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a b s t r a c t

The phenomenon identification and ranking table (PIRT) is an important basis in the nuclear power plant
(NPP) thermal-hydraulic analysis. This study focuses on the importance ranking of the input parameters
when lacking the PIRT, and the target scenario is the small break loss of coolant accident (SBLOCA) in a
pressurized water reactor (PWR) CPR1000. A total of 54 input parameters which might have influence on
the figure of merit (FOM) were identified, and the sensitivity measure of each input on the FOM was
calculated through an optimized moment-independent global sensitivity analysis method. The impor-
tance ranking orders of the parameters were transformed into the Savage scores, and the parameters
were categorized based on the Savage scores. A parameter importance ranking table for the SBLOCA
scenario of the CPR1000 reactor was obtained, and the influences of some important parameters at
different break sizes and different accident stages were analyzed.
© 2020 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

Best estimate plus uncertainty (BEPU) analysis is a method
developed for safety analysis and license application of the NPPs,
and it was recommended by the International Atomic Energy
Agency (IAEA) [1]. Ever since the first BEPU method, namely the
CSAU [2], was proposed, many BEPUmethods have been developed
and adopted for NPP safety analysis. These methods can be classi-
fied into the input-driven method, the output-driven method and
the hybrid method [3]. Among them, the input-driven method is
widely adopted, such as the CSAU, GRS [4], ASTRUM [5], AREVA's [6]
and so on.

The structure of the NPP is very complex, and many related
systems are also contained in it. Therefore, a large number of inputs
are involved when simulating the NPP, such as the initial/boundary
conditions, material properties, state parameters, constitutive
models and so on. It is unrealistic to take all the uncertain inputs
into consideration in the BEPU analysis, so that certain procedures
are required to identify and screen the important inputs for the
simplification of the analysis. The most commonly used procedure
is the PIRT. Generally speaking, specific methods are required in
order to develop a PIRT, such as the analytic hierarchy process
.

by Elsevier Korea LLC. This is an
(AHP) [7] or the multiple criteria decision analysis (MCDA) [8]
method. Expert experience is highly relied on in the methods for
importance evaluation from systems, components, to specific
phenomena or parameters of the NPP. Then, the importance of the
phenomena or parameters is characterized in qualitative ways. For
example, using H, M, and L to represent the high, medium, and low
importance, respectively.

The PIRT can initially identify the important phenomena,
models or parameters during the accident scenario, so that it is
generally adopted in the BEPU analysis. However, there are some
difficulties in practical applications. First, the cost of establishing a
PIRT is significant. And theoretically speaking, corresponding PIRTs
must be established for different types of reactor or at different
accident scenarios. Therefore, the conservative safety analysis is
still widely utilized worldwide as there are no perfect PIRTs for
many specific reactors. In addition, the development of the PIRT
highly depends on relevant expert experience. The measure often
taken in the absence of expert experience is to refer to existing
PIRTs from similar reactors.

In the transient safety analysis of the NPP, the large break loss of
coolant accident (LBLOCA) is the most concerned scenario [9,10].
Compared to the LBLOCA, less BEPU analysis researches were car-
ried out for the SBLOCA since the accident consequence is relatively
light, so that there are not many PIRTs about the SBLOCA. In the
previous work of the research [11], the BEPU analysis of the
SBLOCAs with different break sizes for the CPR1000 reactor was
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Nomenclature

AHP analytic hierarchy process
BEPU best estimate plus uncertainty
CDF cumulative distribution function
FOM figure of merit
HDMR high dimensional model representation
HPIS high pressure injection system
IAEA International Atomic Energy Agency
LBLOCA large break loss of coolant accident
MCDA multiple criteria decision analysis
MCL minimum collapsed level
NPP nuclear power plant
PDF probability density function
PIRT phenomenon identification and ranking table
PWR pressurized water reactor
SBLOCA small break loss of coolant accident
SG steam generator
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performed. However, due to the lack of SBLOCA PIRT of the
CPR1000 reactor, the uncertain inputs parameters were identified
mainly by referring to similar PIRTs, which may lead to the
consequence that unimportant parameters were taken into ac-
count. Furthermore, the local sensitivity analysis method, namely
the Spearman correlation coefficient method, was adopted in the
previous work, and the sensitivity analysis results proved to be
inaccurate when drawing the conclusions [11].

In order to obtain reliable parameter importance ranking results
for the CPR1000 SBLOCA scenario as well to analyze the influences
of the important parameters during the transient, the moment-
independent global method was adopted to carry out quantitative
sensitivity analysis of the SBLOCA at different break sizes. The
parameter importance ranking orders of the input parameters were
obtained based on the calculated sensitivity measures, and then the
orders were transformed into the Savage scores so that the pa-
rameters can be categorized based on the Savage scores. A
parameter importance ranking table for CPR1000 SBLOCA was
obtained and the influences of some important parameters at
different break sizes and different accident stages are discussed.

