, ROSA/LSTF, LOCA, ECCS, Integral Effect Test

1. Introduction

Japan Atomic Energy Agency has been operating the rig of safety assessment/
large-scale test facility (ROSA/LSTF) [1] [2] since 1985, triggered by the Three
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Mile Island Unit-2 reactor accident in 1979. The LSTF is a full-height and 1/48
volumetrically-scaled simulator with a two-loop system of a Westinghouse-type
four-loop 3423 MW (thermal) pressurized water reactor (PWR). There are other
thermal-hydraulic integral test facilities currently in operation, such as PKL
(volume scale of 1/145) in Germany [3], ATLAS (volume scale of 1/288) in Ko-
rea (4], PACTEL (volume scale of 1/305) in Finland [5], and ACME (volume
scale of 1/94) in China [6].

Numerous experiments have been performed with the LSTF to investigate
thermal-hydraulic behaviors of the PWR plant covering a wide spectrum of ac-
cidents and transients such as design basis accidents (DBAs) and beyond DBAs
[7] [8] [9] [10] [11]. Table 1 summarizes the major design features of the LSTF
to the reference PWR (Tsuruga Unit-2). The initial pressurizer (PZR) pressure is
15.5 MPa similar to the reference PWR. The highest core power, however, is 10
MW which is equal to 14% of the 1/48-scaled PWR nominal core power. The
LSTF experimental databases have been extensively used to evaluate the predic-
tability of best estimate system analysis codes including ATHLET [12], TRACE
[13], CATHARE [14], and RELAPS5 [15] for the target thermal-hydraulic phe-
nomena.

Recent efforts were pursued through the following OECD/NEA international
collaborative projects. The ROSA and ROSA-2 Projects [16] [17] [18] [19] ex-
ecuted from April 2005 till September 2012 were aimed at dealing with topics of
thermal-hydraulic reactor safety by making use of the LSTF at its full capabilities.
In the framework of the ROSA-2 Project, mutual comparisons of blind calcula-
tions have indicated large scattering of calculated results and insufficient predic-
tion accuracy of best estimate system analysis codes. Counterpart testing has been

effected by exploiting thermal-hydraulic integral test facilities with different size

Table 1. Major design features of LSTF to reference PWR.

Item LSTF Reference PWR
Primary pressure (MPa) 16 16
Primary fluid temperature (K) 598 598
Core height (m) 3.66 3.66
Number of fuel rods 1008 50,952
Primary fluid volume (m?) 8.14 347
Total core power (MW) 10 3423 (thermal)
Core inlet flow (ton/s) 0.0488 16.7
Number of primary loops 2 4
Hot leg inner diameter D (m) 0.207 0.737
Hot leg length L (m) 3.69 6.99
Hot leg L/D"? (m'?) 8.11 8.14
Number of SG U-tubes 141 3382
Average length of SG U-tubes (m) 20.2 20.2
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scaling and different structure shape at similar pressure regions under collabora-
tion of the PKL-2, PKL-3, ATLAS, and ATLAS-2 Projects [20] [21] [22] [23]
[24] [25] valuable for addressing scaling issues of phenomena and for upgrading
techniques of scaling [26]. The resulting transient system responses were mostly
consistent among the experimental facilities.

Meanwhile, the new regulatory requirements for the Japanese light-water nuc-
lear power plants were enacted in 2013 [27]. Analytical studies have been carried
out with some applicable computer codes to adequately account for the progres-
sion of PWR events for the evaluation of the effectiveness of measures against
severe damage to the core according to the new regulatory requirements [28].
The following five accident sequences belong to beyond DBAs are involved in
the PWR events that must be postulated in the new regulatory requirements; 1)
station blackout (SBO), 2) loss of reactor shutdown functions, 3) loss of emer-
gency core cooling system (ECCS) water injection functions, 4) loss of heat re-
moval functions from secondary cooling water system, and 5) loss of ECCS re-
circulation functions.

In this study, foremost results of related integral effect tests (IETs) with the
LSTF for the accident sequences of 1) through 4) were surveyed for experimen-
tally specifying thermal-hydraulic phenomena concerned. Moreover, future plans
were revealed for the accident sequences of 4) and 5) that need to be examined
through IET or separate effect test (SET) with the LSTF. Chapter 2 describes the
major assumptions and outcomes of the IETSs, and the upcoming plans for the uti-
lization of the LSTF. Table 2 shows the LSTF tests related to the new regulatory
requirements and the major thermal-hydraulic phenomena identified.

PWR events involving specific thermal-hydraulic phenomena and transient
responses, additionally, included 1) multiple steam generator tube rupture
(MSGTR) accident with recovery operation, 2) small-break loss-of-coolant acci-

dent (LOCA) with accident management (AM) measure on core exit temperature

Table 2. LSTF tests relevant to the new regulatory requirements and major thermal-hydraulic phenomena identified.

