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ABSTRACT

Release of core melt from failed reactor vessel into a pool of water is adopted in several existing
designs of light water reactors (LWRs) as an element of severe accident mitigation strategy.
Corium melt is expected to fragment, solidify and form a debris bed coolable by natural
circulation. However, steam explosion can occur upon melt release threatening containment
integrity and potentially leading to large early release of radioactive products to the
environment. There are many factors and parameters that could be considered for prediction of
the fuel-coolant interaction (FCI) energetics, but it is not clear which of them are the most
influential and should be addressed in risk analysis. The goal of this work is to assess
importance of different uncertain input parameters used in FCI code TEXAS-V for prediction
of the steam explosion energetics. Both aleatory uncertainty in characteristics of melt release
scenarios and water pool conditions, and epistemic uncertainty in modeling are considered.
Ranges of the uncertain parameters are selected based on the available information about
prototypic severe accident conditions in a reference design of a Nordic BWR. Sensitivity
analysis with Morris method is implemented using coupled TEXAS-V and DAKOTA codes. In
total 12 input parameters were studied and 2 melt release scenarios were considered. Each
scenario is based on 60,000 of TEXAS-V runs. Sensitivity study identified the most influential
input parameters, and those which have no statistically significant effect on the explosion
energetics. Details of approach to robust usage of TEXAS-V input, statistical enveloping of
TEXAS-V output and interpretation of the results are discussed in the paper. We also provide
probability density function (PDF) of steam explosion impulse estimated using TEXAS-V for
reference Nordic BWR. It can be used for assessment of the uncertainty ranges of steam
explosion loads for given ranges of input parameters.
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1. INTRODUCTION

Assessment of system safety margins is the key target of every safety study that aims to provide
decision makers with evidences sufficient to judge whether or not system capacity is adequate
to withstand a considered hypothetical threat.

Such assessments often rely on predictions of one or several task specific (dedicated) numerical
tools (codes) which verification, calibration and validation is a prerequisite for authority

approval and application in safety analysis.

The true complexity of the task arises when analysis is to be made for rare and high consequence
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hazards [1]. Rare events give rise to aleatory uncertainties; high consequence hazards imply
that code calibration and validation can only be partially performed in prototypic conditions
making code application to the actual safety problem a subject of additional epistemic
uncertainty.

In such cases state-of-the-art safety studies largely rely on Integrated Deterministic /
Probabilistic Safety Analysis (IDPSA) used in conjunction with Risk Oriented Accident
Analysis Methodology (ROAAM) [2]. IDPSA/ROAAM is the accident analysis tool that
establishes a probabilistic framework of causal relations and provides consistent and transparent
treatment of aleatory and epistemic uncertainties but requires a large number of calculations,
where often a single run of a single causal relation can be a computationally demanding task.

In order to make the framework computationally feasible Full (computationally expensive)
Models (FM) have to be replaced with their fast counterparts (approximations) called surrogate
models (SM) [3].

Development of a robust SM, i.e. SM that can adequately predict FM output in terms of derived
response functions, relies on

e separating out the essential portions of epistemic uncertainties (i.e. proper choice of

influential FM input parameters and their ranges)
o identification of non-influential parameters and their justified exclusion from the
analysis

e selection of FM sub-models that are most adequate for the studied subject

o well-posedness of the model (requirement of ROAAM):

o the response function derived from FM output is not subject to discontinuities of
stochastic® nature (when small variations in input parameters result in large
deviations of the output functions, or dis-convergence of numerical solution);

= physical ill-posedness, e.g. equilibrium of small sphere on a surface of a
large sphere

= numerical ill-posedness, i.e. numerical instabilities in code
implementation.

Therefore, comprehensive sensitivity study of FM to uncertain input parameters must be
performed with two primary goals:

e exclude “user effect” stemming from weakly justified (based on single runs) choice of
important input parameters and their ranges, i.e. made without comprehensive
assessment of the importance of the selected by user parameters

e provide grounds for comprehensive and computationally feasible risk assessment:

o gain confidence in how physically sensible and well posed FM output is
o decrease the computational load (during generation of the FM solutions) by
minimizing the total number of input parameters.