The rest of the paper is organized as follows. The description and
SBLOCA transient analysis of the CPR1000 reactor are presented in
Section 2. The optimized moment-independent global sensitivity
analysis method utilized in the study is introduced in Section 3. In
Section 4, the global sensitivity analysis calculations are carried for
the CPR1000 SBLOCAs at different break sizes, and the calculated
results are further analyzed. Conclusions are made in Section 5.
2. Description and transient analysis of CPR1000

2.1. Description of the CPR1000

The target NPP in the study is the typical three-loop PWR
CPR1000, and detailed description of the CPR1000 can be found in
the literature [12]. The scenario considered in the study was the
SBLOCA with the break occurring at the cold leg of the loop where
the pressurizer locates when the reactor is operating at full power.
The nodalization modelling scheme is presented in Fig. 1.

As discussed in the previous work, the sizes of the break were
determined to be 0.2%, 0.4%, 0.6%, 0.8% and 1.0% of the cross-
sectional area of the cold leg, respectively. And the minimum
collapsed level (MCL) in the active core section was determined to
be the FOM. The operation conditions and assumptions of the
scenario are summarized as follows.

(1) As conservative assumptions, the reactor will scram when
the pressure in the pressurizer is lower than 12.93 MPa, and
the primary pumps will trip at the same time;

(2) The high pressure injection system (HPIS) will be activated
when the pressure in the pressurizer is lower than 11.76MPa,
and the accumulators will be activated at 4.53 MPa;

(3) The isolation of the main feed water system and the initia-
tion of the auxiliary feed water system will be delayed as a
conservative assumption.
2.2. Transient analysis of the CPR1000 SBLOCA

In the previous work of the research [11], base case calculations
at five different break sizes were performed. Some of the important
calculation results are presented below from Fig. 2 to Fig. 6 to
illustrate the transient phenomena.

Based on the results, some of the important events during the
accident were sorted, and a time line was obtained for each break
size case, as presented in Fig. 7.

Based on the results presented above, the CPR1000 SBLOCA
transient can be divided into four main accident process phases, as
introduced below.

Blow down phase: The reactor is operating at full power during
the steady state. After the small break occurs, the coolant quickly
flows out from the break, leading to a sharp pressure drop in the
primary loop. However, the reactor is not shutdown in time as the
scram signal is not triggered. The main coolant pumps are still
running, and the coolant in the loop is in a forced circulation state.
When the pressure drops to 12.93 MPa, the reactor scrams, fol-
lowed by the trip and idling of the main coolant pumps.

Natural circulation phase: After the main coolant pumps stop
running, the coolant in the primary loop enters the natural circu-
lation phase, and the flow in the primary loop depends on the
density difference of the coolant. The boiling phenomenon begins
mainly in the phase, firstly starts in the core section and the hot leg.
Gradually the void appears inside the U-tubes of the steam
generator (SG), which indicates the start of the loop seal. It should
be noted that the natural circulation phase is considered to be over
when the filled loop seal exists in this study. Generally speaking,
the natural circulation phase mainly contains three stages, that is,
the single-phase liquid flow, steam-water two-phase flow and
reflux cooling. In this study, the steam-water two-phase flow is the
main stage. The single-phase liquid flow is only observed in the
0.2% break size case, and the reflux cooling phenomenon happens
at the end of the natural circulation phase defined in the study.

Filled loop seal and clearing phase: The decay heat in the core is
removedmainly through the SGs and the break. After the filled loop
seal occurs, themass flow rate in the loop reaches aminimumvalue
(0.4% case) or zero (0.6%, 0.8% and 1.0% cases), as shown in Fig. 8,
and the pressure in the secondary side becomes larger than the
primary side, as shown in Fig. 7. Therefore, the decay heat can
hardly be removed through the SGs. The deterioration of heat ex-
change capacity of the SGs leads to the strong boiling phenomenon
in the core section, and a large amount of steam is generated and
accumulated in the upper plenum. The collapsed core level will
drop significantly at this time, and the cladding temperature
excursion is also observed. After the filled loop seal begins to be
cleared, the core level can recover. It should be specifically pointed
out that the filled loop seal stage is not existing in the 0.2% break
size case, while it is very short and unstable in the 0.4% break size
case, as can be seen from Fig. 3(b) and Fig. 8.



Fig. 1. Nodalization modelling scheme of the CPR1000 SBLOCA.

Fig. 2. Important calculation results of CPR1000 SBLOCA - 0.2% case.
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Long-term cooling phase: The core level is restored in the phase,
and the coolant can fully remove the decay heat from the core.

In the base case calculations, two important state parameters of
the CPR1000 during the SBLOCA are the primary pressure and the
collapsed level in the active core section. And the calculated pri-
mary pressure of five different cases with different break sizes is
presented in Fig. 9.

It can be seen from Fig. 9 that the primary pressure decreases
rapidly in each case after the break occurs. Since the break size is
small, the pressure drop rate of the 0.2% case is smaller than the
other four cases. It can also be seen from Fig. 2 that the primary
pressure is larger than the secondary pressure for a long time, and
the loop seal phenomenon is not observed in the case. Besides, the
HPIS is able to remove the decay heat form the core, so that the
pressure of the 0.2% case is much higher than the other cases. A
pressure platform is observed in each case, and the decay heat is
removed through the heat conduction or reflux cooling in the U-
tubes as well as the discharge from the break during the pressure
platform stage. It can also be seen from Fig. 9 that the larger the
break size, the smaller the final stable pressure.

The calculated collapsed level in the active core section in each
case is presented in Fig. 10.

