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Abstract: A comprehensive uncertainty analysis in the event of a severe accident in a two-loop
pressurized water reactor is conducted using an uncertainty package integrated in the ASYST
code. The plant model is based on the nuclear power plant (NPP) Krško, a Westinghouse-type
power plant. The station blackout scenario with a small break loss of coolant accident is analyzed,
and all processes of the in-vessel phase are covered. A best estimate plus uncertainty (BEPU)
methodology with probabilistic propagation of input uncertainty is used. The uncertain parameters
are selected based on their impact on the safety criteria, the operation of the NPP safety systems and
to describe uncertainties in the initial and boundary conditions. The number of required calculations
is determined by the Wilks formula from the desired percentile and confidence level, and the values
of the uncertain parameters are randomly sampled according to appropriate distribution functions.
Results showing the thermal hydraulic behaviour of the primary system and the propagation of core
degradation are presented for 124 successful calculations, which is the minimum number of required
calculations to estimate a 95/95 tolerance limit at the 3rd order of the Wilks formula application.
A statistical analysis of the dispersion of results is performed afterwards. Calculation of the influence
measures shows a strong correlation between the decay heat and the representative output quantities,
which are the mass of hydrogen produced during the oxidation and the height of molten material in
the lower head. As the decay heat increases, an increase in the production of hydrogen and the amount
of molten material is clearly observed. The correlation is weak for other input uncertain parameters
representing physical phenomena, initial and boundary conditions. The influence of the order of
the Wilks formula is investigated and it is found that increasing the number of calculations does not
significantly change the bounding values or the distribution of results for this particular application.

Keywords: uncertainty analysis; severe accident; pressurized water reactor; ASYST code; BEPU
methodology; statistical analysis; influence measure

1. Introduction

Uncertainties in assessing the nuclear power plant (NPP) behaviour according to
predictions of severe accident codes affect the on-site and off-site risk assessment. The
calculation of core damage and radioactive release depends on uncertainties associated
with code models, the plant’s numerical representation and determination of the NPP
operating parameters.

A significant experience exists in the application of best estimate thermal hydraulic
system codes for quantification of uncertainty during different types of calculations: the
analyses of a large break loss of coolant accident (LOCA) in experimental facilities [1]
and NPPs [2,3], assessment of thermal hydraulic phenomena in boiling water reactors
with a focus on plant systems and fuel performance, two-phase flow and sub channel
analysis [4]. In the area of severe accidents there are fewer examples of the use of uncertainty
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quantification, and these include estimating the influence of uncertainty of input parameters
and assumptions on fission product releases [5–7] and hydrogen production [8]. These
analyses cover a station blackout sequence at the U.S. NPP Sequoyah, Westinghouse
4-loop pressurized water reactor (PWR) [5], 20 accident sequences covering a wide range
of conditions in eight reactor designs that are operated in the European Union [6] and
the analyses of experiment PHEBUS FPT-1 conducted in the PHEBUS facility used to
investigate reactor accident scenarios in PWR reactors [7,8]. Severe accident codes have
reached a high level of development and are used, among other applications, to support
severe accident management programs [9,10] and to assess modifications in nuclear power
plants [11]. Uncertainty analysis can be a tool to help improve these activities to make
current and future power plants more resilient to the potentially severe consequences of
unmitigated NPP accidents. Preliminary phenomena identification and ranking tables for
severe accidents have been established [12], but they are still not as detailed as for design
basis accident analyses [13–15].

Uncertainty methods are usually divided in two groups [16]. The first group consists
of methods based on the propagation of input uncertainties, which can be further divided
into probabilistic and deterministic methods. The second group includes methods that
evaluate uncertainties based on the extrapolation of output uncertainties. The propagation
of the input uncertainty approach involves the selection of input uncertain parameters
with their uncertainty specification and performing multiple best estimate code calcula-
tions, so the term BEPU (best estimate plus uncertainty) is often used. The probabilistic
methods [17–20], one of which was used in the presented analysis, use statistical principles
to characterize input uncertainties, while the deterministic approach [16,21] does not use
probability distributions, but reasonable bounding intervals of input parameters instead. In
the extrapolation of the output uncertainty procedure [22,23], the uncertainty is determined
based on a comparison of the calculation output results and the relevant experimental data.

Sources of uncertainty are, in general, uncertainties related to calculation models,
insufficient knowledge of physical processes, especially during severe accidents, temporal
and spatial (nodalization) discretization of the system, the plant’s initial and boundary
conditions, etc. The code and the plant representation uncertainties are minimized by
using a system code with best estimate thermal hydraulics and mechanistic treatment of a
severe accident progression, and the plant nodalization qualified at the steady state level.
The ASYST code [24], an advanced analysis software for nuclear safety applications [25–29],
is used in the analysis presented in the paper. The code is developed as part of ASYST
Development and Training Program (ADTP), an international nuclear technology project
managed by Innovative Systems Software (ISS). It consists of three modules: the SAMPSON
THA module for thermal hydraulic calculation that uses best estimate two-fluid, nonequi-
librium models and correlations, the SCDAPSIM module for calculation of reactor core
severe accident progression and the SCDAPSIM COUPLE module for the finite element
thermal analysis of the reactor pressure vessel lower head. It also uses a variety of other
member-developed computational packages.

The severe accident core behaviour is described to a certain extent by using correla-
tions derived based on the separate effect tests and integral experimental results [30,31].
The uncertainties related to an insufficient knowledge of physical phenomena, such as fuel
rod cladding oxidation, core fragmentation, metallic meltdown, molten pool formation, etc.,
are covered by varying user-defined parameters in these correlations. Initial and boundary
conditions can vary up to 2% in a nuclear power plant. The major issue is the uncertainty in
calorimetric error when measuring thermal power, but variations in other important NPP
parameters such as reactor coolant pump (RCP), accumulator and break junction friction
coefficients can also have significant consequences during a transient calculation.

The uncertainty package integrated in the ASYST code is based on the BEPU methodol-
ogy with probabilistic propagation of input uncertainty [32]. It consists of the following steps:

1. Development of the nuclear power plant computation model for the steady state and
the transient calculation;
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2. Selection, identification and ranking of the relevant phenomena based on the safety criteria;
3. Selection of uncertain code parameters to represent those phenomena and determina-

tion of applicable probability density function (PDF);
4. Random sampling of uncertain parameters based on their PDFs and performing

multiple code calculations determined by the percentile and confidence level using
the Wilks formula;

5. Post-processing of results, determination of uncertainty bands, quantification of
dispersion of output values and determining the relationship between input and
output variables using influence measures.

A severe accident scenario in a two-loop PWR plant caused by a station blackout and
coolant leakage through degraded RCP seals was selected for the uncertainty analysis.
The integrity of the seal is compromised due to the unavailability of the charging pump,
which normally provides its cooling. The in-vessel phase is analyzed thoroughly and the
relevant figure of merits (FOM) are hydrogen production and the corium level in the lower
plenum, which most accurately characterize the processes of oxidation of the fuel rod
cladding and the core damage, respectively. However, other important output results are
also presented and commented on.