Item TestID  Test year Test condition Major thermal-hydraulic phenomena
SBO transient with I f
. . ransient wi . oss o Steam discharge through SG RVs, and single- and
Station blackout (SBO) TR-LF-16 2015 primary coolant with AM ) .
two-phase natural circulation
measures
Loss of reactor shutdown LOFW transient without scram
. idow TR-LF-13 2007  with delayed actuation of AFW Two-phase natural circulation
functions
system
LOCA with 8-in. break at cold  Critical flow at break, steam discharge through SG RV,
Loss of ECCS water K K K X
R . SB-CL-41 2011 leg with AM measures under  loop seal clearing, core boil-off, and steam condensation
injection functions .
totally failed HPI system on ACC water
Loss of heat removal Total LOFW transient with ~ Coolant discharge through PZR PORYV, two-phase flow in
functions from secondary ~ TR-LF-07 1992 primary feed-and-bleed PZR, two-phase stratified flow in hot leg, and steam
cooling water system operation condensation on ACC water

Loss of ECCS recirculation
functions

Expected; steam binding, core liquid level reduction, and

None )
core reflooding
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(CET) reliability, 3) small-break LOCA with thermal stratification under cold
water injection from ECCS into cold legs, 4) wide spectrum LOCA with core
uncovery under total-failure of the high-pressure injection (HPI) system of ECCS,
and 5) anticipated transient without scram (ATWS) following small-break LOCA
under totally failed HPI system.

As for the first event, single steam generator tube rupture (SGTR) accident
[29] is regarded as the containment bypass event. When the core damage hap-
pens in the MSGTR accident, coolant containing radioactive materials may be
directly discharged to the environment. The second event concerns that ther-
mocouples at the core exit are important instruments employed worldwide for
starting some of AM actions by detecting elevated core temperatures [30]. The
third event is a subject of investigation in terms of the structural integrity be-
cause thermal stratification is a matter of concern for pressurized thermal shock
of pressure vessel [31] [32]. The fourth event involves a medium-break LOCA
with fast core uncovery and a small-break LOCA with symptom-based AM
measure with late core uncovery assuming that no HPI system is operated. The
medium-break LOCA is associated with risk-informed regulation incorporating
elucidation of occurrence frequency of incidents. The fifth event is positioned as
a multiple fault accident with relatively high core power and continuous loss of
the primary coolant that may bring about deterioration in core cooling.

With regard to the five PWR events mentioned above, in this study, the key
conditions and results of the recent IETs using the LSTF were presented in
Chapter 3. Also, the future plans were indicated for the events of 1) through 3)
for improved understanding of the particular thermal-hydraulic phenomena and

transient responses through IETs.

2. PWR Accident Sequences for Evaluation of Effectiveness
of Measures to Avoid Severe Core Damage

2.1. Station Blackout (SBO)
2.1.1. Outline of the Event

As an AM measure, depressurization in the steam generator (SG) secondary-side
system is made at a specified time after the SBO onset. Also, the auxiliary feed-
water (AFW) is injected into the SG secondary-side activating the turbine-driven
AFW pump shortly after the SBO inception. A test denoted as TR-LF-16 was
among the series IETs on the SBO transient with loss of the primary coolant
with the AM actions by use of the LSTF.

2.1.2. Major Conditions of Relevant LSTF Test

As shown in Table 2, the TR-LF-16 test simulated the SBO transient with 0.1%
break at a cold leg under total-failure of the HPI system of ECCS in 2015 [33].
Concerning the AM measures, fully opening of relief valves (RVs) in both SGs
being injected the AFW into the secondary-side of both SGs was launched at
time zero. The TR-LF-16 test was paid attention to the nitrogen gas flow into the

primary system on the assumption of failed isolation of the accumulator (ACC)
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system of ECCS after the ACC system activation.

2.1.3. Major Results of Relevant LSTF Test

In the TR-LF-16 test, the primary pressure remained higher than the SG sec-
ondary-side pressure, as presented in Figure 1. Almost no nitrogen gas from the
ACC tanks migrated to the SG U-tubes after fully opening a power-operated re-
lief valve (PORV) of PZR. Single- and two-phase natural circulation resulted in
continuous core cooling. No more IETs are planned for the SBO transient with

loss of the primary coolant with the AM actions.

2.2. Loss of Reactor Shutdown Functions

2.2.1. Outline of the Event

ATWS induced by loss-of-feedwater (LOFW) is one of the events related to loss
of reactor shutdown functions. The PZR PORYV cyclic opening may continue to
suppress the primary pressure increase. In procedures for the existing PWR, the
AFW system starts up by operating the ATWS mitigation system soon after a
scram signal is obtained. A test designated as TR-LF-13 was the only IET simu-
lating the LOFW transient without scram by using the LSTF.