It can be seen from Fig. 10 that the core collapsed level in the
0.2% case only slightly decreases in the blow down phase since the
break size is small. The main reason for the level drop in the blow
down phase is that a flash phenomenon is observed. The void
fraction in the pressurizer, hot leg, upper plenum and upper core
section as well as the primary pressure during the blow down



Fig. 3. Important calculation results of CPR1000 SBLOCA - 0.4% case.

Fig. 4. Important calculation results of CPR1000 SBLOCA - 0.6% case.
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phase is presented in Fig. 11.
As shown in Fig. 11(a), the flash phenomenon starts in the upper

liquid section of the pressurizer, and it spread along the hot leg to
the upper core section with the continuous pressure drop in the
primary loop. A saturated boiling phenomenon is then observed at
the top of the active core section, and the subcooled boiling also
happens in the upper core area. After the reactor scrams and the
main pumps trip, a short-term pressure rise is observed as pre-
sented in Fig. 11(b), so that the flash and boiling phenomenon stop,
and the void fraction in the core section becomes zero. The level
drop phenomenon in the blow down phase is also observed in the
other four cases, as presented in Fig. 10(b). But the MCLs in the four
cases occur in the filled loop seal and clearing phase since the break
sizes are relatively large. In addition, the short-term loop seal
Fig. 5. Important calculation results
phenomenon is also observed in the filled loop seal clearing stage
when the break size is larger than 0.6% of the cross-sectional area of
the cold leg, which is caused as a result of the condensate falling
down from the SG U-tubes.

As mentioned above, theMCL in the active core section occurs in
two different phases when the break sizes are different. The MCL
occurs in the blow down phase when the break size is small, while
it occurs in the filled loop seal and clearing phase when the break
size is large. Since the thermal-hydraulic phenomena are quite
different in the two phases, the reasons for the collapsed level drop
are also different. For the purpose of determining the influence of
each input parameter on the MCL in the two phases, the impor-
tance ranking calculations, namely the sensitivity analysis, were
carried out.
of CPR1000 SBLOCA - 0.8% case.



Fig. 6. Important calculation results of CPR1000 SBLOCA - 1.0% case.
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3. Introduction of the sensitivity analysis method

As the local sensitivity analysis method is difficult to obtain
accurate conclusions on parameter importance rankings, especially
when the number of the input parameters is very large. Therefore,
more accurate and reliable methods are required, such as the global
sensitivity analysis method. In the study, the moment-independent
global sensitivity analysis method was adopted [13], which aims at
evaluating the influence of the input parameter on the probability
density function (PDF) or cumulative distribution function (CDF) of
the FOM. The method adopted in the study are described below.
3.1. Moment-independent sensitivity measure

Assuming that model Y ¼ g(X) consists of k input parameters,
i.e., X¼(X1, X2,…, Xk)T. The PDF of each uncertain input is denoted as
fXi(xi). The unconditional and conditional PDF/CDF of Y are denoted
as fY(y), fY|Xi(y), FY(y) and FY|Xi(y), respectively. The sensitivity
Fig. 7. Time lines for diffe
measure of the i-th input parameter can be expressed as,

di ¼
1
2

ð
sðXiÞfx1ðxiÞdxi (1)

where s(Xi) is the shift between the unconditional and conditional
PDFs of Y, denoted as,

sðXiÞ¼
ð����fyðYÞ � fYjxi

ðyÞ
����dy (2)

As can been seen from the definition, the total computational
cost of the moment-independent method is very high as a double-
loop integral calculation is required. And also, the simulation of the
CPR1000 SBLOCA transient is very time-consuming, it takes several
hours for one single code run. Therefore, it is difficult to directly
calculate the moment-independent sensitivity measure of each
input parameter using the conventional sampling method, and an
optimized method was adopted in the study.
rent break size cases.



Fig. 8. Mass flow rate in the broken loop of different cases.
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3.2. The optimized method

An optimized moment-independent method with low compu-
tational cost and relatively high accuracy was utilized in the study
[14]. Several mathematical techniques are adopted in the optimized
method. First, the five-order Gaussian quadrature scheme is
adopted to replace the integral calculation due to its high precision
[15], and Eq. (1) can be expressed as,

di ¼
1
2

ð
sðXiÞfXi

ðxiÞdxi»
1
2

X5
j¼1

ui;js
�
Xi;j

�
(3)

where ui,j and Xi,j stand for the Gaussian quadrature weight value
and Gaussian quadrature point, respectively [15]. It can be seen that
the key to solving di is to solve s(Xi,j).

Based on Eq. (2), to solve s(Xi,j), the conditional and uncondi-
tional PDF of Y should be obtained in advance. In the work of Liu
et al. [16], a method to solve s(Xi,j) by using the conditional and
unconditional CDF of Y was proposed, and it is adopted in the
optimized method. According to the definition of CDF, it can be
expressed as,

FYðyÞ¼PfgðXÞ � y�0g¼PfzðX; yÞ�0g ¼ PffzðX; yÞg (4)

where, zðX; yÞ ¼ gðXÞ � y and Pf is the failure probability of z.
Fig. 9. Base case calculation result of CPR1000 SBLOCA - primary pressure.
Therefore, the CDF of Y equals to Pf. In the optimized method, the
failure probability of z is calculated through the four-order moment
estimation method [17] and the Pearson system [18,19]. And the
Cut-high dimensional model representation (HDMR) algorithm
[20] is also utilized in the optimized method to decrease the
computational cost.

