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Abstract: One of the biggest experimental programs helping to improve nuclear installation safety is
PHEBUS, an international cooperative research program that provides data for validating computer
codes dedicated to the analysis of severe accidents and their calculation results. In the European
Union, HORIZON 2020 EURATOM project MUSA (Management and Uncertainties of Severe Ac-
cidents) is in progress. Modelling of the PHEBUS FPT-1 test within the frame of this project is
provided by project partners using different severe accident codes. Uncertainty quantification of the
received results is provided using different methods and statistical tools. The Lithuanian Energy
Institute (LEI) is taking part in the MUSA project and this uncertainty exercise. LEI is using the
RELAP/SCDAPSIM severe accident code together with GRS methodology and SUSA statistical tool
to evaluate the uncertainties of modelling results of PHEBUS FPT-1 test. In this article, uncertainty
quantification of the PHEBUS FPT-1 test modelling results provided by LEI in the frame of MUSA
project are presented. Provided uncertainty analysis for total hydrogen generation showed that upper
and lower uncertainty limits are bounding the experimental data. At the end of the calculation, the
upper and lower uncertainty limits of calculations are within the band of experimental uncertainties.
Uncertainty analysis for Cs/I release fraction showed that uncertainty limits are bounding experi-
mental data until the middle of the heat-up phase, but at the end of the experiment, the calculated
upper uncertainty limit is lower than the experimental data. Results of sensitivity analysis showed
that the thermal conductivity of the ZrO2 layer of the shroud has the dominant influence on hydrogen
generation and Cs/I release fraction calculation results. Other important parameters are changing
at the different experimental phases. In the future, it is planned to update the RELAP/SCDAPSIM
model for the PHEBUS FPT-1 test using the results of the provided sensitivity analysis. This will
allow a better agreement with experimental data.

Keywords: PHEBUS-FPT1; RELAP/SCDAPSIM; SUSA; uncertainty and sensitivity; CORSOR-M

1. Introduction

Nuclear power plants (NPP) generate electricity by deriving the heat from fission in
a nuclear reactor. Nuclear power provides almost 10 percent of the world’s electricity [1]
and is considered a clean source of electricity. NPPs are considered the second-largest
source of global low-carbon electricity [2]. However, at the end of the 1970s, for the first
time, a large nuclear power plant experienced severe core damage and was defined as a
nuclear severe accident [3]. Severe accidents are defined as accidents involving reactor
core degradation and meltdown in nuclear power plants [4,5] when harmful radioactive
release to the public. Despite the low probability of the occurrence of severe accidents, the
major accidents, including the Three Mile Island accident in 1979, the Chernobyl accident
in 1986, and the Fukushima Daiichi accident in 2011 have forced researchers all over the
world to examine severe accidents to define appropriate severe accident mitigation and
management strategy [6,7]. Hydrogen generation together with the fission product release
and transportation is the most important topic for researchers in the severe accident field.
Hydrogen generation is particularly important and occurs when fuel temperature increases
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and causes the oxidation of the fuel claddings. As a result of the oxidation, hydrogen
is generated, and temperature increases even more, due to the exothermic reaction of
claddings and steam. The rapid increase in generating hydrogen can cause an explosion
(an example is the Fukushima Daiichi accident in 2011) [8,9].

To investigate and evaluate the above-mentioned processes, experimental facilities
are constructed, and experiments are provided. However, in the experiment, you can
test/check only specific conditions applicable for the current experiment. Wider possibili-
ties can be achieved using numerical simulation. Starting the end of the 1970s, numerical
computer codes for the evaluation of severe accidents began to develop. These computer
codes could be verified and validated by experiments.

At the beginning of the evaluation of nuclear power plant safety, a conservative ap-
proach was used [10]. This approach uses conservative computer codes and takes into
account conservative assumptions as well as conservative values for the initial parameters
and boundary conditions. However, nowadays, to ensure plant safety, the best estimate
(BE) approach is more commonly used. The BE approach is based on the best-estimate
computer codes and takes into account realistic assumptions. Reference values based on
real power plant data are considered for initial parameters and boundary conditions. How-
ever, this approach requires the evaluation of possible uncertainties. Numerical analysis of
the nuclear installations, especially in the case of accident conditions, contains many uncer-
tainties. International Atomic Energy Agency (IAEA) safety report No. 23 distinguishes
three major sources of uncertainties in the case of accident analysis: (1) computer code or
numerical model uncertainty, (2) representation or simulation uncertainty, and (3) nuclear
installation uncertainty [8,9]. To reduce uncertainties arising from best estimate computer
codes and numerical simulation computers, code validation against real data or the results
of real-time experiments is needed.