2.2.2. Major Conditions of Relevant LSTF Test

As indicated in Table 2, the scenario of the TR-LF-13 test was the LOFW tran-
sient without scram with delayed actuation of the AFW system under assumed
total-failure of the HPI system in 2007 [34]. Based on the PWR calculation for
the LOFW transient without scram with the RELAP5/MOD3 code, the core
power reduced on account of negative reactivity feedback due to degradation of
heat removal through the SGs, but was held at a specified high power thereafter
(Figure 2). The SG secondary-side collapsed liquid level was kept at about 1/10
of the initial liquid level (ie. about 1/20 of the SG medium tube height) while
replenishing with the AFW. The TR-LF-13 test was made giving attention to
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Figure 1. Primary and secondary pressures, and ACC flow rate in intact loop in TR-LF-16
test (SBO transient with loss of primary coolant with AM measures).
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time to the AFW system activation.

2.2.3. Major Results of Relevant LSTF Test

In the TR-LF-13 test, the PZR PORV cyclic opening prevented the overpressure

of the primary system, as described in Figure 2. In parallel with the TR-LF-13
test, the PWR sensitivity analysis with the RELAP5/MOD3 code was carried out

for the LOFW transient without scram under no actuation of the AFW system.

As indicated in Figure 3, the core would be uncovered early owing to termina-

tion of two-phase natural circulation following the depletion of the SG second-

ary-side collapsed liquid level. The TR-LF-13 test and the sensitivity analysis
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Figure 2. Primary and secondary pressures in loop with PZR, and core power in TR-LF-
13 test (LOFW transient without scram with delayed AFW actuation).
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Figure 3. PWR calculated results for SG secondary-side liquid level, primary loop flow
rate, and cladding surface temperature (LOFW transient without scram under no AFW
actuation).
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revealed the importance of two-phase natural circulation by virtue of the AFW
system operation from the viewpoint of cooling the core. There are no further
IETs planned for the LOFW transient without scram.

2.3. Loss of ECCS Water Injection Functions

2.3.1. Outline of the Event

A medium- or small-break LOCA assuming total-failure of the HPI system is the
event that represents loss of ECCS water injection functions [35]. Critical flow at
the break controls the mass inventory of the primary coolant during the LOCA.
AM measures are constituted of early SG secondary-side depressurization and
early AFW system actuation. It is postulated that the core collapsed liquid level
temporarily drops and then substantially decreases in this event. A test denoted
as SB-CL-41 was among dozens of the IETs on the AM actions for the LOCA
with totally failed HPI system by use of the LSTF.

2.3.2. Major Conditions of Relevant LSTF Test

As shown in Table 2, the SB-CL-41 test simulated a LOCA with 8-in. break at a
cold leg under total-failure of the HPI system in 2011 [36]. Relating to the AM
measure, the SG RVs were fully opened immediately after a safety injection (SI)
signal was available at the PZR pressure of about 12 MPa. Also, the AFW injec-
tion was conducted into the SG secondary-side after several minutes since the SI

signal generation.

2.3.3. Major Results of Relevant LSTF Test

In the SB-CL-41 test, loop seal clearing in both loops and core boil-off impacted
the core collapsed liquid level, as presented in Figure 4. The SB-CL-41 test re-
sults showed that the phenomena postulated in this event are reproduced and the

AM actions are effective in cooling the core because the ACC system actuation is
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Figure 4. Collapsed liquid levels at core and crossover leg downflow-side, and cladding
surface temperature in SB-CL-41 test (LOCA with 8-in. break at cold leg with AM meas-
ures under no HPI).
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made possible. Other related IETs revealed that a combination of break size and
AM measure starting timing markedly affects peculiar phenomena such as loop
seal clearing and core boil-off. No additional IETs are planned for the AM
measures against the LOCA with total-failure of the HPI system.

2.4. Loss of Heat Removal Functions from

Secondary Cooling Water System
2.4.1. Outline of the Event
Total LOFW transient is one of the events relevant to loss of heat removal func-
tions from the secondary cooling water system in the abnormal transients during
operation or the DBAs other than large- and medium-break LOCAs. A test des-
ignated as TR-LF-07 was the sole IET simulating the complete LOFW transient
with the primary feed-and-bleed (F & B) mode by using the LSTF.

2.4.2. Major Conditions of Relevant LSTF Test

As indicated in Table 2, the scenario of the TR-LF-07 test was the total LOFW
transient in 1992 [37]. With regard to the primary F & B operation, cold water
was fed into a cold leg in a loop with PZR from the HPI system shortly after the
SI signal was generated at a certain low level of the SG secondary-side. Mean-
while, the HPI water was supplied into a cold leg in a loop without PZR at a de-
finite high pressure. The PZR PORYV fully opening was performed after 30 mi-

nutes since the SI signal generation.