The validation and specific implementation steps of the opti-
mized method used in the study can be found in reference [14]. It
should be noted that the computational cost of the method is about
4e5 times the number of the input parameters.

3.3. The Savage score

The sensitivity measure for each input parameter obtained
through the optimized method can be utilized to represent the
importance level of the parameter. However, the values of the
sensitivity measure for each parameter cannot be directly
compared at different cases. Therefore, the sensitivity measures are
firstly transferred into the ranking orders. For example, the ranking
order of the most important parameter is 1, followed by the other
parameters.

The ranking orders of each parameter can be compared to reveal
the change of the importance level at different accident phases or
different break size cases. However, the weight of the top ranks
would be the same as the low ranks in this way. Since the output of
interest is mostly affected by a few top parameters, the importance
weights of parameters should decrease with the ranks, which can
be achieved by replacing the ranks with the Savage scores [21].

The Savage score can be calculated through the following
equation.

Si ¼
Xk
m¼Ri

1
m

(5)

where k is the total number of the input parameters, Ri and Si are
the importance ranking order and the Savage score of the i-th input
parameter, respectively.

4. Sensitivity analysis for CPR1000 SBLOCA

4.1. Results of the sensitivity analysis

Since the final safety analysis report of the CPR1000 was ob-
tained with conservative calculations but not the BEPU analysis,
there is no corresponding PIRT for the CPR1000 SBLOCA scenario. In
the previous work [11], a total of 54 input parameters which may
have influences on the MCL were identified by referring to similar
PIRTs [22,23] and by analyzing the important thermal-hydraulic
phenomena observed in the base case calculations. The un-
certainties of the identified parameters were also evaluated in the
previous work, as listed in Table 1.

Since the uncertainty analysis of the CPR1000 SBLOCA has been
carried out in the previous work of this research, this study focused
on the global sensitivity analysis of the CPR1000 SBLOCA. According
to the optimized moment-independent method introduced in
Section 3, a total of 217 code runs are required to calculate the
sensitivity measures of the 54 input parameters on the FOM.
Therefore, 217 code runs were carried out for each of the five break
size cases, and the moment-independent sensitivity measures of
the inputs on the MCL in the active core section during the blow
down phase and the filled loop seal and clearing phase were
calculated. The results are presented in Fig. 12 to Fig.16. It should be
noted that since there is no filled loop seal and clearing phase in the
0.2% break size case, there is no corresponding sensitivity analysis



Fig. 10. Base case calculation result of CPR1000 SBLOCA - core collapsed level.
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result.
In the previous work, a local method was adopted for the

sensitivity analysis in the filled loop seal and clearing phase. The
parameter with the top influence on the MCL in different break
sizes determined through the local method was the critical flow
model, which is consistent with the global sensitivity analysis
result. While the other results are quite different in different break
sizes for the two methods. The local sensitivity analysis is not
appropriate for the complex nuclear systems, and it can be seen
that the parameters which were determined to have no influence
on the MCL based on the moment-independent method were
identified as important parameters by the local method. For
example, during the filled loop seal and clearing phase in the 0.6%
break size case, the sensitivity measure of the ‘wall heat transfer
model for reflood-gas phase’ is calculated to be zero based on the
moment-independent method, which is due to the fact that the
reflood phenomenon was not observed in the case. While it is
determined to be the 4-th most important parameter based on the
local method. The result obtained through the global moment-
Fig. 11. Void fraction and primary pressure in th
independent method is much more reliable than that of the local
method, so that the following discussion is made based on the
results of the moment-independent method.

In order to characterize the influence of each input parameter on
the MCL in different break size cases and at different accident
phases more clearly, the importance ranking orders of the input
parameters were transformed into the Savage scores [21]. So that
the parameters can be categorized based on the Savage scores.
Based on Eq. (5), the Savage scores of the inputs were obtained, and
the influences of the parameters were classified into four groups,
that is, high importance (H), medium importance (M), low impor-
tance (L) and no influence (N).

Based on the sensitivity analysis results in the blow down phase,
a total of 16 input parameters were determined to have no influ-
ence on the MCL, so that these parameters were classified as N. The
remaining 38 parameters can be evenly grouped. Parameters of the
order 1 to 13 were classified as H, parameters of the order 14 to 26
were classified as M, and parameters of the order 27 to 38 were
classified as L. The Savage score of the parameter ranked 13 is
e blow down phase of 0.2% break size case.



Table 1
Uncertainty distributions and intervals of the inputs of CPR1000 SBLOCA.