In this work we apply NRC approved TEXAS-V code, widely recognized as a conservative tool
for the assessment of steam explosion energetics, in the context of a hypothetical severe
accident on a reference Nordic BWR assuming coherent corium jet release into a deep water
pool.

We briefly review the implemented in TEXAS-V constitutive relations, provide single

! For brevity we use the word stochastic in broad sense meaning stochastic (random) and/or chaotic
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parameters study and demonstrate that due to intrinsic random nature of steam explosion
phenomena the code is ill-posed and special care must be taken to minimize output chaotic
nature in the response function. We further undertake a comprehensive sensitivity study of
TEXAS-V code using Morris method, we elaborate on the implementation details and identify
the list of the most influential parameters. In the end we provide an outlook for the development
of the TEXAS-V surrogate model.

2. TEXAS-V

Texas-V is a 1D 3-field transient code with Eulerian fields for gas and liquid and Lagrangian
field for fuel particles. It comprises of two modules for calculation of: premixing and steam
explosion.

The premixing model is based on

e two constitutive relations:
o the fragmentation model for mixing
o the phase change model

e two alternative modes of melt release
o inthe form of a coherent jet
o inthe form of discreet master particles

¢ and two alternative mechanistic approaches for jet front breakup
o leading edge
o trailing edge.

The fragmentation model for mixing comprises of three mechanisms: Kelvin-Helmholtz
instability, boundary layer stripping and Rayleigh-Taylor instability. The former two are
considered to have minor effect with vapor film present and are reduced rapidly with rise of
void fraction. The Rayleigh-Tailor instability is thus the key constitutive relation in TEXAS
describing fuel fragmentation. The model considers the fuel particles to be deformed and
dynamically fragmented into a discrete number of particles from its initial diameter to smaller
size (see Chu [4]). The implemented equations are as follows:

DI = D! (1—C,AT "We®?®)
_ ch r2el D?

O

AT Ure| (tn+1 _tn)(&]%

D? P+

We

%
C, =0.1093-0.0785 L=
P

where n is time iteration index; Dy is fuel particle diameter; AT* is dimensionless time step;
Ure Is relative velocity; t is time; of is fuel surface tension; pr, p. are densities of fuel and
coolant respectively.

Therefore, the primary breakup is dominated by the existence of the jet front, the moment the
jet front reaches the bottom of the domain primary breakup sharply reduces. It is further
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assumed that coherent fuel jet will not breakup until the fuel particle at the leading edge,
exposed to the oncoming coolant, is fragmented (and swept away from the interface), that is
only master particle at the leading edge of the jet can be subject to fragmentation.

The onset of master particle fragmentation is driven by one of the mechanistic approaches for
jet front breakup. The trailing edge algorithm forces leading master particle to fragment at the
tail of the fragmented debris, i.e. at the beginning of the premixing region. Leading edge
algorithm implies start of the leading master particle fragmentation at the leading front of the
fragmented debris, i.e. at the end of the premixing region. The trailing edge regime provides
very slow jet propagation (limited by sedimentation of fragmented particles) compared to the
trailing edge approach and consequently longer time for primary breakup and higher steam
generation rates. It is intended to predict fragmentation and propagation of small jets prone to
sinusoidal instability. Given characteristic scales of melt release in reactor case and comparing
jet front propagation velocity in water with that predicted by MC3D we have found the leading
edge algorithm to provide more adequate prediction of jet propagation velocity (as opposed to
trailing edge algorithm).

