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a b s t r a c t

An experiment was performed using the large-scale test facility (LSTF), which simulated a 1% vessel
upper head small-break loss-of-coolant accident with an accident management (AM) measure under an
assumption of total-failure of high-pressure injection (HPI) system in a pressurized water reactor (PWR).
In the LSTF test, liquid level in the upper head affected break flow rate. Coolant was manually injected
from the HPI system into cold legs as the AM measure when the maximum core exit temperature
reached 623 K. The cladding surface temperature largely increased due to late and slow response of the
core exit thermocouples. The AM measure was confirmed to be effective for the core cooling. The
RELAP5/MOD3.3 code indicated insufficient prediction of primary coolant distribution. The author
conducted uncertainty analysis for the LSTF test employing created phenomena identification and
ranking table for each component. The author clarified that peak cladding temperature was largely
dependent on the combination of multiple uncertain parameters within the defined uncertain ranges.
© 2018 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Vessel head wall thinning was found at the Davis Besse reactor
in the US in 2002 [1]. This raised a safety issue concerning vessel
structural integrity. Circumferential cracking of penetration nozzle
for control rod drive mechanism may cause a small-break loss-of-
coolant accident (SBLOCA) at the vessel upper head in a pressurized
water reactor (PWR). Core exit thermocouples are utilized world-
wide as an important indicator to start an accident management
(AM) operator action by detecting core temperature excursion.
Experimental data, however, have been scarcely obtained for such
PWR vessel upper head SBLOCA with AM action.

A simulation test denoted as SB-PV-09 was carried out on a PWR
1.9% vessel upper head SBLOCA in 2005 [2] using the rig of safety
assessment/large-scale test facility (ROSA/LSTF) [3]. The LSTF sim-
ulates a Westinghouse-type four-loop 3423 MW (thermal) PWR by
a full-height and 1/48 volumetrically-scaled two-loop system. The
SB-PV-09 test assumed total-failure of high-pressure injection
(HPI) system of emergency core cooling system adverse to the core

cooling. This means that no automatic coolant injection takes place
from the HPI system into cold legs at a certain injection pressure.
The break size corresponds to the size of ejection of one whole
penetration nozzle for control rod drive mechanism. In the LSTF
test, the break size is defined based on the volumetric-scaled cross-
sectional area of the reference PWR cold leg [4]. In the SB-PV-09
test, steam generator (SG) secondary-side depressurization was
initiated by fully opening the relief valves in both SGs as the AM
measure when the maximum core exit temperature reached 623 K:
a criterion for Japanese PWR. At that time, however, the core power
was decreased to a certain low power in several steps to protect the
core because the maximum cladding surface temperature of the
simulated fuel rod exceeded the pre-determined criterion of 958 K.
Peak cladding temperature (PCT) should be influenced by such
automatic reduction in the core power. Meanwhile, some re-
searchers [5,6] have analyzed for the SB-PV-09 test by using TRACE
code but with no uncertainty evaluation.

An LSTF experiment denoted as SB-PV-07 was performed
simulating a PWR 1% vessel upper head SBLOCA with the AM
measure and totally-failed HPI system in 2005. The SB-PV-07 test
result confirmed no automatic decrease in the core power because
the PCT was below the criterion of 958 K (to be shown in Fig. 10)* Nuclear Regulation Authority, Roppongi, Minato-ku, Tokyo, 106-8450, Japan.
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unlike the SB-PV-09 test. The break size corresponds to about 1/2
size compared to the SB-PV-09 test. Coolant was manually injected
from the HPI system into cold legs as the AM measure when the
maximum core exit temperature reached 623 K. This study focused
on uncertainty evaluation for the SB-PV-07 test with RELAP5/
MOD3.3 code [7] in terms of the PCT. For that purpose, first, the
author conducted post-test analysis for the SB-PV-07 test by using
the RELAP5 code to assess the code predictive capability. Next, the
author made an attempt to set up phenomena identification and
ranking table (PIRT) [8] for the vessel upper head SBLOCA in view of
the importance of phenomena in determining the PCT. The LSTF
test data analysis and the post-test analysis with the RELAP5 code
were employed for the PIRT. Finally, the author carried out uncer-
tainty analysis for the SB-PV-07 test with the RELAP5 code using
the PIRT to investigate the influences of multiple uncertain pa-
rameters on the PCT. This paper is concerned with major results
from the LSTF test and the RELAP5 code analyses.