No. Parameter Distribution Interval

1 Decay power Normal (0.92, 1.08)
2 Metal-water reaction model Normal (0.6392, 1.0850)
3 Gap size Normal (0.8, 1.2)
4 Critical heat flux Normal (0.7735, 1.6703)
5 Film boiling heat transfer model - liquid

phase
Log-normal (0.5911, 2.4546)

6 Film boiling heat transfer model - gas phase Log-normal (0.4741, 1.8750)
7 Wall heat transfer model for reflood - liquid

phase
Log-normal (1.1011, 1.7496)

8 Wall heat transfer model for reflood - gas
phase

Log-normal (0.4051, 0.9007)

9 Interfacial friction model for reflood Log-normal (0.4784, 1.0050)
10 Entrainment model Normal (0.6696, 1.6230)
11 Subcooled interfacial heat transfer model Normal (0.5167, 2.1949)
12 UO2 specific heat Normal (0.98, 1.02)
13 UO2 conductivity Normal (0.9, 1.1)
14 Critical flow model Normal (0.7607, 1.2559)
15 Counter-current flow limitation model Uniform (0.9, 1.1)
16 Upper header - initial temperature Uniform (565.94, 575.94)K
17 Upper plenum - form loss coefficient Log-normal (0.5, 2.0)
18 Initial power Normal (2837.1, 2952.9)

MW
19 Core - form loss coefficient Uniform (0.8, 1.2)
20 Core - wall roughness in bypass channel Log-normal (0.5, 2.0)
21 Core - hydraulic diameter Normal (0.98, 1.02)
22 Hot rod - radial peaking factor Normal (0.95, 1.05)
23 Hot rod - axial peaking factor Normal (0.95, 1.05)
24 Initial pressure in fuel rod Normal (6.2, 6.4)MPa
25 Downcomer - hydraulic diameter Normal (0.98, 1.02)
26 Downcomer - wall roughness Log-normal (0.5, 2.0)
27 Intact loop - cold leg temperature Normal (563.94, 567.94)K
28 Intact loop - hot leg temperature Normal (598.36, 602.36)K
29 Intact loop - cold leg wall roughness Log-normal (0.5, 2.0)
30 Intact loop - hot leg wall roughness Log-normal (0.5, 2.0)
31 Hydraulic diameter of the hot leg Normal (0.98, 1.02)
32 Broken loop - cold leg temperature Normal (563.94, 567.94)K
33 Broken loop - hot leg temperature Normal (598.36, 602.36)K
34 Broken loop - cold leg wall roughness Log-normal (0.5, 2.0)
35 Broken loop - hot leg wall roughness Log-normal (0.5, 2.0)
36 Containment pressure Uniform (0.85, 1.15)
37 Pressurizer - initial level Normal (6.9, 7.1) m
38 Pressurizer - initial pressure Normal (15.4, 15.6)MPa
39 Pressurizer - form loss coefficient in surge

line
Log-normal (0.5, 2.0)

40 Main pump - head multiplier Normal (0.9, 1.1)
41 Main pump - torque multiplier Normal (0.9, 1.1)
42 Main pump - form loss coefficient Log-normal (0.5, 2.0)
43 Steam generator - blockage Normal (0, 5%)
44 Steam generator - form loss coefficient Uniform (0.8, 1.2)
45 Steam generator second side - initial level Normal (0.95, 1.05)
46 Steam generator second side - initial

pressure
Normal (6.65, 6.85)MPa

47 Trigger pressure for safety injection system Normal (11.76, 11.92)
MPa

48 High pressure safety injection temperature Normal (313.15, 333.15)K
49 Accumulator - initial pressure Normal (4.33, 4.73)MPa
50 Accumulator - form loss coefficient Log-normal (0.5, 2.0)
51 Accumulator - initial temperature Normal (313.15, 333.15)K
52 Accumulator - initial inventory Normal (31.387, 33.012)

m3

53 Delay of the main feed water system
isolation

Normal (1, 5)s

54 Delay of the auxiliary feed water system Normal (30, 60)s

Interval with no unit represents the dimensionless uncertainty multiplier.
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1.4722, while it is 0.7595 for the parameter ranked 26.
As to the filled loop seal and clearing phase, only 7 parameters

were determined to have no influence on the MCL, which were
classified as N. The remaining 47 parameters were also evenly
grouped. Parameters of the order 1 to 16 were classified as H, pa-
rameters of the order 17 to 32 were classified as M, and parameters
of the order 33 to 47 were classified as L. The Savage score of the
parameter ranked 16 is 1.2572, while it is 0.5482 for the parameter
ranked 32.

According to the final processing of the results, the parameter
importance ranking table of the CPR1000 reactor during the
SBLOCA scenario was obtained, as summarized in Table 2. It should
be noted that the parameters with no influence on the MCL in both
phases were not included in Table 2.

4.2. Discussion of the sensitivity analysis results

As mentioned above, the main reason for the core level drop in
the blow down phase is due to the occurrence of the flash phe-
nomenon, and the core level soon recovers after the reactor scrams.
While in the filled loop seal and clearing phase, there are two main
reasons causing the level drop in the core section. That is, the loss of
coolant at the break and the boiling and vaporization in the core. In
order to further explore the impact of different break sizes and
different accident phases on the importance ranking orders of the
parameters, a separate analysis on the influence of each parameter
was performed. A total of 54 input parameters were considered in
the study, and the majority of the parameters have little or no in-
fluence on the FOM based on the sensitivity analysis results.
Therefore, ten parameters with high importance ranking orders
were analyzed in the study.

4.2.1. Interfacial friction model
The interfacial friction model is developed to calculate the

phase-to-phase friction between the gas phase and the liquid
phase, and it directly affects the two-phase flow as well as the two-
phase heat exchange. Therefore, it often has a large effect under the
scenarios of coolant loss or deterioration of core heat exchange.
Savage scores of the interfacial friction model at different break
sizes and different accident phases are presented in Fig. 17.