The phase change model (in continuous liquid field) comprises of two primary equations that
define:
1. Heat loss from fuel particles qrye;:

~(pyer = mDf Reitm (Tr — Tsar) + nDfoF (Tf4 —Tée),

where the first term on r.h.s. describes convection heat transfer rate from fuel particle to
the liquid vapor interface, and the second term is the radiation heat transfer rate from
the fuel particle to the saturated liquid-vapor interface. Temperature profile inside a
particle is solved in simplified way using steady state approach: it is assumed spatially
constant in the bulk and linearly decreasing within a thin thermal layer §.

The corresponding steam generation rate Mg, is then expressed as:

S,p
—Gruer = (D + 28p3m) g (T — Toar) + CraamDZF (T = The) + Mgphsg,

where the first term on the r.h.s. is convection heat transfer rate from the liquid-vapor
interface around the fuel particle to bulk liquid field and the second term is the fraction
Crqq Of radiation heat flux that is absorbed in the subcooled liquid; k¢, is the latent
heat of steam.

2. Heat flux balance around steam bubbles and resulting steam generation rate Mgy,

(T, — Tsar) :
AgLKg % = AthL.sL (Tsat - TL) + Ms,bhfg
g
where the term on the I.h.s. is the vapor bubble-side heat transfer rate; the first term on the r.h.s.
is the bulk liquid-side heat transfer rate; Ay, is the surface area of the interface between the

liquid field and the vapor field as determined from the vapor bubble radius and the flow regime.

The net rate of steam generation m, per unit volume is thus can be expressed in terms of the
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net heat flux g, f

. = Qnet,f
* hfgvcell
Qnet,f = quel — 41—y

1)

where ¢, and g, are the heat received by coolant liquid and coolant vapor respectively, which
becomes the internal energy of the coolant; and V,,;; is cell volume.

The fine fuel fragmentation (upon steam explosion) is due to the fragmentation model
proposed by Tang and Corradini [5] which is largely based on the original Kim’s model [6]. It
is a combination of thermal and hydrodynamic effects. Being computationally expensive it is
replaced in TEXAS with a semi-empirical equation where fine fragmentation rate m is
expressed as:

P 0.5
mf=6mp-< pCR§”> F(@)g(D) 2)

where m,, is mass of the initial particle; R, isradius of the initial particle; P, is the threshold
pressure necessary to cause film collapse; P is ambient pressure; F(«) is the compensation
factor for coolant void fraction; and g(t) is the factor for available fragmentation time.

The factor F(«) is introduced to keep the correlation consistent with mechanism of the model
because film collapse and coolant jet impingement become less likely to occur as vapor fraction
increases. The factor F(a) decrease from 1 to O at void fraction @ = 0.5.

The threshold pressure Py, is evaluated based on theoretical work by Kim and experimental
data. At ambient pressure 1 Bar the threshold pressure is in the range from 2 to 4 Bars. As the
ambient pressure increases threshold pressure also increases, however no definite quantitative
values have been suggested.

The integral fragmentation mass depends on the duration of the fragmentation process. The
factor g(t) isintroduced as empirical approach to account for the characteristic fragmentation
time © during which the above mechanism is considered to be operative. The factor g(7)
decreases from 1 to 0 as this characteristic time is exceeded. At ambient pressure (1Bar) the
recommended value for it is 1-4 ms. It is indicated that as ambient pressure increases the
fragmentation limit time decreases.

The heat generated due to dynamic fine fragmentation is expressed in TEXAS as:
Afrag =1y - (Cpr - (Tr = Ts) + if) (3)

where i, is fuel latent heat; T, is fuel temperature; T is saturation temperature of the coolant;
Cypr is specific heat for the fuel. Due to extremely fine fragmentation of the fuel the rate of heat

transfer is so fast that it is assumed to generate steam only giving the following equation for
steam generation rate g per unit volume:
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_ Qnet,f + éIfrag

s =

4
hfgvcell ( )

Further details on the implemented models in TEXAS can be found in the original thesis by
Chu [4] for premixing model and by Tang [5] for propagation model or in the TEXAS-V manual

[7].