To provide the real-time experiments, the PHEBUS Fission Product programme was
conducted by the French “Institut de Radioprotection et de Sûreté Nucléaire” of the “Com-
missariat à l’Energie Atomique” (IRSN) [11] in 1988 after major accidents in nuclear reactors.
The PHEBUS program has many objectives, studying the processes as well as release, trans-
port, and retention of fission products in the bundle during severe accident conditions in
the light water reactors. Severe accident situations assume total or partial malfunction of
the reactor protection and safety systems, leading to a core meltdown.

In 2019, the HORIZON 2020 EURATOM project MUSA (Management and Uncertain-
ties of Severe Accidents) was started [12]. In work package 4 (led by the Italian National
Agency for New Technologies, Energy and Sustainable Economic Development (ENEA))
of this project, an uncertainty application exercise is in progress against the PHEBUS FPT-1
test. PHEBUS FPT-1 test data were provided by IRSN. The main idea of this work package
is to provide uncertainty quantification of the severe accident experimental test and later to
use gained experience for the uncertainty evaluation for the nuclear power plants. Among
many organizations from the European Union, the Lithuanian Energy Institute (LEI) is also
taking part in the MUSA project and providing uncertainty quantification for PHEBUS
FPT-1 test. For the numerical simulation of the processes at the PHEBUS FPT-1 test LEI
is using RELAP/SCDAPSIM severe accident code [13]. GRS methodology [14] together
with SUSA statistical tool [15] is used for the uncertainty quantification of the received
calculation results.

This article starts with a description of the methodology (Section 2) used to achieve the
main goal of this article: to evaluate calculation uncertainties for the PHEBUS FPT-1 test.
The PHEBUS FPT-1 and its model, developed by severe accident code RELAP/SCDAPSIM,
is briefly described in Section 2.1. Due to the limitation of RELAP/SCDAPSIM to evaluate
the fission release, the CORSOR-M model [16] has been selected and included in the
RELAP/SCDAPSIM model of the PHEBUS FPT-1 test (Section 2.2). Methodology for the
uncertainty quantification using BE approach is described in Section 2.3. The main figures of
merit in this article are hydrogen generation and fission product release. Calculation results
are presented in Section 3. Reference case calculation results compared with experimental
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data are presented in Section 3.1. Results of uncertainty analysis are described in Section 3.2
and results of the sensitivity analysis are described in Section 3.3. At the end of the article,
conclusions are provided (Section 4).

2. Methodology
2.1. PHEBUS FPT-1 Test and RELAP/SCDAPSIM Model

The PHEBUS FPT is a light water reactor (LWR) source term research program. This
program was carried out by the IRSN and the Joint Research Centre of the Commission
of the European Communities in collaboration with the USA, Canada, Japan, Korea, and
Switzerland [9]. The main objective of the PHEBUS FPT-1 test program is to study the
release, transport, and retention of fission products under representative severe accidents
conditions in LWR [11]. Different computer codes have been used for modelling PHEBUS
tests, which allow the validation of severe accident models in the future.

The test facility consists of core, cooling circuit, pressurized water loop, test bundle,
injection loop, steam generator, and containment vessel (Figure 1). The PHEBUS FPT-1
test bundle, representing PWR reactor fuel assembly, consists of 20 fuel rods (2 fresh and
18 irradiated) and 1 Ag-In-Cd control rod (Figure 2). Irradiated fuel rods have different
burn-up of approximately 23.4 GWd/tU. This test is roughly equal to 1/5000 scale factor
to general PWR 900 MW [11].

Figure 3 shows bundle power during the test and steam flow rate through the bundle
(measurement data). PHEBUS FPT-1 test is divided into separate phases: calibration (0 to
7900 s); pre-oxidation (7900 s to 11,060 s); oxidation (11,060 s to 13,200 s), power-plateau
(13,200 s to 14,580 s), and heat-up (14,580 s to 17,039 s) [11]. These phases are distinguished
according to the power and steam flowrate changes through the bundle during experiment.