2. ROSA/LSTF

The LSTF simulates a Westinghouse-type four-loop 3423 MW
(thermal) PWRusing a two-loop systemmodel with full-height and
1/48 volume. The reference PWR of LSTF is Tsuruga Unit-2. Fig. 1
shows a schematic view of the LSTF that is composed of a pres-
sure vessel, pressurizer, and primary loops. Each loop includes an
active SG with 141 full-size U-tubes (inner-diameter of 19.6 mm
each), primary coolant pump, and hot and cold legs. To better
simulate the flow regime transitions in the primary loops, the hot
and cold legs (inner-diameter of 207 mm each) are sized to
conserve the volumetric scale (2/48) and the ratio of the length to
the square root of pipe diameter [9]. A control rod guide tube
(CRGT) forms the flow path between the upper head and the upper
plenum. To simulate the CRGT in the reference PWR, eight CRGTs in
the LSTF are attached to an upper core plate (UCP) and pass through
an upper core support plate, as shown in Fig. 2. To simulate the fuel
rod assembly in the reference PWR, the core (active height of
3.66 m) consists of 1008 electrically heated rods in 24 rod bundles.
The axial core power profile is a nine-step chopped cosine with a
peaking factor of 1.495. The LSTF maximum core power of 10 MW

corresponds to 14% of the volumetrically scaled PWR nominal core
power.

3. LSTF test and RELAP5 code analysis conditions

3.1. LSTF test conditions

The break was simulated by using a 10.1 mm inner-diameter
orifice mounted at the downstream of a horizontal pipe that was
connected to an upper head nozzle through an oblique pipe, as
shown in Fig. 2. The orifice size corresponds to 1% of the
volumetric-scaled cross-sectional area of the reference PWR cold
leg. The experiment was initiated by opening a break valve located
downstream of the break orifice at time zero. Initial steady-state
conditions such as pressurizer pressure and fluid temperatures in
the hot and cold legs were 15.5 MPa, 598 K, and 562 K, respectively,
according to the reference PWR conditions. Loss of off-site power
was assumed to occur concurrently with a scram signal when the
pressurizer pressure decreased to 12.97 MPa. The LSTF core power
decay curve after the scram signal was pre-determined based on
some calculations with the RELAP5 code considering delayed
neutron fission power and stored heat in PWR fuel rod [10]. Initial
SG secondary-side pressure was raised to 7.3 MPa to limit the
primary-to-secondary heat transfer rate to 10 MW, while 6.1 MPa is
nominal value in the reference PWR. Set point pressures for
opening and closure of SG relief valves were 8.03 MPa and
7.82 MPa, respectively, referring to the corresponding values in the
reference PWR. Manual coolant injection from the HPI system into
the cold legs was started as the AM measure at the maximum core
exit temperature of 623 K. The manual HPI coolant injection flow
rate was at a constant value of about 0.54 kg/s for each loop.

3.2. RELAP5 calculation conditions

For the LSTF test, a sharp-edge orifice was employed to simulateFig. 1. Schematic view of ROSA/LSTF.

Fig. 2. Schematic view of LSTF pressure vessel and break unit.
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the break. However, a critical flow model implemented in the
RELAP5/MOD3.3 code is developed by Ransom and Trapp [11] for
the simulation of a critical flow through a converging-diverging
nozzle. The post-test analysis for the LSTF test, therefore, was
performed with the RELAP5/MOD3.3 code by incorporating a two-
phase critical flow model proposed by Asaka et al. [12], which may
correctly predict the discharge rate through the sharp-edge orifice.
The model employs the Bernoulli incompressible orifice flow
equation with a discharge coefficient (Cd) of 0.61 for single-phase
discharge liquid [13], and the maximum bounding flow theory
with Cd of 0.61 for two-phase discharge flow [14]. This flow theory
assumes that no phase change occurs at all along the flow, and that
the local slip ratio is equal to (rliquid/rgas)1/3, where r is the fluid
density. A value of Cd of 0.84 was used for single-phase discharge
steam [15].