There are two horizontal red dashed lines and two green dashed
lines in Fig. 17, which are the criteria for grouping importance. The
upper red dashed line indicates the Savage score of the parameter
ranked 13 in the blow down phase, which is 1.4722. While the
lower red dashed line indicates the Savage score of the parameter
ranked 26 in the blow down phase, which is 0.7595. When the
Savage score of a parameter in the blow down phase is above the
upper red dashed line, it means that the importance of the
parameter is H. The importance of the parameter is M when the
Savage score of the parameter locates between the two red dashed
lines, and it is L when the Savage score of the parameter is below
the lower red dashed line. Similarly, the two green dashed lines
corresponding to the filled loop seal and clearing phase have the
same meanings. The upper and lower green dashed lines indicate
the Savage scores of the parameters ranked 16 and 32 in the filled
loop seal and clearing phase, which are 1.2572 and 0.5482,
respectively. These dividing lines are used to visually indicate the
importance of the parameters and will not be explained repeatedly
in the rest of the paper.

As can be seen from Fig. 17 that in the blow down phase, the
importance of the interfacial friction model decreases with the
increase of the break size. After the break occurs, the critical flow
model directly determines the loss rate of the coolant, and the
interfacial friction model as well as the geometric resistance inside
the loop have big influences on the upstream conditions of the
coolant at the break. With the break size increases, it appears that
the influence of the geometric resistance is gradually greater than
that of the interfacial frictionmodel, so that the importance ranking
order of the interfacial friction model becomes relatively small. In
the filled loop seal and clearing phase, the importance ranking
orders of the interfacial friction model are H in different break sizes
except the 0.6% case. There are two possible reasons for the result.



Fig. 12. CPR1000 SBLOCA sensitivity calculation results - 0.2% case.
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One is that the optimized moment-independent method is not
accurate enough in the scenario, and the other one is that the in-
fluence of the interfacial friction model becomes relatively small
since the influences of some other parameters become big.
4.2.2. Subcooled interfacial heat transfer model
The interfacial heat transfer model is used to calculate the heat
Fig. 13. CPR1000 SBLOCA sensitivity
transfer between the two phases of gas and liquid, which affects the
temperature distribution of the coolant in the reactor, and further
affects the primary pressure, coolant flow rate and so on. Multiple
interfacial heat transfer models are available corresponding to
different coolant states, such as subcooled, saturation, superheated
and so on. There is a long period of subcooled boiling process of the
coolant after the break occurs since the depressurization in the
calculation results - 0.4% case.



Fig. 14. CPR1000 SBLOCA sensitivity calculation results - 0.6% case.
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primary loop is relatively slow in the SBLOCA scenario, so that the
subcooled interfacial heat transfer model has a large influence in
the early period of the accident. Savage scores of the subcooled
interfacial heat transfer model at different break sizes and different
accident phases are presented in Fig. 18.

It can be seen from Fig. 18 that the influence of the subcooled
interfacial heat transfer model in the blow down phase is middle
when the break size is small, and the influence increases with the
Fig. 15. CPR1000 SBLOCA sensitivity
break size. The flash phenomenon in the blow down phase causes a
subcooled boiling process of the coolant in the upper core active
section, so that the subcooled interfacial heat transfer model
directly affects the heat exchange and void fraction in the core
section, which further determines the coolant level. In the natural
circulation phase, the coolant in the core outlet becomes saturated.
After that, the model has little influence. The subcooled interfacial
heat transfer model is almost not used in the filled loop seal and
calculation results - 0.8% case.



Fig. 16. CPR1000 SBLOCA sensitivity calculation results - 1.0% case.

Table 2
Parameter importance ranking table for CPR1000 SBLOCA.

Component Phenomena Parameters Blow down (break size %) Filled loop seal and clearing (break
size %)

0.2 0.4 0.6 0.8 1.0 Mean 0.2 0.4 0.6 0.8 1.0 Mean

Core Heat source Initial power H H H H H H / M M M M M
Decay power M L M L M M / H L M H H

Resistance Core - form loss coefficient H H H H H H / H M H H H
Core - hydraulic diameter M M M M M M / M L H L L

Heat exchange Film boiling heat transfer model - liquid phase L L M M M M / H L L M M
Film boiling heat transfer model - gas phase M H M H H H / H H L M M
Subcooled interfacial heat transfer model M M H H H H / H H M L M
Critical heat flux H H H M H H / M L L H M
Interfacial friction model H H H H M H / H M H H H
Entrainment model M M H M M M / H H H M H

Fuel rods Oxidation Metal-water reaction model L L L L L L / M H L H M
Gap Gap size H H M H H H / H H H H H

Initial pressure in fuel rod L L L L L L / L H H M M
Heat storage UO2 specific heat M M M M M M / H M H H H
Heat exchange Hot rod - radial peaking factor N L L L N L / L M L H L

Hot rod - axial peaking factor L L L L L L / L M M M M
UO2 conductivity M M H M H M / L H L L L

Break Flow Critical flow model H H H H H H / H H H H H
Upper head/plenum Temperature Upper header - initial temperature H H H H M H / H M M M M

Resistance Upper plenum - form loss coefficient N L L L N L / L H M M M
Downcomer/bypass Resistance Core - wall roughness in bypass channel N L L L L L / M L H M M