The RELAP/SCDAPSIM severe accident code was used for PHEBUS FPT-1 modelling.
This computer code has been developed for the best estimate simulation of LWR coolant sys-
tems during normal operation and severe accident conditions [13,17]. RELAP/SCDAPSIM
code consist of two parts: the RELAP part calculates the overall thermal hydraulic response;
the SCDAP part includes user-selectable reactor component models for LWR fuel rods, and
includes models to treat the later stages of severe accident including debris and molten
pool formation, debris/vessel interaction, and the structural failure of vessel structures.
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In this work, a previously developed model was used [18]. Figure 4 presents a
schematic view of axial nodalization of RELAP model for PHEBUS facility. In this model
only the core region with a shroud cooling loop and “U” pipe which imitates the steam
generator were considered. Due to limitations of RELAP/SCDAPSIM code, it is not
possible to evaluate processes in the containment. The SCDAP part describes the PHEBUS
FPT-1 bundle. As it is presented in Figure 5, the PHEBUS FPT-1 bundle model consists of
5 SCDAP components: 1—irradiated fuel rod (inner ring, 8 fuel rods), 2—control rod, 3—
irradiated fuel rod (outer ring, 10 fuel rods), 4—fresh fuel rod (2 fuel rods), and 5—shroud.
All components were developed according to the PHEBUS FPT-1 test bundle (Figure 2).
The shroud component contains all the material layers of the PHEBUS facility. Radial
nodalization of SCDAP shroud component is presented in Figure 6. More details and
model descriptions can be found in references [17,18].
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2.2. CORSOR-M Model for Evaluation of FISSION Release

As described above, the prime focus is on the two RELAP/SCDAPSIM calculation
results: total hydrogen generation and Cs/I release fraction from the fuel. Cs and I release
from the fuel are defined as one of the figures of merit in the MUSA project. However, there
are limitations in the LEI, which used RELAP/SCDAPSIM code version for modelling the
fission product release from the fuel. The RELAP/SCDAPSIM code version that we used
can model fission product release from the gap as a sum of three non-condensable gases
(Xe+Kr+He) and a sum of two soluble gases (CsI+CsOH).

Taking all described limitations into account, it was decided to calculate Cs/I release
based on the CORSOR-M [16] model. This is a simple model, which evaluates fission
product release from the fuel only, according to fuel cladding temperature. The CORSOR-
M model correlates the fractional release rate coefficient using an Arrhenius formula in the
form [16]:

k = k0 exp
(
− Q

RT

)
, (1)

where k is the release rate coefficient, k0 and Q are species-dependent constants (min−1

and kcal/mol), T is the absolute temperature (K), and R is the gas constant 1.987 × 10−3 in
(kcal/mole-K).

In the open literature, it is possible to find many different values of k0 and Q for differ-
ent species and several modifications of the CORSOR model. In this work, we are based on
literature [16], according to which Cs and I have the same constants: k0 = 2 × 105 min−1;
Q = 63.8 kcal/mol. For this reason, the calculation results will be the same.

The mass of the species released from the fuel is calculated by the formula:

FPr = FP(1 − exp(−k·∆t), (2)

where FP is the mass of the species at the start of the time step, and ∆t is the time difference
of the time step.

The CORSOR-M model for the evaluation of the fission product release is used in
other severe accident codes like MELCOR [19,20], ATHLET-CD [21], and others.

The RELAP/SCDAPSIM code has the ability to input control system data. This option
can be used to compute additional quantities from the normally computed quantities. There
is a possibility of choosing different control component types such as SUM, MULT, DIV,
DIFFRENIT, INTEGRAL, FUNCTION, etc. [22]. Taking advantage of these possibilities,
the CORSOR-M model was included in the developed model of the PHEBUS FPT-1.
That enabled us to calculate fractional release rate coefficients (by Equation (1)) at each
calculation time step using RELAP/SCDAPSIM calculated temperatures in the different
components at different nodes. Calculated fractional release rate coefficients were averaged
according to number of axial nodes and components used for the modelling of the PHEBUS
FPT-1 bundle. With this average release rate coefficient, using Equation (2), the mass of
the Cs and I released from the fuel is calculated. The initial mass of Cs and I was given by
IRSN. From there, the release fraction was calculated. Thus, Cs and I release fraction was
calculated at each calculation time step using fuel rod cladding temperatures calculated by
RELAP/SCDAPSIM models.