As can be seen in Fig. 3, the LSTF system was modeled in one-
dimensional manner including a pressure vessel, primary loops,
pressurizer, SGs, and SG secondary-side system. The total number
of volumes and junctions used for the LSTF systemwere about 180
and about 100, respectively, in the RELAP5 code analysis. The
nodalization of the pressure vessel included the CRGT considering
flow paths among the upper plenum, the upper head, and piping
with the break. To simulate coolant flow at the penetration at the
bottom, the author considered flow paths between the upper
plenum and the CRGT. The break was located at the end of the
horizontal pipe connected to the upper head through the oblique
pipe to simulate the corresponding facility configuration. To better
simulate the upper head collapsed liquid level, the upper head
located above the CRGT was represented by ten equal-height vol-
umes. The upper plenum was represented by five vertical volumes
considering coolant flow at the penetration holes at the CRGT
bottom. The core was represented by nine equal-height volumes

that were vertically stacked according to a nine-step chopped
cosine power profile along the length of the core. The radial power
distribution was then given considering the peaking factor and the
number of high-, mean-, and low-power rod bundles. The flow rate
of the manual HPI coolant injection initiated at the maximum core
exit temperature of 623 K was almost the same as that employed in
the LSTF test (to be shown in Fig. 7). Other initial and boundary
conditions were determined according to the LSTF test data.

4. LSTF test and RELAP5 code analysis results

4.1. Major phenomena observed in the experiment

Figs. 4e10 show the major phenomena observed in the LSTF
test. At early stages of the experiment, the collapsed liquid levels
evaluated from the measured differential pressures at the upper
head, the crossover leg downflow-side, and the core were over-
estimated due to the overestimation of the water head, as shown in
Figs. 5, 8 and 9. The primary pressure began to decrease after the
break, whereas the SG secondary-side pressure increased up to
8 MPa rapidly after the closure of the SG main steam isolation
valves following the scram signal (Fig. 4). The SG secondary-side
pressure fluctuated between 8.03 MPa and 7.82 MPa by cyclic
opening of the relief valves. The primary pressure fluctuated
because of the SG secondary-side pressure during the time period
of about 360e1360 s. The SGs became heat source at about 1840 s
when the primary pressure became lower than the SG secondary-
side pressure. The break flow rate is derived from differential of
the time-integrated break flow evaluated from the liquid level in-
crease in the break flow storage tank shown in Fig. 2. The break flow
rate roughly decreased stepwise when the break flow turned from
single-phase liquid to two-phase flow at about 100 s first, and then

Fig. 3. Noding schematic of LSTF for RELAP5 analysis. CRGT, control rod guide tube; HPI, high-pressure injection; SG, steam generator.
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Fig. 4. LSTF and RELAP5 results for primary and SG secondary-side pressures in loop
with pressurizer.

Fig. 5. LSTF and RELAP5 results for break flow rate and upper head collapsed liquid
level.

Fig. 6. LSTF results for break flow rate, break-upstream fluid density, and upper head
collapsed liquid level.

Fig. 7. LSTF and RELAP5 results for manual coolant injection flow rate from HPI system
in loop with pressurizer.

Fig. 8. LSTF and RELAP5 results for crossover leg downflow-side collapsed liquid level
in loop with pressurizer.

Fig. 9. LSTF and RELAP5 results for collapsed liquid levels at upper plenum and core.
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to single-phase vapor at about 1400 s (Fig. 5). A sketch of coolant
inventory distribution estimated from the measured data at 500 s
during two-phase flow discharge period is presented in Fig. 2.
Collapsed liquid level in the upper head is evaluated from the
measured differential pressure between symbols A and B shown in
Fig. 2. Liquid level in the upper head affected the break flow rate as
coolant in the upper plenum entered the upper head through the
CRGTs until the penetration holes at the CRGT bottomwere exposed
to steam in the upper plenum (Fig. 5). As indicated in Fig. 6, oscil-
lation in the upper head mixture level resulted in the oscillation in
the break flow rate through the break-upstream fluid density,
which was measured by using a three-beam gamma-ray densi-
tometer shown in Fig. 2. Themeasurement uncertainty was ±56 kg/
m3 for the break-upstream fluid density [3]. The upper head
mixture level oscillation was induced by the primary pressure
fluctuation because of the SG secondary-side pressure fluctuation
due to the cyclic opening of the SG relief valves (Fig. 4). The upper
plenum collapsed liquid level was kept constant at the penetration
holes at the CRGT bottom for a short time of about 1350e1420 s
(Fig. 9). Core uncovery took place by core boil-off after the upper
plenum became empty of liquid (Fig. 9). Then, a large drop occurred
in the collapsed liquid level at the crossover leg downflow-side
(Fig. 8). The core collapsed liquid level began to recover because
of the manual HPI coolant injection (Figs. 7 and 9).