2. Computation Model, Initial and Boundary Conditions
2.1. Nuclear Power Plant Nodalization

The plant model is based on the NPP Krško, a two-loop PWR plant of Westinghouse de-
sign [33,34]. The nodalization of the plant’s primary and secondary systems [35], including
the radial cross-section of the core is shown in Figure 1.
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The ASYST code, a six-equation one-dimensional, nonequilibrium and nonhomoge-
neous system code, uses detailed thermal hydraulic NPP representation, which is input-
compatible with RELAP5/SCDAPSIM format [36]. The model consists of 554 thermal
hydraulic control volumes (CV), 641 junctions, 361 heat structures with 1923 mesh points,
748 control variables, 197 variable and 221 logical trips. The reactor pressure vessel (RPV)
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is represented with control volumes 101 to 175. Primary sides of steam generators (SG) are
modelled with control volumes 215–245 and 315–345 for SG1 and SG2, respectively. The sec-
ondary side of the first steam generator is modelled with CVs 411–429 and the second steam
generator with CVs 511–529. The pressurizer is represented with CVs 61–69. The thermal
hydraulic model also includes models of reactor coolant pumps (CVs 265 and 365), main
feedwater and auxiliary feedwater lines, accumulators (CVs 701 and 801), high pressure
and low pressure safety injection lines, steam lines, power operated and safety valves, etc.,
that is, all the relevant components for a thorough safety analysis. It is assumed that the
seals of both pumps will degrade when left without cooling, and the rupture is modelled
to be located on the suction side of the pump, on the control volume 259 for the first pump
(RCP1) and on the CV 359 for the second pump (RCP2).

Fuel rods, control rods, the core baffle, grid spacers and structures in the upper plenum
are modelled as SCDAPSIM components, which can break, melt or oxidize under severe
reactor conditions. The hemispherical RPV lower head is modelled using the COUPLE code,
a two-dimensional, finite element heat conduction code incorporated in the ASYST code.

Core fuel assemblies, 121 in total, are divided in five regions by grouping similarly
powered fuel assemblies together (Figure 1). Each region is assigned a separate thermal
hydraulic channel. These five channels are connected by transverse junctions (12 junctions
in height between the two adjacent channels). The core will begin to melt in the central
upper part, and the melting will progress radially and axially downward. The core needs
to be divided into several regions in order to cover the spatial domain of the degradation
and melting. Accumulation of impermeable debris could block the flow of the coolant
in the thermal hydraulic channel. Thus, it is essential to model the crossflow junctions
between the channels to allow the coolant flow to be redirected in the radial direction from
the blocked channel to the adjacent channel with a free flow surface.

2.2. Selection of Uncertain Parameters

The uncertain parameters used in the analysis can be divided into three groups
(Table 1). The first group contains parameters related to the calculation of the core be-
haviour during a severe accident. Although ASYST is a mechanistic code that automatically
calculates the degradation of the core and is based on stand-alone models, user defined
parameters are still necessary to describe certain processes in the core. These are processes
that have not been fully investigated, i.e., for which there is a lack of experimental data
or knowledge about their progression. In general, physical processes during severe acci-
dents are described by mathematical correlations, determined on the basis of experimental
research, which may contain constants (parameters) that the user can change or use the rec-
ommended values by the code developers. Changing the values of these parameters affects
the course of the accident. Phenomena covered by ASYST, the calculation of which can
be influenced by changing user-defined parameters, include oxide layer stability, metallic
meltdown, molten pool growth, core fragmentation and cladding deformation behaviour.
Table 1 provides a detailed description of uncertain parameters that describe these phenom-
ena (parameters 1–12) and gives their reference values and probability density functions.
Variations in parameters for which there are no strict constraints are described by a normal
distribution, while for parameters that are limited by the core design, they are described by
a uniform distribution. The mean value (relative to reference value) and the variance are
required data inputs for the parameters described by the normal distribution. The mini-
mum and the maximum values (relative values) are required for the parameters described
by the uniform distribution. Accordingly, most parameter variations are represented with
the normal distribution, except those that describe fuel rod cladding deformation. Their
parameter uncertainties are represented with the uniform distribution so that the input
values of the cladding strain do not exceed the given fuel assembly geometry limits.

The grid spacer uncertain parameters are their mass, height, plate thickness and radius
of the contact area between the spacer and the fuel rod cladding. The grid spacers can
affect the course of the accident in two ways. On the one hand, they can slow down the
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movement of corium and enhance the formation of the molten pool, and on the other
hand, due to chemical reactions between zirconium (in the cladding) and nickel (in the
grid spacer) occurring at relatively low temperatures of 1200–1400 K, they can lead to
earlier core melt. The fuel rod uncertain parameters include fuel rod pellet, inner and outer
cladding radii, fuel rod plenum length and the plenum void volume.

Table 1. Input uncertain parameters.

Phenomenon No. Description Reference Value Probability Density Function

Severe accident core
behaviour (CORE)

1 Temperature for failure of the oxide layer on the outer
cladding surface 2500 K Normal (1.00, 10−4)

2 Fraction of oxidation of the fuel rod cladding for the
stable oxide layer 0.2 Normal (1.00, 10−4)

3 Cladding hoop strain threshold for
double-sided oxidation 0.07 Normal (1.00, 10−4)

4 Fraction of cladding surface area covered with drops that
results in the blockage that stops local oxidation 0.2 Normal (1.00, 10−4)

5 Surface temperature for freezing of drops of liquefied fuel
rod cladding 1750 K Normal (1.00, 10−4)

6 Velocity of drops of cladding material slumping down
outside the surface of the fuel rod 0.5 m/s Normal (1.00, 10−4)

7
Multiplication factor on fuel pellet diameter that defines
minimum thickness that the crust must have in order to

support the molten pool
1.0 Normal (1.00, 10−4)

8 Temperature above saturation at which rod fragmentation
occurs during quench 100 K Normal (1.00, 10−4)

9 Gamma heating fraction 0.026 Normal (1.00, 10−4)

10 Rupture strain for the fuel rod cladding 0.18 Uniform (0.99, 1.01)

11 Strain for transition from the sausage type cladding
deformation to the localized deformation 0.2 Uniform (0.99, 1.01)

12 Strain limit for the rod-to-rod contact 0.22 Uniform (0.99, 1.01)

13 Mass of the grid spacer per the fuel rod 3.23·10−3 kg Normal (1.00, 10−4)

14 Height of the grid spacer 0.0336 m Normal (1.00, 10−4)

15 Plate thickness of the grid spacer 4·10−4 m Normal (1.00, 10−4)

16 Radius of the contact area between the grid spacer and the
fuel rod cladding 3.39·10−3 m Normal (1.00, 10−4)

17 Fuel rod plenum length 0.186 m Normal (1.00, 10−4)

18 Fuel rod plenum void volume 9.56·10−6 m3 Normal (1.00, 10−4)

19 Fuel rod pellet radius 4.096·10−3 m Uniform (1.00, 1.005)

20 Fuel rod inner cladding radius 4.178·10−3 m Uniform (1.00, 1.005)

21 Fuel rod outer cladding radius 4.75·10−3 m Uniform (1.00, 1.005)

22 Fraction of fuel theoretical density 0.95 Uniform (0.99, 1.01)

23 Helium inventory in the fuel rod 6.2·10−5 kg Normal (1.00, 10−4)

Thermal hydraulic
system behaviour (THA)