2.3. Uncertainty Quantification Using BE Approach for PHEBUS FPT-1 Test

Uncertainty quantification was made using the BE approach. The BE approach was
developed on design basis accident analysis, but this approach could be considered as an
application to different scenarios of nuclear reactor severe accidents [14].

There are many methodologies which could be used for the application of the BE
approach to the nuclear installations; most of the methodologies are described in IAEA
safety report series No. 52 [10]. LEI is using GRS methodology [14] for these tasks. GRS
methodology is based on Monte-Carlo methods for randomizing the uncertain parameters
and uses the statistical tool SUSA [15]. The main advantage of GRS methodology is that
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the number of calculations depends only on the desired probability content and confidence
level described by Wilks’ formula [23]. The GRS methodology’s disadvantage is that initial
uncertain parameters must be independent form each other.

The list of uncertainty parameter specifications (reference values, their ranges, and
probability distribution function (PDF)) is the first step for the GRS method application.
The list of uncertain parameters and their uncertainty parameters was discussed with
other MUSA project members, and it was included in Work Package 2 of the project. In
this work, it was decided to evaluate uncertainties that come from the thermal properties
of materials (Table 1) and modelling parameters of SCDAP (Table 2). The ranges of the
uncertainty analysis, as well as PDF, were chosen according to experience [17,18,24] and
engineering judgment. For some SCDAP parameters the uncertainty ranges reach 50%
from the initial value, because it was not known how strong an effect these uncertainties
will give to the calculation results in severe accident conditions. Normal PDF is used for
the parameters whose nature is clear. Uniform PDF usually is used when the distribution
of these parameters is not clear.

Table 1. Uncertainty characterization of thermal properties of materials used for RELAP/SCDAPSIM modelling of PHEBUS
FPT 1 test.

Thermal Properties of Materials Name of Parameter Reference Value PDF

Specific heat, (J/kgK)

Zircaloy-4 P1

Reference value
according to ISP-46 [25]

±20% [17,18]

Normal
[17,18]

Gap P4

ThO2 P7

ZrO2 P10

Gap in a shroud (inner and outer) P13

Spray coating P16

Inconel625 P19

Density, (kg/m3)

Zircaloy-4 P2

Gap P5

ThO2 P8

ZrO2 P11

Gap in a shroud (inner and outer) P14

Spray coating P17

Inconel625 P20

Thermal conductivity,
(W/mK)

Zircaloy-4 P3

Gap P6

ThO2 P9

ZrO2 P12

Gap in a shroud (inner and outer) P15

Spray coating P18

Inconel625 P21
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Table 2. Uncertainty characterization of SCDAP parameters.

SCDAP Parameters Name of Parameter Reference Value PDF

Temperature for the failure of oxide shell on the
outer surface of fuel and cladding, (K) P22 2500 ± 10% Uniform

Fraction of the oxidation of the fuel rod cladding
for stable oxide shell P23 0.6 ± 50% Uniform

The Hoop strain threshold for the double-sided
oxidation P24 0.07 ± 50% Uniform

Pressure drops caused by ballooning P25
Modelled;

0 = Modelled
1 = Not modelled

Discrete:
0–0.5 prob.
1–0.5 prob.

The surfaces’ area fraction covered with drops that
result in blockage that stops the local oxidation P26 0.2 ± 50% Uniform

The velocity of drops of cladding material
slumping down outside fuel rod surface, (m/s) P27 0.5 ± 50% Uniform

Gamma heat fraction. P28 0.026 ± 50% Uniform

Grid spacer

Mass, (kg) P29 0.0037 ± 20%

NormalHeight, (m) P30 0.043 ± 20%

Plate thickness, (m) P31 0.004 ± 20%

Core slumping model definition P32
Latest possible;

0 = latest possible,
1 = earliest possible.

Discrete.
50% prob.