Fig. 10 shows the core exit temperature at around the center of
UCP and the cladding surface temperatures at Positions 9 (¼ about
3.6 m above the core bottom) and 7 (¼ about 2.6 m above the core
bottom). The PCT was observed at Position 7. The core exit tem-
perature at around the center of UCP, where the peak temperature
appeared, began to rise at 1750 s. By contrast, the cladding surface
temperature at Position 9 started to increase at 1612 s. The core exit
thermocouples are installed 13 mm above the upper surface of UCP.
The time delay in the detection of steam superheating by the core
exit thermocouples was influenced by such factors as low-
temperature steam from the core peripheral region, low-
temperature structures around the core exit, and multi-
dimensional steam flow in the core due to steam flow towards
the break through the CRGTs. The maximum core exit temperature
reached 623 K at 1930 s that is 180 s after the start of the core exit
temperature increase. The peak core exit temperature was 713 K at
2196 s, while the PCT was 881 K at 2086 s. The core exit temper-
ature was kept saturated after 2330 s, while the whole core was
quenched by 2300 s.

4.2. Comparison of calculated results with test data

The RELAP5 code predicted the overall trends of the major
thermal-hydraulic responses observed in the LSTF test well. Some
discrepancies from the measured data, however, appeared in the
timings of major events as shown in Table 1. The code also under-
predicted the primary pressure due to the overprediction of the
break flow rate during two-phase flow discharge period (Figs. 4 and
5). The significant drop thus started in the upper plenum collapsed
liquid level earlier in the calculation compared to the LSTF test
(Fig. 9). The upper head collapsed liquid level was not properly
calculated during two-phase flow discharge period (Fig. 5). The
code reproduced the experimental observation that the upper
plenum collapsed liquid level was maintained constant at the
penetration holes (Fig. 9). However, the time until the empty upper
plenum after the start of the significant drop in the upper plenum
liquid level was longer in the calculation than that in the LSTF test
(Fig. 9). The core exit temperature and the cladding surface tem-
peratures began to rise later in the calculation compared to the LSTF
test (Fig. 10). The time delay until the start of the core exit tem-
perature rise after the initiation of the cladding surface tempera-
ture increase was qualitatively the same between the calculation
and the LSTF test. However, the increase rate of the core exit
temperaturewas larger in the calculation compared to the LSTF test
due to a difficulty in the prediction of multi-dimensional steam
flow, which resulted in earlier initiation of the manual HPI coolant
injection (Fig. 7). In the calculation only, large increases appeared in
the core collapsed liquid level and in the primary pressure (Figs. 4
and 9). This was due to loop seal clearing caused by a sudden drop
in the collapsed liquid level at the crossover leg downflow-side in
the calculation only because of the underestimation of steam
condensation on the HPI coolant that manually injected into the
cold legs (Figs. 7 and 8). The PCT appeared at the node of Position 7
(¼ about 2.4e2.8 m above the core bottom) in the calculation, and
the PCT was observed at Position 7 in the LSTF test (Fig. 10). Owing
to inadequate prediction of the level recovery in the core, thewhole
core quench was earlier in the calculation compared to the LSTF
test, and thus the PCT and the maximum cladding surface tem-
perature at Position 9 were underpredicted (Figs. 9 and 10).

5. Uncertainty analysis by RELAP5 code

5.1. Phenomena identification and ranking table (PIRT)

The author created the PIRT for each component in terms of the
importance of phenomena in determining the PCT. Table 2 shows
the PIRT and related uncertain parameters for the upper head
SBLOCA. The PIRT for the upper head SBLOCAwas based on the LSTF
test data analysis and the post-test analysis with the RELAP5 code,
referring to the PIRTs that had been developed for various kinds of

Fig. 10. LSTF and RELAP5 results for core exit temperature and cladding surface
temperatures.