All computational results reported in this work were obtained using the leading edge breakup
mechanism, coherent jet release mode and switched off module for hydrogen generation [8] (i.e.
oxidic melt release scenario).

3. DEVELOPMENT FOR SENSITIVITY STUDY

While sensitivity analysis [9, 10] is considered as a trivial task, it can become a challenging
problem when model output is subject to stochastic [11-13] behavior. The stochastic response
of a deterministic model stems from discrete treatment of its input given physical-ill posedness
of the modelled phenomena. Stochastic behavior, if not identified and prevented, can
compromise sensitivity study and SM development and lead to false conclusions in the risk
assessment.

Robust and comprehensive sensitivity analysis can be achieved if the response function derived
from the FM output can be shown to be well-posed, i.e. demonstrate physically sensible
behavior with anticipated (predictable and justifiable) response to a change in the FM input
with no discontinuities of stochastic nature.

We refer to such function as integral response function and derive it from the basic response
function. The basic response function is a direct derivative of a single FM output and therefore
is subject to possible stochastic nature of FM. The integral response function is a statistical
representation of the basic response function, it has the same physical meaning but does not
inherit stochastic nature of FM.

The methodological approach to the definition of the integral response function (being
developed and demonstrated here by example of TEXAS-V) implies the following steps:

1. Definition of the basic response function of interest produced in a single run full
model (FM).

2. Check if the basic response function (and accordingly FM output) is ill-posed, i.e.
the model output provides large variations in response to small variations in the
input.

3. Identification of the FM input parameter(s) that are responsible for the ill-posedness

of the model and resulting stochastic nature of the variations of the basic response
function in response to finite variations of the input parameters.

4. Definition of an integral response function that envelopes the stochastic response of

the basic response function making it well-posed in statistical sense.

Verification of the well-posedness of the integral response function.

6. Clarification of the ranges of the input parameters where the integral response
function remains well-posed and solutions of the FM numerically stable.

o

The basic response function defined for the analysis of the TEXAS-V explosion calculations is
integral explosion impulse per unit area. It is estimated from the dynamic pressure history
established during calculation of the propagation and expansion phases:
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Fexpl = max <Z(PU - POJ)8t1> )
i

where P;; is pressure in the cell j at the time instance i; Py; is pressure in the cell j at time
0; &t; is the time step at the time instance i. The maximum impulse is commonly found in the
second cell (j = 2) from the bottom of the domain. The defined function can be used for
comparison with containment threshold impulse and, if combined with maximum dynamic
pressure, for a more robust analysis of containment integrity.

The secondary basic response function suggested for the characterization of the premixing was
derived to be proportional to the total surface area of liquid melt droplets in water:

P Z {leR]%, [Vsi(k) < 05, Tk > Tmelt]
prmx — ,

- 0, otherwise

where k is Lagrangian particle group number; R, is particle radius in the k particle group;
ny is number of particles in k particle group; Tj, is particle bulk temperature in the k particle
group; Trmee is melting temperature of the fuel; Vs, is steam fraction in the cell i where k
particle group is located.

This formulation logically follows from the eq.(2), where fine fragmentation rate is proportional
to the total surface area of particles in water; since thermal energy transferred from the melt to
the fuel is due to melt enthalpy (clarify eq.(3) ), correction to the actual melt superheat is
expected to have minor effect and was not implemented.

In addition to the above functions two monitors for the actual run time of premixing and
explosion calculations were implemented. These are intended to keep track of the code
numerical instability (when problem run time is shorter than that specified in the input file).

Intrinsically stochastic nature of steam explosion impulse stems from strong interactions
between non-linear phenomena and dependence on the instantaneous conditions in premixing
zone: local system confinement, local availability of thermal energy, accessibility to volatile
liquid etc. Thus, it is not surprising that a numerical tool used to calculate steam explosion
energetics inherits similar random behavior: high sensitivity of explosion energetics to the
stochastic parameter — triggering time.