Downcomer - hydraulic diameter L M L L L L / M M L L L
Downcomer - wall roughness L M L M L L / M H M H M

Cold legs Temperature Intact loop - cold leg temperature M M M M M M / H M L M M
Broken loop - cold leg temperature M M L M M M / M L M L L

Resistance Intact loop - cold leg wall roughness L L L L L L / M H M L M
Broken loop - cold leg wall roughness L M L L L L / M H H L M

Hot legs Temperature Intact loop - hot leg temperature H M M M M M / H M M M M
Broken loop - hot leg temperature M M M M M M / H H M H H

Resistance Hydraulic diameter of the hot leg N L L L L L / L M L H L
Pressurizer Inventory Pressurizer - initial level H M M M M M / M M L L L

Pressure Pressurizer - initial pressure H H H H H H / M M M L M
Resistance Pressurizer - form loss coefficient in surge line M H M H H M / M H H M M

Pumps Flow Main pump - head multiplier N N N N N N / N L H H H
Main pump - torque multiplier N N N N N N / N M L L L

Resistance Main pump - form loss coefficient H H H H H H / M H M M M

(continued on next page)
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Table 2 (continued )

Component Phenomena Parameters Blow down (break size %) Filled loop seal and clearing (break
size %)

0.2 0.4 0.6 0.8 1.0 Mean 0.2 0.4 0.6 0.8 1.0 Mean

Steam generators Resistance Steam generator - blockage H H H H H H / L M M H M
Steam generator - form loss coefficient H H H H H H / H L M H H

Heat exchange Steam generator second side - initial level M L M M M M / H L M M M
Steam generator second side - initial pressure M L M L L L / L L L L L

HPIS Trigger time Trigger pressure for safety injection system N N N N N N / M L L L L
Temperature High pressure safety injection temperature N N N N N N / L H H M H

Accumulator Trigger time Accumulator - initial pressure N N N N N N / N N L L L
Inventory Accumulator - initial inventory N N N N N N / N N H L L
Temperature Accumulator - initial temperature N N N N N N / N N L L L
Resistance Accumulator - form loss coefficient N N N N N N / N N H M M

Feed water system Trigger time Delay of the auxiliary feed water system N N N N N N / M M H H H

Fig. 17. CPR1000 SBLOCA parameter Savage scores - Interfacial friction model. Fig. 19. CPR1000 SBLOCA parameter Savage scores - Critical flow model.
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clearing phase. However, the coolant state at the end of the blow
down phase is affected by the model, and it somehow influences
the filled loop seal and clearing phase. The longer the blow down
phase lasts, the larger the model affects the MCL in the filled loop
Fig. 18. CPR1000 SBLOCA parameter Savage scores - Subcooled interfacial heat transfer
model.
seal and clearing phase. With the break size increases, the period of
the blow down phase shortenings, so that the influence of the
model in the filled loop seal and clearing phase decreases, as pre-
sented in Fig. 18.

4.2.3. Critical flow model
The critical flow model is a constitutive model developed to

calculate the mass flow rate of the coolant at the break, so that it
determines the rate of coolant loss as well as the rate of depres-
surization in the primary loop. The larger the discharge coefficient
of the critical flow model, the faster the coolant losses, leading to a
lower inventory in the primary loop. Therefore, the critical flow
model is directly related to the core level. Savage scores of the
critical flow model at different break sizes and different accident
phases are presented in Fig. 19.

It can be seen from Fig.19 that the importance of the critical flow
model is very high in both two phases. In the blow down phase, the
critical flow model is not the most important model when the
break size is small, and other parameters such as the initial power
or the pressurizer pressure have more important shares. With the
increase of the break size, the critical flow model gradually be-
comes the top influence factor which affects the MCL in the core
section. While in the filled loop seal and clearing phase, the critical
flow model is the most important parameter under all break sizes.

4.2.4. Initial power
Savage scores of the initial power at different break sizes and



Fig. 20. CPR1000 SBLOCA parameter Savage scores - Initial power. Fig. 22. CPR1000 SBLOCA parameter Savage scores - Core form loss coefficient.
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different accident phases are presented in Fig. 20. It can be seen
that the importance ranking of the initial power is very high in the
blow down phase, which is because that the reactor scrams at the
end of the blow down phase, so that the initial power can directly
influence the primary pressure, coolant temperature, mass flow
rate and other state parameters in the blow down phase. Whereas
in the filled loop seal and clearing phase, the main heat source in
the core section is the decay heat, so that the influence of the initial
power has little influence in the phase.

4.2.5. Pressurizer - initial pressure
After the break occurs, the coolant in the primary loop quickly

flows out from the break driven by the pressure difference inside
and outside of the break, and soon the critical flow phenomenon
happens. Since then, the mass flow rate at the break is no longer
affected by the state of the downstream flow, and the primary
pressure largely determines the rate of coolant loss. Therefore, the
larger the initial pressure in the pressurizer, the faster the coolant
losses within a period after the break occurs. Savage scores of the
initial pressurizer pressure at different break sizes and different
accident phases are presented in Fig. 21. As can be seen that the
Fig. 21. CPR1000 SBLOCA parameter Savage scores - Initial pressurizer pressure.
initial pressurizer pressure has a great influence in the blow down
phase, which is due to the fact that the initial pressurizer pressure
determines the rate of coolant loss as well as the beginning of the
flash phenomenon. While its influence is relatively small in the
filled loop seal and clearing phase.