Table 1
Chronology of major events in LSTF test and post-test analysis with RELAP5 code.

Event Test (s) Cal. (s)

Break valve open 0 0
Generation of scram signal 48 35
Start of significant drop in upper plenum liquid level 1300 1160
Termination of two-phase break flow 1400 1350
Empty upper plenum 1540 1550
Start of increase in cladding surface temperature 1612 1700
Start of increase in core exit temperature 1750 1770
Start of manual HPI coolant injection 1930 1880
Appearance of peak cladding temperature 2086 2080
Whole core quench 2300 2100

HPI, high-pressure injection.
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LOCA scenarios [16,17]. Each phenomenon is given a ranking of
high, medium, or low. High-, medium-, and low-ranked phenom-
ena respectively may have large, medium, and small effects on the
PCT. The high-ranked phenomena included critical flow at the
break, decay heat of the fuel rods, core two-phase mixture level,
core heat transfer, and steam condensation on the HPI coolant that
manually injected into the cold leg. The uncertain parameters
concerning the high-ranked phenomena will be explained in the
“Uncertainty Analysis Conditions” section. Two-phase mixture
levels in the upper head, the upper plenum and the downcomer,
stored heat of the fuel rods, core rewet, and bypass flow between
the upper head and the downcomer were included in the medium-
ranked phenomena. The other phenomena corresponded to the
low-ranked phenomena.

5.2. Uncertainty analysis conditions

The author considered the post-test analysis conditions as the
conditions of the base case. The initial conditions for the uncer-
tainty analysis were the same as those for the post-test analysis.
The author defined the parameters and the ranges used for the
uncertainty analysis relevant to the high-ranked phenomena ac-
cording to the PIRT, as shown in Table 3. The Cd through the break
for two-phase flow was in the range of 0.54e0.68 to clarify the
effects of the relatively small difference on the cladding surface
temperature, while avoiding significant differences between the
post-test and uncertainty analysis results for the major thermal-
hydraulic responses. The range of the core decay power was the

specified value ± 0.1 MW, which covers the measurement uncer-
tainty of ±0.07 MW [3]. In the RELAP5 code, gas-liquid inter-phase
drag model in the core is based on the work on interfacial area and
drag in circular pipe geometries by Ishii and Mishima [18]. The gas-
liquid inter-phase drag in the core ranged from 50% to 150% to
clarify the effects of the relatively large difference on the cladding
surface temperature, referring to the related analytical approach by
Kumamaru et al. [19]. The film boiling heat transfer is estimated
with the correlations developed by Bromley [20] and Sun-
Gonzalez-Tien [21]. The convective heat transfer in the single-
phase steam flow is calculated by using the maximum value
among the estimation based on the correlations obtained by Dittus-
Boelter [22], Sellars-Tribus-Klein [23], and Churchill-Chu [24]. The
film boiling and steam convective heat transfer coefficients in the
core were in the range of 50%e150% to clarify the effects of the
relatively large difference on the cladding surface temperature. The
range of the core exit temperature that initiated the manual HPI
coolant injection was 623 ± 3 K, according to the measurement
uncertainty [3]. The range of the manual HPI coolant injection flow
rate was 0.54 ± 0.04 kg/s, which covers the measurement uncer-
tainty of ±0.02 kg/s [3].

The core decay power had the unknown uncertainty of the
calculation-based value by using the RELAP5 code, as well as the
measurement uncertainty. The gas-liquid inter-phase drag in the
core, and the film boiling and steam convective heat transfer co-
efficients in the core included the unknown uncertainty of the
physical models in the RELAP5 code. The normal distribution was
thus applied to the three uncertain parameters. As for the

Table 2
PIRT and related uncertain parameters for vessel upper head SBLOCA.