1 Break junction friction coefficient 1.0 Uniform (0.80, 1.20)

2 Steam generator safety valve friction coefficient 1.0 Uniform (0.80, 1.20)

3 Accumulator initial water volume 35.94 m3 Uniform (0.98, 1.02)

4 Accumulator initial pressure 4.928 MPa Uniform (0.98, 1.02)

5 Accumulator initial temperature 322 K Uniform (0.98, 1.02)

6 RCP moment of inertia 2.697·103 kgm2 Uniform (0.98, 1.02)

7, 8

RCP friction torque (RFT) coefficients (TFC1, TFC2):
RFT = TFC1·S + TFC2·S2,

where S is the ratio of the current pump rotational
velocity to the rated pump rotational velocity

3556.61 Nm,
−715.41 Nm

Uniform (0.98, 1.02),
Uniform (0.98, 1.02)

Decay heat Power Core decay heat vs. time ANS79-1 standard data Uniform (0.98, 1.02)

In addition, the fraction of theoretical fuel density and helium gas inventory are also
varied. As for the dimensions of the fuel pellet and the cladding, there is a small tolerance
specified by the manufacturer, so we wanted to examine the impact of variations in fuel rod
dimensions on the processes of core damage and oxidation. As for the helium inventory,
variations in its mass will affect the integrity of the cladding. The cracking of the cladding
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allows the penetration of steam into the gap of the fuel rod and oxidation of the cladding
from the inside and thus increases the production of hydrogen.

The second group of uncertain parameters covers thermal hydraulic initial and bound-
ary conditions. Break junction and steam generator safety valve friction coefficients vary in
a wide range because the uncertainties related to the pressure drop at the break and in the
valves are large. The pressure drops in the components that are active during the normal
operation of the power plant are adjusted in such a way as to obtain a satisfactory steady
state. For other components, such as breaks and safety valves, there is no particular way
of determining friction coefficients, so in our case, variations in the coefficients are taken
to be ±20%, which is still a rather conservative assumption because we did not want to
exaggerate their influence on the calculation results.

Since the analyzed scenario is the loss of AC power, all major safety systems are out of
operation except for passive hydro accumulators. Therefore, the variable initial conditions
for the accumulators are modelled: the pressure, temperature and volume of water inside
them. Accumulators inject significant amounts of water at short time intervals and can
successfully quench the core, but that can also negatively affect the integrity of the core
due to possible thermal shock and fuel rod shattering. The last components for which
variations in input parameters are assumed are reactor coolant pumps. The RCP moment
of inertia and friction torque coefficients are varied to examine the effect of increased or
decreased primary coolant flow on the values of primary pressure and temperature, and
the consequent behaviour of the core.

The third group of uncertain parameters consists of time-dependent decay heat data.
The uniform distribution of decay heat is assumed within the range of 98% and 102%
of the base value. The reasons for the power variations are the uncertainties related to
the calorimetric error when measuring thermal power, and the standard deviations in
fission product yields, half-lives and the amount of energy released during the radioac-
tive decay [37]. The generation of heat has a key impact on the thermal response of the
core, its damage and fuel rod cladding oxidation, which exponentially depends on tem-
perature. Decay heat data are given in a table according to the ANS79-1 standard [38]
and change uniformly depending on the weighting factor determined by the probability
density function.

2.3. Determination of the Sample Size

The uncertain parameters are sampled randomly in accordance with their distribution
function. They vary simultaneously in each calculation and the user only needs to specify
uncertain parameters and their probability density function data.

The number of code runs (sample size) depends on three factors: the confidence
interval γ, the confidence level β and the “order statistics” m. Using the well-known Wilks
formula [39] approach, the sample size N for m = 1 can be determined by the equation

β = 1 − γN (1)

The equation defined in this way gives the minimum number of calculations required
to estimate the one-sided tolerance limit. Thus, for a 95th percentile (γ = 0.95) with 95%
confidence level (β = 0.95), which are standard values, the number of code runs for this
95/95 tolerance limit is found to be 59.

If the order of application of the Wilks formula m is greater than 1, the sample size is
determined by the equation given by Nutt and Wallis [40]

β = 1 −
N

∑
i=N−m+1

N!
i!(N − i)!

γi(1 − γ)N−i (2)

Using this type of statistical formula, it is achieved that the number of calculations
does not depend on the number of uncertain parameters but only on the percentile and
confidence level of the desired uncertainty bound. For the 95/95 tolerance limit, the sample
size depending on the order of the Equation (2) is as follows:
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1. For the 1st order there are 59 code runs required;
2. For the 2nd order there are 93 code runs required;
3. For the 3rd order there are 124 code runs required;
4. For the 4th order there are 153 code runs required;
5. For the 5th order there are 181 code runs required, etc.

The interpretation of the order statistics (order of application of the Wilks formula)
m is not clearly defined, as discussed by Frepoli [3]. It refers to the number of outcomes
of the conducted analysis that are to be further evaluated. For a design basis, LOCA,
the licensing criteria for emergency core cooling systems for light-water reactors (U.S.
NRC regulations [41]), identify three criteria and their limiting values: peak cladding
temperature, local maximum oxidation and core-wide oxidation. Thus, if we were to
strictly adhere to the regulations as recommended by Guba et al. [42], the number of
calculations for 95/95 tolerance limit should be 124. In the area of severe accidents, there is
no precise recommendation for the selection of critical parameters, although the results of
the analysis such as fission product releases, generated hydrogen mass and core condition
during the degradation process are essential for planning accident management measures.
On the other hand, in contrast to Guba et al., Wallis [43] concludes that there is only
one outcome of interest from an accident analysis and that is a simple statement (pass
or fail) whether prescribed safety limits (regulatory criterion) have been exceeded or not.
In order for the regulatory criterion to be met, all output variables must be below the
permitted values.

The sample size also depends on the confidence level and the confidence interval.
For example, for the first order and the 97/97 tolerance limit the sample size is 116, and for
the 99/99 limit the sample size is 459. Since the sampling process is completely random
regardless of the tolerance criteria, the sample size can be regarded as an approximate
value, and its higher value guarantees better accuracy in determining the bounding values
of output results. We decided to use a sample size of 124 (γ = 0.95, β = 0.95, m = 3) for the
presented analysis. Prior to that, a preliminary analysis was performed with the sample
size of 59, with uncertain parameters covering only the modelling of the core damage
(the first group of parameters in Table 1). A short discussion and a comparison of the main
results of these two analyses is given in Section 4.3.

3. Severe Accident Analysis
3.1. Description of the SBO Accident

The analyzed transient is a station blackout, which includes a loss of electric power
supply and the simultaneous leakage of coolant through the breaks at both intermedi-
ate legs, at control volumes representing the suction side of the reactor coolant pumps.
The break size is 18 mm, a small break LOCA scenario. The transient lasts 15,000 s and is
preceded by the 1000 s steady state calculation. The transient time is long enough to cover
the entire sequence of events for an in-vessel phase of a severe accident, including the late
phase of corium accumulation in the lower head.