The minimum flow area per fuel rod in cohesive
debris in core region, (m2) P33 4.4 × 10−5 ± 50% Normal

Cladding rupture, transition, limit strains * P25a Reference value ± 20% Normal

* Cladding stains have some dependencies and proportions against each other. It was decided to take reference values indicated by the
code manual and proportionately change according to the given uncertainties range. Reference values: rupture strain—0.18; transition
strain—0.2; limit strain—0.245.

For uncertainty analysis, it was decided to apply 95% probability and 95% of confi-
dence level for the two-sided tolerance limit. According to Wilks’ formula, to get selected
uncertainty parameters at least 93 calculations must be performed. In this study, it was de-
cided to perform 100 calculations in case some calculations are terminated due to numerical
or other reasons.

For the sensitivity analysis, there are many different correlations for the evaluation of
the influence of initial uncertain parameters on the results. For sensitivity analysis in the
nuclear field, Pearson correlation, Spearman rank correlation, and Kendall rank correlation
are most commonly used.

Pearson correlation coefficient (r) is considered as a measure of the linear correlation
between two variables. It applies to the parametric method. The Pearson correlation
coefficient varies from −1 to +1. The closer the coefficient to +1 or −1, the stronger linear
correlation (positive or negative) between the variables.

Pearson correlation coefficient is defined as [26]:

r(A, B) =
∑n

i=1
(
xi − X

)(
yi − Y

)
(∑n

i=1
(
xi − X

)2
∑n

i=1
(
yi − Y

)2
)

0.5 (3)

X =
1
n ∑n

i=1 xi, (4)

Y =
1
n ∑n

i=1 yi. (5)

where: X, Y; the means of variables X, Y, and n is the size of the sample.



Energies 2021, 14, 7320 9 of 17

The Spearman rank correlation coefficient (rS) applies to the non-parametric method
[27,28]. It is considered the Pearson correlation coefficient applied to the ranks R. It has the
same range as the Pearson rank correlation coefficient.

The Spearman rank correlation is defined as [28]:

rS(A, B) =
∑n

i=1

(
R(xi)− 1

2 (n + 1)
)
(R(yi)− 1

2 (n + 1))(
∑n

i=1(R(xi)− 1
2 (n + 1)

)2
∑n

i=1 (R(yi)− 1
2 (n + 1))2)

0.5
(6)

where R means rank of variables X, Y.
The Kendall rank correlation coefficient (τ) applies to non-parametric method [27–29].

It has the same range as the Pearson and the Spearman rank correlation coefficient (from
+1 to −1). However, the Kendall coefficient (τ) is defined as [29]:

τ =
C − D

0.5n(n − 1)
, (7)

where C means concordant, D—discordant and n—the number of observations.

• Concordant (C): the ranks agree for any pair of observations; Xi > Xj and Yi > Yj, or Xi
< Xj and Yi < Yj,

• Discordant (D): the ranks disagree for any pair of observations; Xi > Xj and Yi < Yj or
Xi < Xj and Yi > Yj.

When the variables have the same ranks, they are called tied pairs. Kendall rank
coefficient (τb) for tied pairs is defined as:

τb =
C − D√

0.5n(n − 1)− T
√

0.5n(n − 1)− U
, (8)

where T means tied pairs in X (only if Xi = Xj), U means tied pairs in Y (only if Yi = Yj).
The Kendall rank correlation coefficient gives a positive or negative strong correlation

between variables if its value is close or equal to +1 or −1. There is no correlation between
variables if its value is equal to or close to 0.

Another important parameter for the sensitivity analysis is the determination co-
efficient (R2) for the chosen correlation. This coefficient is defined as the square of the
population correlation coefficient between the code result Y and the variable Y obtained
from linear regression Y on the parameters X1, X2 . . . , Xnpar. It shows the proportion of
the total variation of code results Y explained by the overall influence of the uncertain
parameters X1, X2 . . . , Xnpar as modelled by linear regression of Y on the parameters [30]:

R2 =
Var

(
Ŷ
)

Var(Y)
(9)

R2 is used to assess the quality of the correlation coefficient. R2 ranges are between
0 and +1. According to common practice, if the value of R2 is less than 0.6 the regression
coefficient of the sensitivity parameters may be incorrect because of too many unexplained
parameter variations. For such cases, it is recommended to use different methodologies for
the evaluation of the parameter sensitivities to calculation results. Different methods and
their comparison may be found in the IAEA safety report series No. 52, Table 6 [10]. Thus,
before performing sensitivity analysis using GRS methodology it is necessary to check the
values of R2.