Component Phenomenon Rank Parameter

Break Critical flow H Discharge coefficient through break for two-phase flow
Upper head Two-phase mixture level M Gas-liquid inter-phase drag in upper head

Horizontal stratification L Gas-liquid relative velocity in upper head
Upper plenum Two-phase mixture level M Gas-liquid inter-phase drag in upper plenum

Horizontal stratification L Gas-liquid relative velocity in upper plenum
Fuel rods Decay heat H Core decay power

Stored heat M Thermal conductivity of fuel rod
Heat capacity of fuel rod

Core Two-phase mixture level H Gas-liquid inter-phase drag in core
Heat transfer H Film boiling and steam convective heat transfer coefficients in core
Rewet M Boiling heat flux in core

Downcomer Two-phase mixture level M Gas-liquid inter-phase drag in downcomer
Bypass flow between upper head and downcomer M Form loss coefficient in upper head spray nozzle
Bypass flow between hot leg leak line and downcomer L Form loss coefficient in hot leg nozzle

Hot leg Horizontal stratification L Gas-liquid relative velocity in hot leg
SG Steam discharge through SG secondary-side valve L Discharge coefficient through SG relief valve
Crossover leg Horizontal stratification L Gas-liquid relative velocity in crossover leg
Cold leg Steam condensation on coolant that manually injected from HPI system H Core exit temperature that initiated manual HPI coolant injection

Manual HPI coolant injection flow rate
Horizontal stratification L Gas-liquid relative velocity in cold leg

Primary coolant pump Flow resistance L Resistance coefficient in primary coolant pump
Coastdown performance L Rotation speed of primary coolant pump

H, high-ranked phenomenon; HPI, high-pressure injection; L, low-ranked phenomena; M, medium-ranked phenomenon; PIRT, phenomena identification and ranking table;
SBLOCA, small-break loss-of-coolant accident; SG, steam generator.

Table 3
List of parameters and ranges used for uncertainty analysis.

Parameter Base case value Range Distribution

Discharge coefficient through break for two-phase flow 0.61 [0.54, 0.68] Uniform
Core decay power Specified value MW [e0.1, þ0.1] MW Normal
Gas-liquid inter-phase drag in core 100% [50, 150]% Normal
Film boiling and steam convective heat transfer coefficients in core 100% [50, 150]% Normal
Core exit temperature that initiated manual HPI coolant injection 623 K [620, 626] K Uniform
Manual HPI coolant injection flow rate 0.54 kg/s [0.50, 0.58] kg/s Uniform

HPI, high-pressure injection.
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remaining three uncertain parameters, the Cd through the break for
two-phase flow had influences on the predictability of the RELAP5
code for critical flow. The core exit temperature and themanual HPI
coolant injection flow rate respectively were related to the onset
timing and the method of the AMmeasure. The distribution for the
remaining three uncertain parameters was thus considered as the
uniform distribution.

The author applied the following formula at the pth order by
Guba et al. [25] to determine the necessary number n of the com-
puter code runs.

Xn�p

j¼0

n!
ðn� jÞ!j!a

jð1� aÞn�j � b; (1)

where a is the probability and b is the confidence level. The author
selected 124 cases as the required number of the computer code
calculations for a 95% probability and 95% confidence level, and the
third order. For 124 cases, a random value for each set of the un-
certain parameters was generated by simple random sampling.

5.3. Uncertainty analysis results

Fig. 11 shows the relationship between the PCT and the cumu-
lative value of the 124 calculated runs for the uncertainty analysis.
The frequency at certain values of the calculated PCT was distrib-
uted randomly. The calculated minimum and maximum PCTs were
estimated to be 826 K and 945 K, respectively. The experimental
result for the PCT of 881 K was a value between the calculated
minimum and maximum PCTs. The time when the PCT appeared
was in the range of 1881 s to 2523 s in the calculated runs, whereas
the PCT was observed at 2086 s in the experiment. There was no
definite correlation between a value of PCT and the time when the
PCT appeared. Fig. 12 shows the calculated results of order statistics
for the maximum to fifth-maximum PCTs, which are compared to
the base case calculation. Owing to the 124 calculated runs ac-
cording to the order statistics, the calculated third-maximum PCTof
936 K corresponded to a value of PCT with a 95% probability and
95% confidence level [26].