Graphs in the Figure 1 depict in normalized units premixing F,..,, and explosion Fey,,
criterions (i.e. liquid melt surface area in water and explosion impulse per unit area) estimated
for different triggering times. For demonstration purposes in the considered premixing problem
(release of oxidic corium melt with jet @300 mm into a 7 m deep water pool) cell cross-section
area and water temperature were chosen to largely suppress steam generation (total void
fraction never exceeded 3.8%) in such way excluding void fraction effects.

Explosion impulses (F,,;) normalized in the Figure 1 range from 0.1 to 377 kPa-s and largely
correlate with liquid melt surface area (F,,.,), except for the first 300 ms of interaction time
where varying water pool level is effectively close to the premixing zone.

Rises of the F,.,,, are due to the onset of master particle fragmentation driven by the leading
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edge algorithm; sharp decreases occur when the leading master particle is fragmented and
solidification of the fine debris becomes the dominating process.

Dependence of the explosion impulse on the triggering time has discontinuities and impulse
variations spanning up to 90% of the total range within 100 ms time window. Clearly, the
deterministic model output, being subject to non-linear physics, inherit stochastic nature of the
steam explosion phenomena demonstrating physical ill-posedness of the code with respect to
the discrete triggering time. It is instructive to note that among previous sensitivity studies of
TEXAS [14, 15] as well as validation against experimental data [16, 17] none have mentioned
or addressed ill-posedness of the model. This is not surprising given rather limited number of
supporting computations.

In the given example (Figure 1) failed explosion cases (marked with red circles) are in line with
non-failed calculations and therefore do not contribute to the stochastic nature of the explosion
impulse. This is due to the failure of the explosion module after the propagation phase, i.e.
during system expansion which contribution to the explosion impulse is minor. Obviously, this
is not always the case.

1 \
——Fprrmx - jet @300
«Fexpl - jet @300
¢ Explosion run time < 50 ms

o
©
1

o o o
()] ~ @
T T T

Normalized Fprmx and Fexpl
o
T

0.4+ .
0.3 m
0.2r .
0.1 !
() Y I \
0 05 1 15 2 25 3

Time of triggering, sec

Figure 1: Dependence of premixing and explosion criterions on the triggering time
(release of oxidic corium melt with jet @300 mm into a 7 m deep water pool)

Therefore, the integral response function must integrate the triggering time making the derived
explosion impulse physically meaningful in statistical sense. In this work we took a simplified
approach averaging basic response function over triggering time defining two integral response
functions for mean and median values:

_ 1
Fexpl = Nz {max (Z(Pijn - POjn)Sti>} (5)
Fexp1 = median {max (Z (Pijn — Pojn)6tl->} (6)
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where n € [1,2 ... N] is the index of discrete triggering times.

The advantage of two formulations stems from the possibility of their comparison: when the
two values derived from the same data subset are approximately equal one can expect the
distribution of impulse to have Gaussian nature and the mean value to be representative of the
distribution mode.

For brevity, the following demonstration of the integral response function well-posedness is
combined with the demonstration of the code numerical instability.

Analysis of the code failure domain revealed at least two parameters to have distinguished effect
on the code failure statistics:

e particle injection velocity (parameter UPIN in the TEXAS-V input)

e and mesh cell cross-sectional area (ARIY).

In the Figure 2a the integral response function is plotted against particle injection velocity
expressed in normalized units. The error bars indicate the spread of the basic response function
from which the mean and median integral response functions were estimated. The deviation of
the mean value from median value is an indicator of the increasing ill-posedness of the integral
response function.

In the given graph such deviation becomes evident at values above 3 where integral response
function demonstrate apparent unphysical behavior. The deviation is accompanied with
increase in the basic response function spread.
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Figure 2: Dependence of the integral response function (a) and averaged explosion run
time (b) on particle inlet velocity

Failure of the integral response function to remain largely unaffected by stochastic output of
TEXAS-V is caused by code numerical instability. It becomes evident from the rapid decrease
of the averaged explosion run time demonstrated in the Figure 2b: at velocity values exceeding
~4 m/s explosion calculations become unstable. Below this value the integral response
functions remains physically sensible (predictable and justifiable) and well-posed.