Using different (Pearson, Spearman or Kendall) correlations, the R2 values can vary.
For the sensitivity analysis, it is better to choose those correlations that give higher R2

values.
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3. Results and Discussions
3.1. Results of Reference Case Calculation

Results of PHEBUS FPT-1 test reference calculation should be adequate to the experi-
mental data. In this case, the results of the reference case calculation were compared with
experimental data provided by IRSN [11]. A comparison of the calculated temperature
of fuel rod claddings with experimental data at 300 mm and 700 mm elevation from the
bottom of the active fuel is presented in Figure 7. From the temperature comparison, it is
clear that calculated temperature is lower in the pre-oxidation and oxidation phases, but
for power-plateau phase it is higher than in the experimental data. In addition, comparison
results indicate earlier (~370 s) start of the oxidation process in the calculation results
(earlier calculated temperature peak in Figure 7b).
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According to PHEBUS FPT-1 report [11], the experimental uncertainty for the total
hydrogen generation experimental data is ±5% on the raw signal of the sensor, which
induces a variation of ~±14% on the estimate value of the total generated mass of hydrogen.
As a result, the total mass of hydrogen released during the FPT1 test was evaluated
at 96 ± 13 g (corresponding to the oxidation of ~2.18 kg of Zry i.e., ~64% of the initial
inventory), see Figure 8. Comparing the experimental data with the results of the reference
case calculation at the end of the pre-oxidation and beginning of the oxidation phases, the
calculated value of hydrogen generation is overestimated. However, in the later phases
the calculated value is in the range of experimental uncertainties and at the end of the
calculation it is very close to experimental data ~96 g.

The release of Cs/I was calculated using the CORSOR-M model described in Section 2.2.
Temperatures in the different elevations of the bundle, necessary for the calculation of
release, were taken from RELAP/SCDAPSIM calculations. These data were provided
to CORSOR-M model to evaluate the Cs/I release fraction (Figure 9). The calculated
Cs/I release fraction, based on the calculated fuel temperature at 300 mm and 700 mm
elevation, overestimates experimental data [31,32]. However, the calculated total Cs/I
release fraction is below the experimental data for ~30% at the end of the heat-up phase.
Such a result could be due to several reasons, such as the simplifications of the CORSOR-M
model or discrepancies in the temperature calculation of the RELAP/SCDAPSIM code.
Nevertheless, the comparison of the temperatures at elevations 300 and 700 mm was in
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good agreement with the experimental data; the calculated temperatures in other elevations
of the experimental bundle could have bigger differences with experimental data. The
detailed evaluation of temperature behaviour in the experimental bundle and analysis of
discrepancy in calculated and measured fractions of releases were not provided in this
article due to the fact what this work concentrates on the application of the BE methodology
for the experiment modelling at severe accident conditions.
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3.2. Results of Uncertainty Analysis

In Figure 10a, calculation results of total hydrogen generation for 100 calculations
(runs) are presented. All 100 RELAP/SCDAPSIM calculations reached heat-up phase and
bundle cool-down conditions. Some calculations were terminated before the given end of
the time of calculation, but this does not affect the results that are analysed in this work.
Thus, all 100 calculation results were considered for the uncertainty as well as sensitivity
analysis. Analysing the calculation results, different behaviours were noted from four runs
(samples of parameters). In these four runs, earlier oxidation in the pre-oxidation phase
(Figure 10b) was observed. Such results were achieved due to a sample of the parameters
which caused earlier oxidation. For three runs (runs 62, 68, and 95) of four, it was noticed
that the parameters P22 (temperature for the failure of oxide shell on an outer surface
of fuel and cladding) and P23 (fraction of oxidation of fuel rod cladding for stable oxide
shell) had maximum values and P24 (hoop strain threshold for double-sided oxidation)
had its minimum values according to reference values. Parameters P22–P24 are related
to the oxidation process, and in the current situation, a combination of these parameters
caused earlier oxidation phenomena even during the relatively low power region. Another
run (run 85) which had earlier oxidation was due to the values of parameters P12 (ZrO2
thermal conductivity) and P31 (gamma heat fraction.). In this run, P12 had values near the
minimum range of this parameter and P31 had values near the maximum range of this
parameter. P12 affects the heat transfer from the bundle—lower values of ZrO2 thermal
conductivity give more heat to the bundle. Gamma heat fraction (P31) means the fraction
of power used to directly heat the coolant by gamma heating. The combination of these
parameters caused earlier oxidation, by comparison to the reference case and other runs
(Figure 10b).
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Figure 10. Calculation results: (a) 100 calculation results of total hydrogen generation, (b) oxidation heat energy for runs 68,
95, 62, and 85 compared with the reference case.