After the loss of electric power and opening the breaks, the coolant is released from the
reactor coolant system (RCS) and the primary pressure decreases. On the secondary side,
the injection of main and auxiliary feedwater into the steam generators is interrupted, so the
steam generators gradually dry out. During this period, the primary system is cooled by the
natural circulation established between the core and steam generators, but after losing the
heat sink on the secondary side (after the steam generators have been emptied), the natural
circulation is terminated. The primary pressure then rises again, until the moment of the
loop seal clearing when it finally begins to decrease. That process is standard during a
small break LOCA accident when water accumulates in the intermediate leg, the lowest
piping elevation, between the reactor coolant pump and the steam generator. The pressure
upstream increases due to the heating of the primary fluid, and when it becomes higher
than the back pressure of the water, there is a breach of the flow blockage through the
intermediate leg, drainage of the pipe, and a decrease in pressure.



Energies 2022, 15, 1842 8 of 23

Since no emergency core cooling system other than the accumulators is available,
water starts to boil causing a decrease in heat removal from the core. The heating of the
core is additionally supported by the fuel rod cladding oxidation. As the temperature rises,
chemical reactions begin in the core, iron-zirconium, nickel-zirconium, silver–zirconium,
etc. They cause liquefaction and melting of the fuel assemblies and core supporting
structures. The initial melting of a local character eventually leads to the subsequent
formation of a molten pool, usually formed on the grid spacers. With the absence of cooling,
the molten pool continues to grow in the radial and axial directions. In the final stage of
the in-vessel accident progression there is a relocation of the molten material to the lower
head. The corium level will increase over time and thermally and mechanically load the
reactor vessel wall. The rupture of the wall and release of corium in the containment is not
explicitly taken into account because the reactor pressure vessel wall can rupture as early
as a few hundred seconds after the beginning of the relocation, but also much later. That
depends on the conditions in the lower head, numerical models of interaction between
the corium and the wall, wall deformation and the failure criteria. It is a complex analysis
involving the interaction of the primary system and the containment, which goes beyond
the scope of this study. Therefore, the idea of the paper was, among other things, to monitor
the long-term outflow of corium from the core into the lower plenum, in order to gain a
better insight into the dynamics of the in-vessel phase of a severe accident. In this way, an
assessment of the uncertainty of the initial conditions for the analysis of the ex-vessel phase
of the accident was achieved.

3.2. Calculation Results

The presented description of the transient coincides with the results of the analysis.
Figures 2–9 show the results of the base case and all 124 analyzed cases with the variation
in input parameters.

The generation of a low flow signal in the cold legs, after losing power to the primary
pumps at 0 s, will lead to the trip of the reactor and the turbine. Simultaneously with the
loss of AC power, opening the breaks in the RCS causes a loss of coolant and decrease in
primary pressure, Figure 2. The cold legs are dried out at 2000 s, but in the hot legs the void
fraction is about 30%, which allows the establishment of the natural circulation between
the reactor vessel and the steam generators. The drying of the hot legs follows quickly after
drying of the steam generators and the termination of cooling of the core through natural
circulation at approximately 4500 s. The pressure then increases until 6000 s when the loop
seal clearing occurs. In the late phase of the accident there are intermittent increases in
pressure caused, on the one hand, by the evaporation of water in the lower plenum after
the pouring of hot material from the core and, on the other hand, by the evaporation of
water freshly injected from the accumulators that comes into contact with the hot melt
in the reactor vessel. The collapsed water level in the core and RCS coolant mass are
shown in Figures 3 and 4, respectively. The time of the core water level decrease roughly
coincides with the decrease in the primary pressure. As the pressure decreases, so does
the saturation temperature, the water in the core evaporates, which causes a decrease in
the collapsed water level. The collapsed water level (COR LVL) is not the actual level but
only an indication of the amount of water in the core. It is expressed as a percentage of the
volume fraction of the liquid phase (voidf ) and is calculated according to the equation

COR LVL(%) =
5

∑
i=1

(
12

∑
j=1

1
12

· NFAi
121

· void fij

)
· 100 (3)

The core area is represented with five thermal hydraulic channels, each divided in
12 control volumes of the same height. The cross-sectional area of the channel is propor-
tional to the number of fuel assemblies (NFA) located in the channel. In the first channel
there are nine fuel assemblies, in the second 20 assemblies, in the third 52 assemblies, in the
fourth 16 assemblies and in the fifth 24 fuel assemblies.
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Figure 9. Corium height in the lower head.

The mass of coolant in the RCS decreases continuously until 8500 s, but it is noticeable
that this decrease is faster when the pressure in the primary system is higher, which is
expected because the higher the pressure, the greater the force acting on the fluid at the
break. After 8500 s, there is an increase in the amount of water in the primary system due
to the injection from the accumulators. The accumulator pressure is shown in Figure 5.
A pressure drop means that water has been ejected. This occurs when the pressure in
the surge line decreases below the pressure of nitrogen, which is above the water in the
accumulator and ensures a constant accumulator pressure before the activation. The initial
pressures are different in different scenarios since the initial accumulator conditions are
taken as varying parameters.
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Figure 6 shows the production of hydrogen. Hydrogen generation is the result of
the exothermic chemical reaction of zirconium in the fuel rod cladding and water vapor
at high temperatures. The layer of zirconium dioxide is formed on the outside cladding
surface during this oxidation process. The majority of hydrogen is produced in the interval
between 7500 s and 8500 s (~70% of total production) when the collapsed core water level
is close to or equal to zero (in steam-rich conditions), i.e., in the period between the core
dryout and the start of accumulator operation. The average rate of hydrogen generation
is then 0.25 kg/s. In general, an injection from accumulators reduces a further increase in
oxidation. There are two groups of cases depending on the accumulator activation time and
the decay heat value. When the accumulators start to inject water 50–100 s earlier, or the
amount of decay heat is lower, the total hydrogen production is 15% lower than in the cases
that have higher core heat production and a later start of the accumulators. This second
group of cases is characterized by an extended period of high oxidation rate at a time of
about 8500 s (Figure 6). The oxidation process can be divided in two phases. The first phase
corresponds to the already mentioned period from 7500 s to 8500 s when the oxidation is
more intense and predominantly the central and upper parts of the core are oxidized. After
8500 s the oxidation rate slows down and steam production in the core is reduced. Steam is
produced by the evaporation of water injected from the accumulators, and the oxidation
front moves to the lower parts of the core. Melting of the fuel rods and relocation of the
corium have little effect on the oxidation rate. In some cases, however, increased oxidation
was indeed observed at the time of the core melt and molten pool formation. This can be
attributed to the cracking and disappearance of the protective zirconia layer on the fuel rod
cladding and the exposure of the zirconium metal alloy to hot steam. Nevertheless, this
process does not always have the same effect because in some cases, especially those with
slower oxidation, no substantial oxidation was observed during the core damage.

The maximum core temperature is shown in Figure 7. Its sharp increase between
7500 s and 8000 s coincides with the processes of core drying and rapid cladding oxidation.
The maximum value of the temperature is about 2850 K. It is determined by the solidus
and liquidus temperatures of the UO2-ZrO2 quasi-binary system, which are 2830 K and
2873 K, respectively. The analysis of the late phase of the transient shows that the injection
of cold water from the accumulators into the reactor vessel did not cause a decrease in
the maximum temperature. Sudden temperature drops occur in some cases after 8000 s
due to the relocation of the high-temperature corium from the core to the lower head.
The maximum core temperature thus decreases after relocation and rises afterwards as the
core is heated again by the decay heat.