4.2.6. Four geometric resistance parameters
When analyzing the influence of each input parameter on the

MCL in the active core section, four geometric resistance parameters
are observed to have similar and high impact. That is, the form loss
coefficient of the core, the form loss coefficient of the main pump,
the blockage of the SG and the form loss coefficient of the SG. Among
them, the form loss in the core mainly comes from complex geo-
metric structures, such as the grids. The existence of the form loss
will not only hinder the coolant flow but also affect the heat ex-
change between the coolant and the fuel rod, so that the importance
ranking of the parameter is high. In addition, the form loss of the
main pump is very large after the pump stops, which affects the
pressure drop in the flow path. The form loss and the blockage of the
SG will also affect the coolant flow as well as the heat exchange
between the primary loop and the secondary loop, and further affect
Fig. 23. CPR1000 SBLOCA parameter Savage scores - Main pump form loss coefficient.



Fig. 24. CPR1000 SBLOCA parameter Savage scores - SG blockage. Fig. 26. CPR1000 SBLOCA parameter Savage scores - Delay of the auxiliary feed water
system.
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the pressure drop in the flow path. Savage scores of the four geo-
metric resistance parameters at different break sizes and different
accident phases are presented in Fig. 22 to Fig. 25.

As can be seen from Figs. 22e25, the influences of the four pa-
rameters on the MCL in the active core section are very similar with
each other. As discussed above, the geometric resistance directly
influences the coolant flow and the heat exchange in the primary
loop, and further influences the pressure drop along the flow path.
The pressure drop along the flow path determines the primary
pressure at the break, so that the geometric resistance can affect the
rate of coolant loss. In the blow down phase, the mass flow rate of
the primary coolant is very large, so that the influence of the geo-
metric resistance is also very high. While its influence is relatively
low in the filled loop seal and clearing phase since the flow rate of
the coolant is very slow, but still with high importance ranking
order compared with other parameters. Also, in the filled loop seal
and clearing phase, the geometric resistance affects the boiling
process in the core and the heat exchange between the primary and
secondary loop.
Fig. 25. CPR1000 SBLOCA parameter Savage scores - SG form loss coefficient.
4.2.7. Delay of the auxiliary feed water system
After the reactor scrams, the storage heat as well as the decay

heat in the core are removed through the coolant leakage or the
heat conduction from the primary side to the secondary side of the
SGs, so that the feed water in the secondary side also influences the
accident sequence. The main feed water system is soon isolated
after the reactor scrams, and the auxiliary feed water system is
activated to remove the heat in the primary loop. If the auxiliary
feed water system is delayed for a period due to the station
blackout or other reasons, the loop seal phenomenon may appear
earlier, which may have a great impact on the subsequent accident
processes. Savage scores of the delay of the auxiliary feed water
system at different break sizes and different accident phases are
presented in Fig. 26.

As shown in Fig. 26, since the MCL in the active core section
occurs soon after the reactor scrams in the blow down phase, and
the auxiliary feed water system is activated after the MCL occurs, so
that the delay of the auxiliary feed water system has no influence
on the MCL in the blow down phase. On the contrary, the impor-
tance ranking of the parameter on the MCL in the filled loop seal
and clearing phase is very high, and it increases with the break size.

5. Conclusions

Investigation on the importance ranking of the input parameters
when lacking the PIRT was carried out in the study. The target NPP
was a three-loop PWR CPR1000, and the scenario of interest was
the cold leg SBLOCAs with different break sizes. Based on the base
case calculation results, combined with two existing SBLOCA PIRTs,
a total of 54 input parameters were identified in the analysis. An
optimizedmoment-independent global sensitivity analysismethod
was adopted for sensitivity calculations, and the sensitivity mea-
sures and importance ranking orders of each input parameter at
different break sizes were obtained. The importance ranking orders
of the parameters were then transformed into Savages scores, and a
parameter importance ranking table of the CPR1000 reactor during
the SBLOCA scenario was obtained by classifying the Savage scores.
Finally, ten parameters with high importance ranking orders were
analyzed. This study provides a procedure for identifying important
parameters when lacking the PIRT.

The calculation results show that the optimized moment-
independent method adopted in the study can perform the global
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sensitivity analysis with low computational cost, and it can accu-
rately determine the input parameters with no influence on the
FOM. Based on the calculation results of the moment-independent
sensitivity analysis, a parameter importance ranking table for
CPR1000 SBLOCA is obtained, which can provide some guidance
and reference values in related researches when lacking expert
experience. The sensitivity analysis results show that the parame-
ters with the greatest influences on the MCL in the blow down
phase are the initial power, the initial pressurizer pressure, the
critical flow model and the flow resistance in the primary loop, as
these parameters have big influences on the rate of coolant loss and
depressurization in the primary loop as well as the occurrence of
the flash phenomenon. While in the filled loop seal and clearing
phase, in addition to the coolant loss at the break, the drop of the
core collapsed level is also related to the boiling phenomenon in the
core. Therefore, the interfacial friction model, various heat transfer
models and the delay of the auxiliary feed water system also have
big influences on the MCL in the active core section.
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