The upper and lower uncertainty limits for the total hydrogen generation are provided
in Figure 8. The upper and lower uncertainty limits are bounding the experimental data
of total hydrogen generation almost in the whole-time interval. Some overestimation
appears is in the oxidation phase. However, when comparing the values of total generated
hydrogen at the end of the calculation, experimental uncertainties are higher than the
upper and lower uncertainty limits.

In Figure 11a 100 calculation results of Cs/I release fraction are presented. The spread
of the results between the lowest and the highest value at the end of calculations is about
~30%. Four calculation results (the same as in the case of hydrogen generation) give the
early oxidation. The reason for this is explained above for hydrogen generation. This
increasing temperature in the bundle causes a high early release of fission products. In
Figure 11b, the uncertainty upper and lower limits with 95% of probability and 95% of
confidence level for Cs/I release fraction are presented. Upper and lower uncertainty limits
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are bounding experimental data until the middle of the heat-up phase. However, at the end
of the experiment, the calculated upper uncertainty limit is ~20% lower than the experimental
data. Possible reasons are discussed in Section 3.1 for reference calculation results.
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3.3. Results of Sensitivity Analysis

Sensitivity analysis started from the evaluation of R2 at different correlations. In
Figure 12 the R2 for different correlations of total hydrogen generation and Cs/ I release
fraction are presented. All analysed correlations give very similar behaviour of R2 during
the test. Pearson and Spearman correlations give R2 values higher than 0.6 during all
calculation time, except for a small period of time at the end of the pre-oxidation phase for
hydrogen generation and the second half of the oxidation phase for Cs/I release fraction.
Spearman’s rank correlation had higher values of R2 coefficient during all test phases.
This is especially important when the R2 coefficient is decreasing due to the complex and
transient modelling processes (exclusively for pre-oxidation, oxidation, and power-plateau
phases). For this reason, it was decided to use Spearman’s rank correlation coefficient to
evaluate the influence of uncertain parameters.
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Sensitivity analysis using Spearman’s rank correlation was provided for the whole
calculation period. The influence of the parameters on the calculation results changed at
different experimental phases over time. Thus, for the simplification, it was decided to
present the influence of the uncertain parameters on the calculation results at the current
time at each experimental phase (Table 3). The most influenced (dominant) parameter
through the test with negative influence (increasing value of the parameter—result value is
decreasing) is ZrO2 layer thermal conductivity of shroud (parameter P12). The importance
of other parameters changes at the different experimental phases with the application of
different physical processes. In the calibration and pre-oxidation phases, the parameter
which corresponds to the gamma heat fraction (P28) has a significant influence. During the
oxidation phase, the SCDAP parameters related to the fuel cladding rupture (P22 and P24)
have great influence to calculation results. For the power-plateau and heat-up phases, the
parameters related to the geometrical date of grid spacers (P29 and P30) have the biggest
influence on the calculation results.

Table 3. Parameters with the biggest influence on the calculation results at the different experimental phases. Name of the
parameter (influence value).

FOMs
Experimental Phases

Calibration
(6000 s)

Pre-Oxidation
(9000 s)

Oxidation
(12,500 s)

Power Plateau
(14,000 s)

Heat up
(16,000 s)

Total hydrogen
generation

P12 (−0.98),
P28 (−0.4).

P12 (−0.98),
P28 (−0.4).

P22 (−0.37),
P12 (0.26),

P24 (−0.35).

P12 (−0.4),
P30 (−0.36),
P29 (+0.41).

P12 (−0.6),
P29 (+0.4),
P30 (−0.3).

I and Cs release
fraction

P12 (−0.98),
P28 (−0.36).

P12 (−0.98),
P28 (−0.33).

P22 (−0.37),
P12 (0.26),

P24 (−0.35).