2.4.3. Major Results of Relevant LSTF Test

In the TR-LF-07 test, an abrupt depression in the PZR liquid level by means of
completely opening of the PZR PORV produced two-phase flow in the PZR and
two-phase stratified flow in both hot legs, as depicted in Figure 5. Notable steam
condensation on the ACC water in both cold legs brought the liquid level recovery
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Figure 5. Liquid levels at PZR and hot leg in loop with PZR in TR-LF-07 test (total
LOFW transient with primary feed-and-bleed operation).
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at the PZR and the hot leg. It will be needed to further verify the validity of the F
& B procedure in the primary system through IET under the different F & B op-

erational condition.

2.4.4. Future Plan

In the future, IET will be conducted simulating the complete LOFW transient
with the primary F & B mode. The IET objectives are to examine the effects of
experimental parameters (HPI flow rate, time to the PZR PORYV fully opening,
etc.) on primary depressurization and core cooling. The HPI system is expected
to be single-failure, unlike the TR-LF-07 test. The starting timing of the PZR
PORYV completely opening is going to be decided on the basis of the depletion of
the SG secondary-side collapsed liquid level. This means that the PZR PORV
fully opening will be initiated later than in the TR-LF-07 test. The late PZR
PORYV completely opening may be a more severe condition in terms of cooling

and depressurizing the primary system.

2.5. Loss of ECCS Recirculation Functions

2.5.1. Outline of the Event

Loss of ECCS recirculation functions is represented by loss of both high-pressure
and low-pressure recirculation functions in a large-break LOCA. The primary
pressure rapidly lowers to near-atmospheric pressure after the break owing to
large break flow rate. The SG secondary-side collapsed liquid level remains at a
certain high liquid level. Cold water is injected from ECCS into both cold legs
shortly after the break. Liquid droplets evaporate in the SG U-tubes on account
of the backflow of water from the SG secondary-side which contains a hot fluid.
The pressure drop increase in the SG U-tubes is ascribed to the steam produc-
tion. This steam binding phenomenon [38] [39] [40] may bring about a decrease
in the core collapsed liquid level and a rise in the cladding surface temperature.
After ECCS water sources deplete, failure of switching the water sources for the
ECCS recirculation causes to stop the ECCS water injection. As for an alternative
method to the ECCS recirculation features, water is fed into the cold leg via the
containment recirculation sump by operating the spray pump for the contain-
ment (as illustrated in Figure 6) at a specified time after the ECCS water injec-
tion completion. The feedwater into the cold leg may assist in core reflooding.
There, however, have been no LSTF tests for loss of ECCS recirculation func-

tions.

2.5.2. Future Plan

In the future, SET will be undertaken at near-atmospheric pressure to reproduce
the expected phenomena, in relation to the loss of ECCS recirculation functions
in the large-break LOCA (Table 2). In the SET, ECCS is restarted instead of re-
suming water injection taking advantage of the containment spray pump. The
SET conditions include the core power, the primary and SG secondary-side

pressures, the liquid level in the pressure vessel, the timings of start, stop, and
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Figure 6. PWR coolant distribution during loss of ECCS recirculation functions.

restart of ECCS, as well as the flow rate of ECCS. The SET conditions are also
going to be defined based on the calculation for a large-break LOCA of PWR
through the utilization of the RELAP5/MOD3 code. There are such calculation
parameters as discharge coefficient at the break and ECCS operational condi-
tions. The PWR calculation is intended to provide such information as the col-
lapsed liquid levels at the core and the vessel downcomer, and the cladding sur-
face temperature. The SET procedures for the test conditions will be referred to
those for the previous LSTF SET simulating the reflood phase of large-break
LOCA [41].

3. PWR Events Involving Specific Thermal-Hydraulic
Phenomena and Transient Responses

3.1. Multiple Steam Generator Tube Rupture (MSGTR) Accident
with Recovery Operation
3.1.1. Outline of the Event
The occurrence probability of an accident arisen from MSGTR is very low. The
MSGTR accident, however, is categorized in accident sequences which directly
linked to the core damage in the seismic probabilistic risk assessment of level-1
[42] [43]. Recovery action against the MSGTR accident includes fully opening of
the intact SG RV, completely opening of the PZR PORV, and the HPI water in-
jection into both cold legs. Recent attempts were pursued to clarify the effectivity
of the recovery operation from the MSGTR accident for core cooling by a series
of the LSTF IETs.

3.1.2. Major Conditions of Relevant LSTF Tests

Three IETs denoted as SB-SG-16, SB-SG-17, and SB-SG-18 were implemented
on the recovery operation against the MSGTR accident in 2017, 2018, and 2019
respectively, as shown in Table 3. The following two assumptions are the com-
mon test conditions. Break size was equivalent to a double-ended guillotine

break of the 1/48-scaled cross-sectional area of six of SG U-tubes in the reference
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Table 3. Major conditions of three LSTF IETs on MSGTR accident with recovery operation.