The radius of the molten pool within the core is shown in Figure 8. By melting the core
structures the radius increases until the moment of relocation to the lower plenum, after
which it decreases, or drops to zero, and then begins to grow again as the new material
melts. A key event in the molten pool formation is the transition of highly oxidized and
partially damaged, or liquefied, fuel rods into low porosity debris. This occurs due to
the thermal shock experienced by the fuel rods after the injection of cold water from the
accumulators. Namely, zirconium dioxide, formed by the oxidation of zirconium on the
outside of the fuel rod cladding, and uranium dioxide are low-strength ceramic materials
that crack when exposed to sudden changes in temperature. Water, i.e., steam, hardly
penetrates into the newly formed layer of debris, which makes it difficult to cool it down.
The generation of decay heat is greater than the heat removal by water/steam flow, so
the debris melts and a layer of melt is formed. Water injection from accumulators will,
thus, not cool the core, but vice versa, it will accelerate the degradation process, which
roughly corresponds to the scenario that occurred during the accident at the Three Mile
Island power plant [44].

Figure 9 shows corium height in the lower head. The relocation of corium to the lower
head represents a turning point in the further course of the accident because after that there
is a significant scattering in the results. The interaction of corium and water in the lower
plenum causes swift evaporation and an increase in the primary pressure. The pressure dy-
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namics, but more generally the thermal hydraulic plant feedback, ultimately determine the
operating time of the accumulators and other events caused by their activation. Emptying
of the in-core molten pool affects both the thermohydraulic behaviour and the progression
of a severe accident. Thus, after the corium relocation, there is no longer a clear pattern of
events between different scenarios, but the key events take place at different times, leaving
the impression of a stochastic distribution of results.

The molten pool will slump to the lower head if the crust at the periphery of the core
surrounding the corium fails, which takes place when the stresses in the crust become higher
than its ultimate strength. The initial relocation occurs between 9000 s and 10,300 s for
different scenarios. The stability of the crust is a function of the crust thickness, differential
pressure between the fluid inside the crust and the fluid outside of the crust and the weight
of material that is supported by the crust above the molten pool. If the molten pool is
surrounded by coolant that is considerably cooler than the corium, then a thick crust
forms around the pool and holds it in place. Otherwise, if the coolant is at about the same
temperature as the corium, then the crust will be thin and may fail. Variations in the input
parameters affect the fuel and coolant temperatures, as well as the differential pressure
around the crust, and therefore lead to different times of the crust failure.

4. Statistical Analysis and Discussion of Results

The performed calculations generated a large amount of data. Statistical analysis is
needed to critically evaluate the results. The scatter of results is estimated using the relative
standard deviation, and the relationship between the input parameters and the output
variables using the Pearson correlation coefficient.

4.1. Dispersion of Output Values

The dispersion of a set of values around the mean, or the expected value, is quantified
using the standard deviation. As its unit corresponds to the unit of a particular variable,
it is not possible to directly compare the scatter of results of different output variables.
Therefore, a relative value of standard deviation (RSD) equal to the ratio of the standard
deviation to the mean was used instead in the analysis

RSD =

√√√√ 1
N

N

∑
i=1

( xi
x
− 1
)2

(4)

where N is the size of the population (sample size), xi i-th population value and x the
population mean.

Relative standard deviations of thermal hydraulic variables: collapsed core water level
(CORWAT), reactor coolant system mass (RCSMASS), integral break flow (BRKFLINT),
pressurizer (PRZPRES) and accumulator (ACCPRES) pressures are shown in Figure 10,
while for variables describing core damage: maximum core temperature (BGMCT), produc-
tion of hydrogen (HYDR), corium height in the lower head (HGTCOR) and radius of the
in-core molten pool (REPOOL), RSD values are shown in Figure 11. A small value of the
relative standard deviation implies that the data are grouped close to the mean, while its
large value implies that the data are scattered over a wide range around the mean, or some
data deviate substantially from others.

The first thing that can be noticed in the figures are the sharp increases in the relative
standard deviations of the collapsed core water level, hydrogen production, radius of the
molten pool and the height of corium in the lower head at different times. They occur due
to large differences in the results, at the same time points, between individual scenarios,
where these differences are several orders of magnitude. There are three visible peaks on
the core water level RSD curve, in 7650 s, in 8400 s and in 9100 s. The first peak refers to
the initial drying of the core, the second to the first activation of the accumulators and
the third peak to the second activation. These events do not occur simultaneously in all
scenarios and are accompanied by sudden changes in water levels, which is why the values
of the standard deviation are so high. Thus, we limited the maximum values of RSD
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to 2 because after reaching the peak value, they decrease fast afterwards. In this way it
is then easier to monitor the behaviour of variables throughout the transient. The peak
values are not representative (they are given in Table 2 though), but more important are the
moments when they are occurring. The maximum value of the relative standard deviation
of the hydrogen production occurs in 6500 s when the oxidation of the fuel rod cladding
begins, which, again, does not occur simultaneously in all scenarios. The maximum value
of the relative standard deviation for the molten pool radius occurs in 8400 s, and for the
lower head corium height in 9000 s. The reason for the appearance of the first peak is the
transition of the layer of debris into the molten pool shortly after the formation of core
debris caused by injection of water from the accumulators. The peak value of the corium
height in 9000 s corresponds to the moment of the first corium relocation to the lower head
for the scenarios with the earliest cracking of the crust surrounding the corium within the
core region. The relative standard deviation of the maximum temperature in the core is
among the lowest compared to the other results (the lowest being for the coolant mass
released through the breaks). The amount of water that enters the reactor vessel from the
accumulators is not enough to quench the core, so this has very little effect on the maximum
temperature transient behaviour.

Energies 2022, 15, x FOR PEER REVIEW 15 of 25 
 

 

(BRKFLINT), pressurizer (PRZPRES) and accumulator (ACCPRES) pressures are shown 
in Figure 10, while for variables describing core damage: maximum core temperature 
(BGMCT), production of hydrogen (HYDR), corium height in the lower head (HGTCOR) 
and radius of the in-core molten pool (REPOOL), RSD values are shown in Figure 11. A 
small value of the relative standard deviation implies that the data are grouped close to 
the mean, while its large value implies that the data are scattered over a wide range 
around the mean, or some data deviate substantially from others. 

 
Figure 10. Relative standard deviations for thermal hydraulic variables. 

 
Figure 11. Relative standard deviations for variables related to core damage description. 

The first thing that can be noticed in the figures are the sharp increases in the relative 
standard deviations of the collapsed core water level, hydrogen production, radius of the 
molten pool and the height of corium in the lower head at different times. They occur due 
to large differences in the results, at the same time points, between individual scenarios, 
where these differences are several orders of magnitude. There are three visible peaks on 

0 2000 4000 6000 8000 10000 12000 14000
Time (s)

Re
la

tiv
e 

st
an

da
rd

 d
ev

ia
tio

n

0

.2

.4

.6

.8

1

1.2

1.4

1.6

1.8

2
CORWAT                                                     
RCSMASS                                                     
BRKFLINT                                                    
PRZPRES                                                     
ACCPRES                                                     

0 2000 4000 6000 8000 10000 12000 14000
Time (s)

Re
la

tiv
e 

st
an

da
rd

 d
ev

ia
tio

n

0

.2

.4

.6

.8

1

1.2

1.4

1.6

1.8

2
BGMCT                                                       
HGTCOR                                                      
HYDR                                                         
REPOOL                                                      

Figure 10. Relative standard deviations for thermal hydraulic variables.