P12 (−0.7),
P30 (−0.37),
P29 (+0.37).

P12 (−0.8),
P29 (+0.33),
P30 (−0.32).

The results of the sensitivity analysis of Cs/I release fraction calculation showed
sudden changes in influential parameters, especially in the pre-oxidation and oxidation
phases). Thus, it was decided to make scatter plots for the most influenced uncertain
parameters for the calculation results of Cs/I release fraction at these phases. For the
pre-oxidation phase, at a time 9000 s, scatter plots and regression lines were prepared for
zirconium dioxide thermal conductivity (P12) and gamma heat fraction (P28). For the
oxidation phase, at a time 12,500 s, scatter plots and regression lines were prepared for
zirconium dioxide thermal conductivity (P12), temperature for the failure of oxide shell
on an outer surface of fuel (P22), and cladding hoop strain threshold for double-sided
oxidation (P24) (Figure 13).

Figure 13 confirms the influence of the analysed parameters on the calculation re-
sults. However, in some scatter plots, significant dispersion of the results may be seen
(Figure 13b,c). The reason for this (as discussed in the results of the uncertainty analysis)
could be a combination of different parameters which could give scattered results. It could
also be related to the chosen wide ranges of parameters. Such dispersion of the results
reduces the total influence of the analysed parameters.
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Figure 13. Scatter plots for Cs/I fraction. (a) P12 at pre-oxidation phase (9000 s); (b) P28 at pre-oxidation phase (9000 s);
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4. Conclusions and Recommendations

This article concentrates on the application of the BE methodology for the experi-
ment, which imitates severe accident conditions at LWR. The main attention is focused
on hydrogen generation and fission product release from the bundle. Numerical analysis
of the PHEBUS—FPT1 test was provided using the RELAP/SCDAPSIM severe accident
code. Due to the limitations of the RELAP/SCDAPSIM code version used in the LEI, the
CORSOR-M model was included into PHEBUS—FPT1 model to evaluate fission product
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release from the fuel. Calculation results of the reference case presented an adequate
agreement with experimental data, except for calculation results of Cs/I release fraction at
the heat-up phase (calculation results are below the experimental data for ~30%).

Uncertainty quantification of the PHEBUS FPT-1 test modelling results was fulfilled
using SUSA statistical tool by providing uncertainty and sensitivity analysis. Upper and
lower uncertainty limits of total hydrogen generation calculation results are bounding the
experimental data in all phases except the heat-up phase, where experimental uncertainties
are even wider. Calculated Cs/I release fraction upper and lower uncertainty limits are
bounding the experimental data in all phases except the heat-up phase, where the upper
uncertainty limit is ~ 20% lower than the experimental data. This result indicates that the
coefficients used in the current CORSOR-M model version should be revised, and great
attention should be paid to the SCDAP parameters and models which have a significant
influence on the modelling of the late bundle degradation phases.

For the sensitivity analysis, the Spearman rank correlation was chosen. Results showed
that the thermal conductivity of the ZrO2 layer of the shroud has the dominant influence
on calculation results. Other important parameters are different at different experimental
phases. The parameter corresponding to the gamma heat fraction is important at the
calibration and pre-oxidation phases, the SCDAP parameters are important at the fuel
cladding rupture, and parameters related to the geometrical date of grid spacers are
important at power-plateau and heat-up phases. The remaining parameters have an
insignificant influence. Scatter plots provided for the most influencing parameters at the
pre-oxidation and oxidation phases confirm the influence of the analysed parameters on
the calculation results.

Recommendations:

• Results of this work indicate that it is necessary to revise coefficients used in the
current CORSOR-M model version or use other modelling codes or methods which
take into account more parameters (not only temperature) for the propagation of
fission product release.

• Material properties (especially thermal conductivity) of the shroud of the PHEBUS
facility have a significant impact on calculation results. This should be evaluated in
the model development.

• SCDAP parameters should be selected according to the code developer recommen-
dations (these are recommendations for PWR or BWR plant application). However,
for the experimental facility, the values and range of some parameters are not clear.
Results of the provided sensitivity analysis showed parameter influence on the calcu-
lation results. This simplifies the selection of parameter values for further analysis.
Special attention should be paid to SCDAP parameters related to the fuel cladding
rupture at the oxidation phase.
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