Condition
Item
SB-8G-16 SB-8G-17 SB-§G-18
Break valve open Time zero

Generation of scram signal
Generation of SI signal
Start of HPI system
Start of intact SG depressurization

Auxiliary feedwater system
Start of primary depressurization
End of HPI system

End of primary depressurization

End of intact SG depressurization

Start of ACC system

Start of manual coolant injection
from HPI system into cold legs

End of manual coolant injection
from HPI system into cold legs

PZR pressure = 12.97 MPa
PZR pressure = 12.27 MPa
None Soon after SI signal generation None

12 minutes after scram signal generation

Actuation Total-failure
Primary pressure = broken SG = Hot leg fluid temperature in intact loop =  Primary pressure = broken
secondary-side pressure 547 K SG secondary-side pressure

None PZR liquid level = 1 m None
End of test Confirmation of effect. of primary End of test
depressurization
Pri = broken SG
End of test rimary p ressu.re roken End of test
secondary-side pressure
Primary pressure = 4.51 MPa Total-failure

Maximum core exit
None
temperature = 623 K

None End of test

PWR. The intact SG RV was fully opened after 12 minutes since the PZR pres-
sure decreased to 12.97 MPa, similar to the single SGTR accident test [19].

The SB-SG-16 test assumption was total-failure of the HPI system. The SB-
SG-17 test was supposed to be single-failure of the HPI system that injected cold
water into both cold legs. The HPI water injection was started soon after the
PZR pressure dropped to 12.27 MPa, while it was ended when the PZR liquid
level attained 1 m following the PORYV fully opening [19]. As the SB-SG-18 test
conditions, by contrast, the HPI, ACC, and AFW systems were completely
failed.

3.1.3. Major Results of Relevant LSTF Tests

Table 4 shows the chronology of the major events of three IETs on the MSGTR
accident with the recovery operation. In the SB-SG-16 test, the primary pressure
was equalized to the broken SG secondary-side pressure even after the intact SG
RV fully opening started. The primary depressurization via the PZR PORV
completely opening resulted in the activation of the ACC system at the primary
pressure of 4.51 MPa. In the SB-SG-17 test, thermal stratification was seen in a
cold leg in broken loop under the HPI water injection as a result of little circula-
tion flow rate in broken loop. By contrast, natural circulation remarkably domi-
nated in intact loop, which gave rise to no thermal stratification. The intact SG

depressurization was terminated a little after the primary pressure became equal
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Table 4. Chronology of major events of three LSTF IETs on MSGTR accident with re-
covery operation.

Time (s)
Event
SB-SG-16 SB-SG-17 SB-SG-18

Break valve open 0
Generation of scram signal 72 68 72
Generation of SI signal 110 118 112
Start of HPI system None 128 None
Start of intact SG depressurization 800 791 792
Start of primary depressurization 1400 2039 1400
End of HPI system None 2075 None
End of primary depressurization 7300 2680 6100
End of intact SG depressurization 7300 3706 6100
Start of ACC system 3250 None
End of ACC system 6760 None
Start of manual coolant injection

. None 5157
from HPI system into cold legs
End of manual coolant injection

None 6030

from HPI system into cold legs

to the broken SG secondary-side pressure due to the completion of the PZR
PORYV fully opening, which led to no actuation of the ACC system.

In the SB-SG-18 test, the PZR PORV completely opening was effective on the
primary depressurization until the SG secondary-side collapsed liquid level be-
came close to zero. Heat removal through the SGs was lost afterwards because
the SG secondary-side was emptied of liquid on the grounds of unavailability of
the AFW system, which brought core uncovering. Cold water was manually fed
further from the HPI system into both cold legs at a specified flow rate when the
maximum CET rose to 623 K. The manual HPI water injection caused the peak
cladding temperature (PCT) of 802 K and the whole core quenching. The SB-
SG-18 test results suggest that the core would be uncovered in the MSGTR acci-
dent with completely failed ECCS and AFW system.

The SB-SG-16, SB-SG-17, and SB-SG-18 tests revealed that the recovery ac-
tion contributes to core cooling effectively. Meanwhile, a test designated as
SB-SG-14 was performed in 2010, simulating the single SGTR accident that in-
itiated simultaneously with a main steam line break (MSLB) being coupled with
operation of the HPI system [19]. There, however, have not been any LSTF IETs
concerning the MSGTR accident with the MSLB.

3.1.4. Future Plan

In the future, IETs will be carried out simulating the MSGTR accident that in-
duced by the MSLB in combination with the recovery operation. The IET pur-
poses are to make clear the influences of test parameters (break sizes for the
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MSGTR and MSLB, time to the MSGTR, etc.) on primary depressurization,
thermal stratification, and core cooling. The break sizes for the MSGTR and
MSLB are going to be referred to those for the LSTF IETs simulating the
MSGTR accident and the MSLB accident [44] respectively, unlike the SB-SG-14
test. In the MSLB accident test in 1990, the MSLB break size was equal to 12% of
the 1/48-scaled cross-sectional area of one SG main steam tube of the reference
PWR. The starting timing of the MSGTR will be determined based on the deple-
tion of the SG secondary-side collapsed liquid level following the MSLB, unlike
the SB-SG-14 test. The HPI flow rate will be reduced in a stepwise procedure.