Energies 2022, 15, x FOR PEER REVIEW 15 of 25 
 

 

(BRKFLINT), pressurizer (PRZPRES) and accumulator (ACCPRES) pressures are shown 
in Figure 10, while for variables describing core damage: maximum core temperature 
(BGMCT), production of hydrogen (HYDR), corium height in the lower head (HGTCOR) 
and radius of the in-core molten pool (REPOOL), RSD values are shown in Figure 11. A 
small value of the relative standard deviation implies that the data are grouped close to 
the mean, while its large value implies that the data are scattered over a wide range 
around the mean, or some data deviate substantially from others. 

 
Figure 10. Relative standard deviations for thermal hydraulic variables. 

 
Figure 11. Relative standard deviations for variables related to core damage description. 

The first thing that can be noticed in the figures are the sharp increases in the relative 
standard deviations of the collapsed core water level, hydrogen production, radius of the 
molten pool and the height of corium in the lower head at different times. They occur due 
to large differences in the results, at the same time points, between individual scenarios, 
where these differences are several orders of magnitude. There are three visible peaks on 

0 2000 4000 6000 8000 10000 12000 14000
Time (s)

Re
la

tiv
e 

st
an

da
rd

 d
ev

ia
tio

n

0

.2

.4

.6

.8

1

1.2

1.4

1.6

1.8

2
CORWAT                                                     
RCSMASS                                                     
BRKFLINT                                                    
PRZPRES                                                     
ACCPRES                                                     

0 2000 4000 6000 8000 10000 12000 14000
Time (s)

Re
la

tiv
e 

st
an

da
rd

 d
ev

ia
tio

n

0

.2

.4

.6

.8

1

1.2

1.4

1.6

1.8

2
BGMCT                                                       
HGTCOR                                                      
HYDR                                                         
REPOOL                                                      

Figure 11. Relative standard deviations for variables related to core damage description.



Energies 2022, 15, 1842 15 of 23

The time profiles of the relative standard deviations of the four thermal hydraulic
variables: reactor coolant system mass, integral break flow, pressurizer and accumulator
pressures show similar behaviour. They are all affected by the activation of accumulators
and injection of water, which changes the dynamics of mass and energy balance in the RCS,
as discussed in the previous section. The values are small before the start of the accumulator
injection, and after that they tend to increase steadily, except for the deviation of the coolant
mass in the primary circuit, which decreases in the last 2000 s of the transient. The lowest
value of the relative standard deviation is for the integral break flow, followed by the
accumulator and the primary pressure, while the highest value of the RSD is for the already
mentioned primary coolant mass. These variables do not have particularly pronounced
sudden changes in their values, but an increase is visible after 10,000 s, especially for the
values of primary pressure and reactor coolant mass RSD, which exceed relative standard
deviations of collapsed core water level, hydrogen production, maximum core temperature
and height of the molten material in the lower head.

4.2. Correlation between Input Uncertain Parameters and Output Data

The influence, or importance, measures are used to assess the impact of input param-
eter variation (Xi) on the variation in a selected output variable (Y). The dimensionless
influence measure form is

∂Y
∂Xi

∆Xi
∆Y

(5)

There are several ways to determine measures of influence, and the most commonly
used are the Pearson correlation coefficient, Spearman’s rank correlation coefficient, the
Kendall rank correlation coefficient, etc. All these approaches are equally valid [1], and
the Pearson correlation coefficient was selected for the analysis because it uses the data
values and not the ranks, so the information on the distance between the data is not lost. It
is also relatively easy to implement it using an Excel spreadsheet. The Pearson correlation
coefficient r is given by the following equation

r =

N
∑

i=1
(xi − x)(yi − y)√

N
∑

i=1
(xi − x)2 N

∑
i=1

(yi − y)2

(6)

where N is the sample size, xi, and yi are the individual sample points, and x and y the
sample means.

The Pearson correlation coefficient is positive when both variables x and y increase or
decrease at the same time, and is negative when one variable increases and the other one
decreases. The lower and upper limits of the Pearson correlation coefficient are −1 and 1,
respectively. According to Jaeger et al. [4], if the Pearson coefficient is less than 0.3 absolute,
there is a weak correlation between the variables, and if it is between 0.3 and 0.5, there is a
medium correlation and if it is larger than 0.5, the correlation is strong.

In order to unambiguously determine the relationship between the input parameters
and output results, the Pearson correlation coefficient should be calculated for output
variables that are either constant or increase over time. Hydrogen production and corium
height in the lower head were thus selected as logical candidates. They are furthermore
used to characterize two essential processes during a severe accident, oxidation of the fuel
rod cladding and the core degradation. Time-dependent correlation coefficients between
the selected input parameters and the two output parameters, accumulated hydrogen mass
and the corium height, are shown in Figures 12–15.

Pearson correlation coefficients describing the relationships between selected input
uncertain parameters, listed in Table 1, used in modelling severe accident core behaviour
(CORE parameters) and hydrogen mass, are shown in Figure 12. The values of the corre-
lation coefficients indicate that there is a weak correlation between the input parameters
and the output hydrogen production. Around 8500 s, shortly after the accumulators are



Energies 2022, 15, 1842 16 of 23

activated, most of the coefficients change abruptly, with some changing the trend from
negative to positive values, and vice versa. However, the results after 8500 s have no major
significance because then the geometry of the upper half of the core is lost, while the input
parameters refer to modelling of the initial, or only partially damaged core. An increase in
the value of the CORE parameter 2 (fraction of oxidation of the fuel rod cladding for the sta-
ble ZrO2 oxide layer) leads to an increase in the hydrogen production. When the cladding
temperature exceeds the limiting temperature (CORE parameter 1) and the oxidation is of
low intensity (CORE parameter 2), the oxide layer will fail, metallic zirconium below that
layer will be exposed to steam and the oxidation rate will increase. The influence of CORE
parameters 10 (rupture strain for the fuel rod cladding) and 23 (helium inventory in the fuel
rod) can be attributed to the same phenomenon. Lower cladding rupture strain and higher
helium mass inside the fuel rod will cause earlier cladding rupture, shattering of the zirco-
nium dioxide layer, increased exposure of the metal to steam and possible double-sided
oxidation after the penetration of steam into the fuel rod. The impact of CORE parameters
16 (radius of the contact area between the grid spacer and the fuel rod cladding) and 21 (fuel
rod outer cladding radius) is more straightforward. If the first parameter increases, the
area of the cladding exposed to steam decreases and thus the oxidation rate decreases
as well. The oxidation rate also decreases when the second parameter (cladding radius)
increases because the flow area between the fuel rods is smaller and less steam is available
for oxidation.
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Figure 12. Pearson correlation coefficient between parameters related to core damage propagation
and hydrogen production.

Energies 2022, 15, x FOR PEER REVIEW 18 of 25 
 

 

to the oxidation process. The influence of the last displayed parameter (THA parameter 
1—break junction friction coefficient) cannot be simply explained since this coefficient af-
fects the complex mass and energy balance within the primary system [35]. Discharge of 
the coolant through the break directly affects the amount of fluid in the primary system, 
and indirectly the primary pressure, accumulator activation time, heat transfer in the core 
and in the steam generators. Therefore, the small value of the Pearson correlation coeffi-
cient is understandable. 