Similar graphs were obtained for the dependence of the integral response function on the mesh
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cell cross-section area (see Figure 3). These, however, have three distinct features:
1. maximum exists in the dependence of the integral response function and cell cross-
section area (Figure 3a, c);
2. onset of the numerical instability correlates with global maximum of the integral
response function (Figure 3b, d)
3. global maximum and onset of the numerical instability are dependent on the jet inlet
diameter (compare Figure 3a to Figure 3c)

Existence of the maximum is expected and agrees with constitutive equations (1) and (4),
posing no problem for sensitivity study. On contrary, effect of the jet diameter reveals that
ranges of the mesh cell cross-section area and inlet jet diameter are mutually dependent. If
wrong combination is taken the integral response function will be either dominated by
numerical instability or demonstrate very weak if any explosion impulses.

5

6x10 ‘ .
* Mea_n P 0 05] TS NS A S S —
@ gl | + Median|| @
o =
= = 0.04;
54 5
(&) c
S S 003} 1
= 3k o
g o
o ol | © 0.02}-
— g
S 2
(@] ©
£1- .%{EE © 0.01f
P i7s =
NS L ItF T IE ¥+ 0 : : ‘
0 2 3 4 0 1 2 3 4
Cell cross-section area, m? (max: 3.820 m?; min: 0.181 m? Cell cross-secticn area, m? (max: 3.820 m?, min: 0.181 m?
a b
5
15%10° ‘
* Mean » 0.05 e
® + Median @ L * *
: E 0.04
& 10/ 5 :
*g c
= -% 0.03¢-
b 9
g S
= ® 002t
= 5n e
g 2
(@] : (0]
(0] : P
= l : 50.01—
T[T s g mmees )
02 3 4 5 6 7 2 3 4 5 6 7 8

Cell cross-section area, m? (max: 7.678, min: 2.137 )

c

Cell cross-section area, m? (max: 7.678, min: 2.137 )

d

Figure 3: Dependence of the integral response function (a, ¢) and averaged explosion
run time (b, d) on cell cross-section area (a,b — 140 mm jet; ¢,d — 300 mm jet)

In order not to compromise sensitivity study it is necessary to
either establish a functional dependence between the cell cross-section area and jet
inlet diameter
or provide several sensitivity studies where ranges for this parameters will be selected
accordingly
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The choice in general depends on whether one entails a single SM applicable in all ranges of
input parameters or multiple SMs with limited ranges. In this work we have chosen the second
option, since definition of the required functional dependence is a tedious task.

The general tendency again proves the integral response function to demonstrate physically
sensible behavior and well-posedness in specific ranges (down to numerical instability).

In the Figure 4a we demonstrate dependence of the integral response function on one of the
most influential explosion modelling parameters — fine fragmentation time. Notice that with
increase of the parameter value the integral response function asymptotically converges to a
certain limit which is anticipated (predictable and justifiable) physical behavior since total
amount of thermal energy available in the system is limited. Importantly, increase in the
parameter is accompanied with increase in the spread of the basic response function, it range in
a single premixing extents from 0 to 1.1 MPa:-s, while the mean value hardly reaches 0.3 MPa:s.
This is an example of how tedious and controversial can be a single calculation and drawn from
it conclusions. Regarding code numerical stability this parameter is apparently not responsible
for code failures, though averaged explosion run time degrades with parameter increase.
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Figure 4: Dependence of the integral response function (a) and averaged explosion run
time (b) on fine fragmentation time

4. SENSITIVITY STUDY
Once the integral response function had been defined and validated a comprehensive sensitivity
study has been undertaken.

In total TEXAS-V input file contains more than 200 parameters for premixing and explosion
modules. Among them sensible and physically meaningful parameters can be limited to around
50. After consideration of dependencies between parameters we have selected 23 of them for
the following analysis. The list is provided in Table 1.