3.2. Small-Break LOCA with Accident Management (AM) Measure
on Core Exit Temperature (CET) Reliability

3.2.1. Outline of the Event

A substantial increase in the cladding surface temperature launches well before

the core exit thermocouples indicate superheating during a small-break LOCA.

Experimental data have been provided with some of the LSTF IETs regarding

the AM measures on the basis of the CET response during the small-break

LOCA. In the LSTF IETs, however, the AM actions were undertaken at the

maximum CET of 623 K.

3.2.2. Major Conditions of Relevant LSTF Tests

Three IETs denoted as SB-PV-07, SB-PV-09, and SB-HL-18 were made on the
small-break LOCA under assumed total-failure of the HPI system. The vessel
upper head break sizes were 1% and 1.9% for the SB-PV-07 test [45] and the
SB-PV-09 test [18] respectively in 2005. The SB-PV-07 test was also dedicated to
the ATLAS-2 Project as a preferable counterpart exercise. The break location
and size respectively for the SB-HL-18 test in 2011 were hot leg and 1.5%, while
low-pressure phase of the SB-HL-18 test was defined as a counterpart to the
PKL-2 Project test [23]. Manually injection of cold water into both cold legs at a
certain flow rate utilizing the HPI system was adopted as the AM measure for
the SB-PV-07 test. By contrast, the SG RVs fully opening was taken accompany-
ing by the AFW injected into the SG secondary-side for the SB-PV-09 and
SB-HL-18 (low-pressure phase) tests.

3.2.3. Major Results of Relevant LSTF Tests

Figures 7-9 show the CET's versus cladding surface temperatures in the SB-PV-
07, SB-PV-09, and SB-HL-18 (low-pressure phase) tests, respectively. Positions
9, 8, and 7 respectively are situated at levels of about 1/1, 5/6, and 7/10 of the ac-
tive core height. In the SB-PV-09 test, the core power was automatically lowered
to a certain low level because the maximum cladding surface temperature became
above the criterion of 958 K, which affected the PCT greatly. The peak CET's ob-
served at around the center of the upper core plate were 713 K, 748 K, and 662 K
respectively in the SB-PV-07, SB-PV-09, and SB-HL-18 (low-pressure phase) tests,
while the PCT's seen at Position 7 were 881 K, 975 K, and 822 K.
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3.2.4. Future Plan

Further investigation is required to better understand the CET reliability by
means of IET on the AM measures based on the CET performance for the
small-break LOCA assuming that the HPI system is totally failed. The IET objec-
tives are to account for the relation between the CET and the cladding surface
temperature under the distinct break and AM conditions, which may cover the
higher temperature ranges compared to the previously related IETs with the
LSTEF. The integrity of electrically heated rods should be guaranteed up to 1073
K at a definite low level of core power as a typical decay heat, built on nonconso-
lidated performance test of the heated rods. The PCT is expected to be above 975

K without an automatic core power drop to a fixed low level. For that purpose,
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Figure 7. Core exit temperatures versus cladding surface temperatures in SB-PV-07 test
(LOCA with 1% break at vessel upper head with AM measures).
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Figure 8. Core exit temperatures versus cladding surface temperatures in SB-PV-09 test
(LOCA with 1.9% break at vessel upper head with AM measures).
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Figure 9. Core exit temperatures versus cladding surface temperatures in SB-HL-18 (low-
pressure phase) test (LOCA with 1.5% break at hot leg with AM measures).

the AM actions will be taken when the maximum CET is well above 623 K, while
predefining an appropriate criterion of the maximum cladding surface tempera-
ture. The AM measures, the break location and size will be established referring
to those for the relevant LSTF IETs.

3.3. Small-Break LOCA with Thermal Stratification under Cold
Water Injection from ECCS into Cold Legs

3.3.1. Outline of the Event

When ECCS is under operation, cold water is fed into both cold legs and mi-

grates to the pressure vessel through vessel downcomer. Thermal stratification at-

tributed to inadequate cold and hot coolant mixing was seen in the LSTF IETs si-

mulating the MSLB accident [44] or the single SGTR accident with the MSLB [19].

A test designated as SB-HL-17 was the only IET concerning the small-break

LOCA focusing on thermal stratification under cold water injection from ECCS

by use of the LSTF.

3.3.2. Major Conditions of Relevant LSTF Test

The SB-HL-17 test simulated a LOCA with 1% break at a hot leg under assumed
single-failure of the HPI system that injected cold water into both cold legs in
2007 [46]. Cold water was supplied into both cold legs employing the HPI sys-
tem soon after the PZR pressure lowered to 12.27 MPa.