 
Figure 12. Pearson correlation coefficient between parameters related to core damage propagation 
and hydrogen production. 

 
Figure 13. Pearson correlation coefficient between thermal hydraulic input parameters and hydro-
gen production. 

The influence of input parameters on the corium height in the lower head is not as 
direct as for the hydrogen production because the requirement for relocation is first the 
formation of a molten pool in the core, followed by cracking of the peripheral crust sup-
porting the pool when the necessary conditions are met. Figure 14 shows the influence of 
selected CORE parameters, and Figure 15 shows the influence of decay heat and two ther-
mal hydraulic parameters on the corium height. Again, there is a weak correlation, alt-
hough a little higher than for the hydrogen production, between the two sets of data, ex-
cept for the decay heat, which has a medium to strong influence on the amount of melt in 

0 2000 4000 6000 8000 10000 12000 14000
Time (s)

Pe
ar

so
n 

co
rre

lat
io

n 
co

ef
fic

ien
t

-.15

-.10

-.05

0

.05

.10

.15 CORE Par. 2                                                  
CORE Par. 10                                                 
CORE Par. 16                                                 
CORE Par. 21                                                 
CORE Par. 23                                                 

0 2000 4000 6000 8000 10000 12000 14000
Time (s)

Pe
ar

so
n 

co
rre

la
tio

n 
co

ef
fic

ie
nt

-.1
0
.1
.2
.3
.4
.5
.6
.7
.8
.9 THA Par. 1                                                    

THA Par. 3                                                    
Power                                                         

Figure 13. Pearson correlation coefficient between thermal hydraulic input parameters and hydro-
gen production.
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Figure 14. Pearson correlation coefficient between parameters related to core damage propagation
and corium height in the lower head.
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Figure 15. Pearson correlation coefficient between thermal hydraulic input parameters and corium
height in the lower head.

The relationships between selected thermal hydraulic input parameters (THA parame-
ters), including decay heat and hydrogen generation, are shown in Figure 13. By far the
greatest influence, a strong correlation, on hydrogen production is that of the amount of
decay heat. The intensity of oxidation increases exponentially with increasing temperature,
which in turn is directly related to heat generation. The increase in initial water volume
in the accumulators (THA parameter 3) causes an increase in the mass of produced hy-
drogen because the evaporation of that water, once it enters the core, contributes to the
oxidation process. The influence of the last displayed parameter (THA parameter 1—break
junction friction coefficient) cannot be simply explained since this coefficient affects the
complex mass and energy balance within the primary system [35]. Discharge of the coolant
through the break directly affects the amount of fluid in the primary system, and indi-
rectly the primary pressure, accumulator activation time, heat transfer in the core and
in the steam generators. Therefore, the small value of the Pearson correlation coefficient
is understandable.

The influence of input parameters on the corium height in the lower head is not
as direct as for the hydrogen production because the requirement for relocation is first
the formation of a molten pool in the core, followed by cracking of the peripheral crust
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supporting the pool when the necessary conditions are met. Figure 14 shows the influ-
ence of selected CORE parameters, and Figure 15 shows the influence of decay heat and
two thermal hydraulic parameters on the corium height. Again, there is a weak correlation,
although a little higher than for the hydrogen production, between the two sets of data,
except for the decay heat, which has a medium to strong influence on the amount of melt
in the lower head. The CORE parameter 5 (surface temperature for freezing of drops of
liquefied fuel rod cladding) is characterized by a positive correlation, which means that
when the temperature for freezing of the liquefied material is higher, then the accumulation
of material in the melt layer will be larger. If the temperature at which fuel rods disintegrate
during quench increases, then the core will stay intact longer and degradation and melting
will be weaker, which is determined by the CORE parameter 8 (temperature above satura-
tion at which rod fragmentation occurs during quench). The strain limit for the rod-to-rod
contact (CORE parameter 12) has a quite substantial impact on the mass of corium in the
lower head. As it increases, it blocks the downward movement of the melt along the fuel
rods, more and more material can accumulate inside the core, and once the crust fails, there
will be a larger relocation. The CORE parameter 13 is the mass of grid spacer per the fuel
rod. Its correlation to the corium height is positive because a larger amount of grid spacer
material leads to a stronger chemical reaction between the grid and the fuel rod cladding,
which, in the end, results in more liquefied material. Finally, the fuel pellet radius (CORE
parameter 19) does not have a serious influence on the core relocation and accumulation
in the lower head. At the time of relocation, most of the core is completely damaged and
the fuel assemblies no longer exist, except their lower part that is better cooled than the
upper part, but have been turned into debris or melted. Therefore, this parameter should
not have any major impact, which is confirmed by the calculation.

The heat generation inside the core has a strong influence on the radius of the in-core
molten pool (r = 0.9) before the relocation, but for the corium height in the lower head,
the Pearson correlation coefficient is twice as small. Unfortunately, since the molten pool
radius decreases sharply every time when corium relocates to the lower head and increases
afterwards as new material is added to the pool, the Pearson correlation coefficient for the
relationship between the input parameters and the in-core molten pool is not applicable.
Similarly, when accumulators inject more water into the RCS, there is more damage to the
fuel assemblies due to thermal shock; however, this is not clearly visible in the diagram in
Figure 15 (THA parameter 3). The correlation coefficient between the accumulator water
inventory and the debris volume inside the core, before the corium relocation, again shows,
although small, a clear enough relationship between these two parameters. Regarding
the THA parameter 1 (break junction friction coefficient), the same conclusion can be
drawn as for the hydrogen production, that its impact cannot be separated from all other
impacts on the mass and energy balance of the system. The Pearson correlation coefficient
increases in the late phase of the accident; however, the mass of the released fluid from the
primary system is then very small and has no major influence on the process of material
accumulation in the lower head of the reactor vessel.

4.3. Comparison of Scenarios with Smaller and Larger Sample Sizes

In addition to the presented analysis, which includes 124 calculations, a preliminary
analysis was performed with 59 calculations and a reduced number of uncertain parameters.
It contained only 23 uncertain parameters describing the behaviour of the core during a
severe accident and listed in Table 1.

Figure 16 shows bounding values of selected output variables for these two calcula-
tions. Interestingly, there are no large differences, only of the order of a few percent, for the
bounding values at each time step. In the early phase of the accident, before the start of the
core damage, there is a small influence of the variation in the thermohydraulic parameters
and the core power on the minimum and maximum values of the thermal hydraulic vari-
ables, such as primary pressure and the fluid inventory. In the period between 4500 s and
6000 s, i.e., between the termination of the natural circulation in the primary system and the
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loop seal clearing, the differences between the extrema are 4–5% in the case of the analysis
with 124 calculations, and 1% in the analysis with 59 calculations. During the process of
core melting, and especially during the relocation of corium, there is no clear trend in the
progression of results due to large differences between individual calculations. The dif-
ference between the minimum and maximum values in the analysis with 124 calculations
is a bit higher than in the analysis with 59 calculations, although at certain time intervals,
the latter analysis yields higher maximum, or lower minimum values.
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Figure 16. Bounding values of output variables for 59 and 124 calculations: (a) Pressurizer pressure;
(b) collapsed water level in the core; (c) primary system mass; (d) integral mass flow rate at the
break (loop 1); (e) accumulator pressure; (f) production of hydrogen; (g) maximum core temperature;
(h) radius of the in-core molten pool; (i) corium height in the lower head.