The initial temperatures of walls (two) and gas (tgo) were taken equal to the temperature of the
water (tlo) avoiding numerical instabilities during premixing. Maximum water temperature was
limited to 93°C, at temperature close to saturation TEXAS-V premixing calculations become
unstable.
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NUTHOS10-1293

Table 1: List of TEXAS-V parameters used in the study

Parameter | Units Range Description
Scenario parameters
po Pa 1+4 EO5 Initial pressure
tlo K 288-366 Water temperature
XpwW m 3.2-8.2 Water level in the containment
tgo K tlo Cover gas temperature
two K tlo Wall temperature
Input modelled parameters
RPARN m 0.07 Fuel injection radius
0.15
CP J/kg-K 400+570 Fuel capacity
RHOP kg/m3 7600-8600 Fuel density
PHEAT Jikg 260+360 E03 Fuel latent heat
TMELT K 2850 Fuel melting temperature
TPIN K 2850+3150 Fuel injection temperature
UPIN m/sec 1.5+3.3 Fuel injection velocity
KFUEL W/m-K 2+11 Fuel thermal conductivity
C(32) J/im2 0.4+0.6 Fuel surface tension
C(18) - 0.78 Fuel emissivity
Deterministic modelling parameters
dxi m 0.5 Cell height
ariy m? 0.7+1.8 Cell cross-section area
4+8
TMAX sec - Premixing time
cfr - 2.0+2.7 E-03 constant for rate of fuel fine
fragmentation
rfrag m 0.0001 Initial size of fragmented particles
pold Pa 2xPO Threshold pressure for film collapse
tfraglimt S 0.0005 Fuel fragmentation time interval
ptrig Pa 3E05 Trigger pressure

Mesh cell height (dxi) has been set constant to 0.5 m. Statistical study has demonstrated that
with parameter increase from 0.2 to 0.6 m the integral response function will slightly increase.
At low values calculations become time consuming.

Fuel melting temperature (TMELT) was taken constant 2577°C. For premixing and explosion
the dominating factor is not the eutectic temperature of the melt but its superheat. The superheat
was varied from 50 to 300°C by varying the initial melt temperature (TPIN).

The initial jet velocity (UPIN) range was limited between 1.5 and 3.3 m/s. While the expected

values are somewhat larger (up to 7-8 m/s) the code numerical instability does not allow to
extend it.
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The threshold pressure for film collapse (pold) (see eq.(4)) has been set to be twice the initial
system pressure. Unfortunately there are no systematic recommendation regarding the default
value for this parameter, except that at 1 Bar of system pressure the threshold pressure can take
values from 1 to 4 Bar. We have compared three alternative formulations POLD = PO + 1,
POLD= 2xPO and POLD= 2xPO+1. As expected slightly higher impulses were found for the
first formulation but it also produced 40% of failed explosion calculations altering impulse
distribution (clarify Figure 5)

100 . 150r- . PN
ElFOLD = PO + 1

ElPOLD = 2*PO

80 :

—
o
o

60
40

Number of cases
Number of cases

20r

% 5 10 15 % G ~ 10 15
Explosion impulse, Pa-s X 105 Explosion impulse, Pa-s %10
a b
Figure 5: Impulse distribution for two formulations of the threshold pressure
(a—POLD=2PO; b — POLD=PO+1)

Trigger pressure (ptrig) was set constant to 3 Bar. Effect of this parameter was found to be
negligible in the range from 3 to 30 Bars.

Fuel emissivity (C(18)) influence has been addressed in a separate study where the parameter
was varied in the range from 0.98 to 0.6. Response of the integral response function appeared
to be negligible. The recommended default value (0.78) was used for this parameter.

Other parameters were set either in accord with TEXAS-V manual [7] and provided there
recommendations or based on literature data [18-21].