3.3.3. Major Results of Relevant LSTF Test

In the SB-HL-17 test, the SG secondary-side pressure fluctuated through cyclic
opening of the SG RVs being followed by the primary pressure fluctuation, as
indicated in Figure 10. After around 1000 s, a large decrease started in the pri-
mary pressure under the influence of the break flow rate. Figure 11 and Figure

12 show the fluid temperatures at cold legs in intact loop and broken loop, re-
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spectively. Thermal stratification was observed in both cold legs during the time

periods of cold water injection from the HPI and ACC systems by reason of al-

most no circulation flow rate in both loops. The maximum difference in the ver-

tical cold leg fluid temperatures was about 135 K at around 2785 s in intact loop,

whereas it was about 110 K at around 2740 s in broken loop. The cold leg fluid

temperature difference between the two loops may be subject to the influence of

different angles of the ECCS injection line to the cold leg; 90° or 45°. Decrease

rates of the primary pressure and the cold leg fluid temperature were dependent

on the ACC flow rate.
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Figure 10. Primary and secondary pressures, HPI and ACC flow rates in intact loop in
SB-HL-17 test (LOCA with 1% break at hot leg under single failure of HPI).
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3.3.4. Future Plan

Additional investigation is necessary to better comprehend thermal stratification
by means of IET on the small-break LOCA with thermal stratification under
cold water injection from ECCS into cold legs. The IET is aimed at making clear
the impacts of experimental parameters (break location and size, ECCS flow
rate, ECCS injection temperature, etc.) on thermal stratification. The break loca-
tion and size are supposed to be different from those in the SB-HL-17 test. The
ECCS flow rate depends on the failure assumption. Mitigation means to raise the
ECCS water temperature would reduce the failure probability of pressure vessel
[47]. The injection temperatures of the HPI and ACC systems are expected to be
different from those in the SB-HL-17 test. The ECCS injection temperatures will
be determined on the basis of the fact that the highest injection temperature
among the previously LSTF IETs was 322 K [36].

3.4. Wide Spectrum LOCA with Core Uncovery

under Totally Failed HPI System
3.4.1. Outline of the Event
When LOCAs happen under totally failed HPI system, size of break has large ef-
fects on primary depressurization rate, and time to the core uncovery and the
ACC system activation. There have been many IETs simulating LOCAs with a
wide range of break sizes on the assumption of unavailability of the HPI system
by using the LSTF. A test denoted as IB-CL-01 was the IET on the LOCA with
the largest break size where the core was uncovered, while a test designated as
SB-PV-08 was the IET on the LOCA with the smallest break size in combination
with the AM action built on the CET performance.

3.4.2. Major Conditions of Relevant LSTF Tests
The IB-CL-01 test simulated a LOCA with 20% break at a cold leg in 2009. On
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the other hand, the scenario of the SB-PV-08 test was a LOCA with 0.1% break
at vessel upper head supposing influx of nitrogen gas to the primary system in
2005. The SG RVs fully opening was undertaken as the AM measure in the case
that the maximum CET raised to 623 K. The SG secondary-side collapsed liquid
level was maintained at around the initial liquid level via the AFW system opera-
tion during almost the whole transient. The common test condition assumed

was that the HPI system was totally failed.

3.4.3. Major Results of Relevant LSTF Tests

In the IB-CL-01 test, medium size of break led to a fast depressurization in the
primary system, as shown in Figure 13. Prior to loop seal clearing in both loops,
the core dried out because of a quick depression in the core collapsed liquid lev-
el, as depicted in Figure 14. The minimum collapsed liquid level of the core was
close to the core bottom with relatively high core power. The maximum cladding
surface temperature was higher than the criterion of 958 K, which induced an
automatic core power reduction to a certain low level. The PCT of 989 K was
observed at Position 5 which is placed at a level of about 1/2 of the active core
height. The core collapsed liquid level restored with increasing the ACC flow
rate (Figure 13).

In the SB-PV-08 test, by contrast, the primary pressure became slightly higher
than the SG secondary-side pressure for a rather long time until the AM meas-
ure initiated, as presented in Figure 15. The upper plenum became voided being
followed by a steep drop in the core collapsed liquid level, as described in Figure
16. Owing to the ACC water injection with quite low core power, the PCT of 697
K was seen at Position 7 and the entire core was quenched. Since nitrogen gas
entered the primary loops and was conveyed to the SG U-tubes, a marked dif-
ference resulted between pressures on the primary and SG secondary sides
(Figure 15).
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Figure 13. Primary and secondary pressures, and ACC flow rate in intact loop in
IB-CL-01 test (LOCA with 20% break at cold leg under no HPI).
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cladding surface temperature in IB-CL-01 test (LOCA with 20% break at cold leg under no HPI).
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Figure 15. Primary and secondary pressures, and ACC flow rate in loop with PZR in SB-PV-08
test (LOCA with 0.1% break at vessel upper head with AM measures under no HPI).
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break at vessel upper head with AM measures under no HPI).
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3.5. Anticipated Transient without Scram (ATWS) Following
Small-Break LOCA under Totally Failed HPI System

3.5.1. Outline of the Event

When scram failure assumes during a small-break LOCA with total-failure of

the HPI system, the core power is relatively high. Core cooling performance

would degrade as the primary coolant mass inventory reduces depending on a

size of break. Break size of a test denoted as SB-CL-37 was the largest, while that

of a test designated as SB-CL-36 was the smallest among relevant series IETs by

use of the LSTF.