Dispersion of results is determined using the relative standard deviation and the
coefficient of range. Mean and maximum values of relative standard deviations and
coefficients of range of output variables are shown in Table 2. The numbers in parentheses
indicate the number of performed calculations. The coefficient of range is defined as the
ratio of difference between the highest and the lowest value of a variable to their sum,
(xmax − xmin)/(xmax + xmin). Thus, this coefficient takes into account only minimum and
maximum values, regardless of the dispersion of other results.
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Table 2. Relative standard deviations and coefficients of range for output variables, mean and
maximum values.

Variable

Relative Standard Deviation Coefficient of Range

Mean
Value (59)

Mean
Value (124)

Maximum
Value (59)

Maximum
Value (124)

Mean
Value (59)

Mean
Value (124)

Maximum
Value (59)

Maximum
Value (124)

Pressurizer pressure 0.22 0.17 0.42 0.40 0.38 0.34 0.76 0.82

Collapsed core water level 0.75 0.60 7.75 8.05 0.58 0.64 1.0 1.0

RCS fluid mass 0.31 0.29 0.73 0.72 0.43 0.45 0.92 0.93

Integral break flow 0.02 0.02 0.04 0.04 0.04 0.04 0.09 0.10

Accumulator pressure 0.16 0.11 0.24 0.23 0.26 0.29 0.43 0.44

Production of hydrogen 0.08 0.23 1.68 5.78 0.19 0.24 1.0 1.0

Maximum core temperature 0.02 0.03 0.16 0.27 0.05 0.07 0.29 0.36

Radius of the in-core molten pool 0.62 0.67 7.75 6.51 0.98 0.99 1.0 1.0

Corium height in the lower head 0.65 0.71 7.75 11.18 0.77 0.78 1.0 1.0

The mean values of relative standard deviations do not indicate any major differences
in the results of the two analyses. The only exception is the hydrogen production, for
which the mean relative standard deviation in the analysis with 124 runs is three times
higher than the mean relative standard deviation in the analysis with 59 runs. This is due
to differences in the calculations that occur in the initial phase of the oxidation. However,
when looking at the total mass of produced hydrogen, the differences are small. In the
case with 59 calculations the mean value is 297.9 kg and the standard deviation 12.6 kg.
The confidence interval is (294.7 kg, 301.1 kg) for the 95% confidence limit. In the case
with 124 calculations the mean value is 302.4 kg and the standard deviation 14.9 kg. The
confidence interval is (299.8 kg, 305.0 kg) for the 95% confidence limit.

Mean standard deviations of the collapsed core water level, RCS fluid mass, pressurizer
and accumulators’ pressures are larger for the case with fewer calculations. Regarding
the peak values, RSDs for two variables, production of hydrogen and the corium height
in the lower head, are clearly higher for the analysis with 124 calculations. These peak
values appear at the onset of the oxidation and the relocation of corium, respectively, but
the relative standard deviations decrease quickly afterwards, as shown in Figure 11. There
are no such large differences between the peak values of the other variables, while the peak
value for the radius of the in-core molten pool is higher in the analysis with 59 calculations.

The differences between the coefficients of range are far lower than for the relative
standard deviations of the two analyses. This is because the coefficient of range cannot be
greater than one. These coefficients have the highest values for variables related to the core
damage, radius of the molten pool and the corium height in the lower head, for which the
largest differences between individual calculations were determined. The peak values of
coefficients of range are equal to one for variables that can be zero during the calculation,
hydrogen production, collapsed core water level, corium height in the lower head and the
radius of the in-core molten pool.

5. Summary and Conclusions

A comprehensive uncertainty analysis of a severe accident requires the selection
of uncertain parameters that cover both thermohydraulic and core damage phenomena,
their probability density functions and qualified BEPU methodology. Small variations
in the parameters related to the fuel rod cladding deformation, oxide layer stability, core
fragmentation, stability of the crust supporting the molten pool, fuel rod dimensions,
decay heat, junction friction coefficients and initial accumulator conditions have different
influence on the output results of performed calculations in specific phases of the accident.

The course of the accident can be divided into four phases. In the first phase, from the
start of the accident until the core dryout, the scattering of results, primary pressure and
temperature, is small. In the second phase, which lasts until the moment of accumulator
activation, there is a substantial oxidation of the fuel rod cladding and hydrogen production,
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but the scattering of the results is still limited. The third phase of the accident begins at
the time of water injection from the accumulators, which causes interruption of the rapid
increase in the oxidation rate, but also leads to the fuel rods’ fragmentation, formation of
debris and the in-core molten pool. During this phase, deviations in results are somewhat
greater, especially of the molten pool dimensions. The fourth phase that begins with
relocation of the corium, is characterized by the largest variations in results. Drainage of
the molten pool and relocation of the corium into the lower head affect significantly the
reactor coolant system behaviour, accumulator operation and the dynamics of the core
damage progression. Even small differences in the timing of the drainage occurrence in
different scenarios greatly change the further course of the accident.

Calculation of the Pearson correlation coefficient shows that there is no straightforward
relationship between the output variables (hydrogen production and the corium height in
the lower head) and the selected input uncertain parameters. Although for almost all input
parameters there is a weak correlation between input values and output results, except for
the decay heat where there is a strong correlation, the physical relationship between each
parameter and hydrogen production, i.e., the amount of corium, can be clearly established.
Pearson correlation coefficients related to hydrogen production change suddenly at the time
of disintegration of fuel assemblies, but since most of the input parameters are associated
with the modelling of the initial, or only partially damaged core, this effect is not important.
The effect of thermohydraulic parameters is complex because they primarily affect the
global balance of mass and energy in the primary system, and in this sense their influence
is not particularly pronounced. The largest influence on hydrogen production, and partly
on the process of the corium relocation, is had by the decay heat because the oxidation
rate increases exponentially with temperature, which in turn is directly proportional to the
heat released in the core. The relocation of the corium to the lower head is preceded by
the molten pool formation, and it would be natural to look for a correlation between input
parameters and the pool diameter, but as the pool diameter can increase and decrease over
time, this dependence could not be expressed using the Pearson correlation coefficient over
the full time interval. When looking only at the period before the first corium relocation,
the correlation between the decay heat and the molten pool radius is very strong, while for
the corium height in the lower head, this correlation is twice as small.

A comparison of the bounding values of the analyses results with 59 calculations and
124 calculations does not indicate large differences between the two data sets. The disper-
sion of results, quantified by the relative standard deviation and the coefficient of range,
is also relatively small. The only exceptions are the hydrogen production and the corium
height in the lower head for which deviations are larger in the case with 124 calculations.
However, these differences are more pronounced in the initial phases of hydrogen pro-
duction and corium relocation and are rapidly decreasing as the accident progresses. It
can be concluded that increasing the number of calculations is not crucial to obtain a
relevant sample if the choice of uncertain parameters and the sample size are consistent
with qualified uncertainty analysis methodology.
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