The author applied the following Spearman's rank correlation
coefficient rs [27], that is a nonparametric measure of rank corre-
lation statistically depending on the ranking of two variables of x
and y, to identify the strength of a relationship between two sets of
data.

rs ¼ 1�
6
P
i
ðxi � yiÞ2

ns
�
ns2 � 1

� ; (2)

where x is the rank for input variable (i.e. uncertain parameter), y is
the rank for output variable (i.e. PCT), and ns is the number of data
sets (i.e. number of the calculated runs). The rs values for the Cd
through the break for two-phase flow, the core decay power, the
core inter-phase drag, the film boing and steam convective heat
transfer coefficients in the core, the core exit temperature, and the
manual HPI coolant injection flow rate were estimated to be �0.02,
0.67, 0.15, �0.71, 0.15, and 0.11, respectively, as shown in Table 4.
The Cd through the break for two-phase flow, core inter-phase drag,
the core exit temperature, and the manual HPI coolant injection
flow rate were poorly correlated with the PCT because the absolute
values of the rs were below 0.2 [28]. The PCT was thus largely
influenced by the combination of the multiple uncertain parame-
ters including the core decay power, and the film boing and steam
convective heat transfer coefficients in the core within the defined

Fig. 11. Relationship between peak cladding temperature (PCT) and cumulative value
of calculated runs for RELAP5 uncertainty analysis.

Fig. 12. RELAP5 calculated results of order statistics for maximum to fifth-maximum
peak cladding temperatures (PCTs).

Table 4
Spearman's rank correlation coefficient for uncertain parameter.

Parameter Spearman's rank correlation coefficient

Discharge coefficient through break for two-phase flow �0.02
Core decay power 0.67
Gas-liquid inter-phase drag in core 0.15
Film boiling and steam convective heat transfer coefficients in core �0.71
Core exit temperature that initiated manual HPI coolant injection 0.15
Manual HPI coolant injection flow rate 0.11

HPI, high-pressure injection.
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uncertain ranges.

6. Conclusions

An LSTF experiment was conducted simulating a PWR 1%
vessel upper head SBLOCA with an AM measure under an
assumption of total-failure of HPI system. Coolant was manually
injected from the HPI system into cold legs as the AM measure
when the maximum core exit temperature reached 623 K. The
results of the LSTF test were compared with the post-test analysis
results by the RELAP5/MOD3.3 code to assess the code predictive
capability. Uncertainty analysis for the LSTF test was carried out
further with the RELAP5 code to investigate the influences of
multiple uncertain parameters on the PCT. Major results are
summarized as follows:

1. In the LSTF test, liquid level in the upper head affected break
flow rate as coolant in the upper plenum entered the upper head
through CRGTs until the penetration holes at the CRGT bottom
were exposed to steam in the upper plenum. The primary
pressure fluctuated because of the SG secondary-side pressure
fluctuation due to cyclic opening of the SG relief valves, which
resulted in oscillation in the upper head mixture level. A large
increase occurred in the cladding surface temperature because
of late and slow response of the core exit thermocouples. The
whole core was quenched because of the manual HPI coolant
injection.

2. The RELAP5 code predicted the overall trends of the major
thermal-hydraulic responses observed in the LSTF test well. The
code, however, underpredicted the primary pressure due to the
overprediction of the break flow rate during two-phase flow
discharge period. The code did not properly calculate the upper
head collapsed liquid level during two-phase flow discharge
period. Owing to inadequate prediction of the level recovery in
the core, the whole core was quenched earlier in the calculation
compared to the LSTF test, and thus the PCT was
underpredicted.

3. The author created the phenomena identification and ranking
table for the vessel upper head SBLOCA from the viewpoint of
the importance of phenomena in determining the PCT. Through
the uncertainty analysis, the author found the PCT was largely
dependent on the combination of the multiple uncertain pa-
rameters including the core decay power, and the film boiling
and steam convective heat transfer coefficients in the core
within the defined uncertain ranges.
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Nomenclature

AM accident management

Cd discharge coefficient
CRGT control rod guide tube
HPI high-pressure injection
LOCA loss-of-coolant accident
LSTF large-scale test facility
PCT peak cladding temperature
PIRT phenomena identification and ranking table
PWR pressurized water reactor
ROSA rig of safety assessment
SBLOCA small-break loss-of-coolant accident
SG steam generator
UCP upper core plate
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