3.5.2. Major Conditions of Relevant LSTF Tests

The cold leg break sizes were 1.9% and 0.5% for the SB-CL-37 test and the
SB-CL-36 test respectively in 2006. The HPI system was supposed to be unavail-
able as the common test condition. For each LSTF test, the core power curve was
predetermined on the basis of the PWR calculation for the ATWS with the
small-break LOCA utilizing the SKETCH-INS/TRAC-PF1 code [48]. Following
a scram signal generation the AFW was injected into the SG secondary-side to

restore the SG secondary-side collapsed liquid level.

3.5.3. Major Results of Relevant LSTF Tests

The pressure and core power transients and the liquid level transients respec-
tively are indicated in Figure 17 and Figure 18 for the SB-CL-37 test, while
those are presented in Figure 19 and Figure 20 for the SB-CL-36 test. The SG
secondary-side pressure continued to increase on account of relatively high core
power even after the SG RVs initiated cyclic opening (Figure 17 and Figure 19).
The SG secondary-side pressure rose to about 8.6 MPa in the SB-CL-37 test,

whereas it raised to about 8.7 MPa causing cyclic opening of safety valves in both
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Figure 17. Primary and secondary pressures in intact loop, and core power in SB-CL-37
test (ATWS with 1.9% break at cold leg under no HPI).
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Figure 19. Primary and secondary pressures in intact loop, and core power in SB-CL-36
test (ATWS with LOCA with 0.5% break at cold leg under no HPI).

SGs in the SB-CL-36 test. The cyclic opening of the SG RV's ceased a little after
the core power began to decline from the maximum value of 10 MW. Oscillative
behavior of and temporary accumulation of coolant appeared at the upflow-side
of the SG U-tubes (Figure 18 and Figure 20). Oscillative but small drop in the
core collapsed liquid level resulted from the liquid holdup in the SG U-tube up-
flow-side.

In the SB-CL-37 test, the collapsed liquid level recovered in the core after loop

seal clearing in both loops at the time of the first core uncovery. During the
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Figure 20. Collapsed liquid levels at SG U-tube upflow-side in intact loop and core in
SB-CL-36 test (ATWS with LOCA with 0.5% break at cold leg under no HPI).

second core uncovery period, the core power was automatically decreased to a
definite low level to avoid significant excursion of core temperatures. Steam
condensation on the ACC water in both cold legs enhanced core reflooding af-
terwards. In the SB-CL-36 test, by contrast, the core collapsed liquid level re-
mained by about 5/7 of the active core height thereby producing no increase in

the cladding surface temperature.

4. Conclusions

Regarding the new regulatory requirements for the Japanese light-water nuclear
power plants, the review of the major outcomes of the relevant LSTF IETs re-
sulted in the experimental identification of the thermal-hydraulic phenomena
involved. The identified phenomena had great impacts on the parameters essen-
tial for the thermal-hydraulic safety assessment (e.g. primary pressure, core col-
lapsed liquid level, and cladding surface temperature).

Recently, a series of IETs by use of the LSTF simulated MSGTR accident with
recovery operation being coupled with severe multiple system failure. As the
LSTF IET results, core uncovery would happen in the MSGTR accident under
assumptions that the ECCS and the AFW system are completely failed resulting
from loss of heat removal through the SGs.

Upcoming plans for the utilization of the LSTF are shown below. IET will be
conducted to simulate the following PWR events; (a) total LOFW transient with
the primary F & B mode, (b) MSLB-induced MSGTR accident with the recovery
action, (c) small-break LOCA with the AM measures on the CET reliability, and
(d) small-break LOCA with thermal stratification under cold water injection
from ECCS into cold legs. SET will be embarked at near-atmospheric pressure,

concerning the loss of ECCS recirculation functions in a large-break LOCA.
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The LSTF experimental databases would be desirable for the following main
subjects; (i) to cultivate better understanding of thermal-hydraulic phenomena
and transient responses and (ii) to establish sophisticated measures and proce-
dures for the PWR accidents and transients, and (iii) to further validate the pre-
dictive capabilities of best estimate system analysis codes for the underlying
phenomena and computational fluid dynamics codes for the local multidimen-

sional phenomena.
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