In the scope of the study two base cases of oxidic melt release relevant for the reference Nordic
BWR were considered:

1. 140 mm jet diameter - Control Rod Guide Tube (CRGT) failure

2. 300 mm jet diameter - Large break

Instrumentation Guide Tube (IGT) failure (70 mm jet diameter) is not included since
preliminary calculations demonstrated rather weak explosions.

The sensitivity study uses Morris method [10]; DAKOTA code [22] is applied to generate input

dataset and Morris measures. Runs of TEXAS-V are performed automatically with a dedicated
script. Every sensitivity diagram is based on 60 000 of TEXAS-V runs.
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Figure 6: Morris diagram for the mean integral response function (jet @300 mm)

< 10" Morris diagram for the median integral target function
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Figure 7: Morris diagram for the median integral response function ( jet @300 mm)
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Figure 8: Morris diagram for the mean integral response function ( jet @140 mm )
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Figure 9: Morris diagram for the median integral response function ( jet @140 mm)

The result of sensitivity study to both mean and median integral response functions are provided
in the Figure 6-9. Morris diagrams to mean and median values demonstrate qualitatively the
same results. The cross comparison of the cases indicate some minor differences. In the Table
1 we summaries 5 most influential parameters from every studied case in the order of decreasing
importance.

Table 2: List of 5 most influential parameters identified in every study

140 mm jet diameter 300 mm jet diameter
mean median mean median
Water pool depth Water pool depth Water temperature Water temperature
Initial pressure Initial pressure Initial pressure Water pool depth
Cell cross-section area Water temperature Water pool depth Initial pressure
Water temperature Cell cross-section area Fuel thermal conductivity | Fuel thermal conductivity
Fuel thermal conductivity | Fuel thermal conductivity | Fuel initial temperature Fuel initial temperature

It is not surprising that the most influential parameter is water level: system confinement and
availability of volatile liquid are two key prerequisites for energetic steam explosions. The next
most influential parameter is system pressure, while the physical reason for that is not yet clear,
it could stem from its effect on the steam generation rate. Another important parameter is water
temperature. Its effect on the explosion impulse is not linear: at first rising with temperature
increase and then decreasing when values close to saturation are established. Two parameters
that also demonstrate high impact on the integral response function are melt superheat and
thermal conductivity: these drive melt solidification dynamics.

Only water level and proportional constant for the rate of fuel fine fragmentation (cfr) have
linear effect, all other parameters demonstrate non-linear dependence with most non-linear
parameters being water temperature and system pressure.

Parameter that have demonstrated rather weak influence on the integral response function are
proportional constant for the rate of fuel fine fragmentation (cfr), melt latent heat (PHEAT) and
melt surface tension (C(32)). These can be readily excluded from future sensitivity / uncertainty
study or SM input.

Complete impulse distribution from TEXAS-V generated data is presented in the Figure 10. It
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was obtained for the same range of input parameters but using Halton method for sampling and
incorporated different values of inlet jet diameters. It is important to notice that similar to
sensitivity study this data was obtained with a fixed and rather low value (0.0005 s) of the fine
fragmentation time. Therefore, the resulting impulses could be up to 3 times larger if fine
fragmentation time would be increased to 0.002-0.004 s, i.e. reaching at maximum 3 MPa:-s.
The distribution of impulse from TEXAS-V has log-normal nature.

Number of cases

0 1 2 3 4 5 6 7 8 ] 10
5
Impulse, Pa's x 10

Figure 10: Explosion impulse distribution from Halton generated input dataset
(50 000 samples)

5. CONCLUSIONS AND OUTLOOK

Sensitivity study of the steam explosion loads predicted with TEXAS-V code was carried out.
The aim of the study is to identify the essential part of the epistemic uncertainty and to provide
a foundation for the future development of a robust surrogate model — a computationally
efficient numerical tool that can substitute TEXAS-V in risk analysis.

We demonstrate that TEXAS-V can be considered as an ill-posed model due to its high
sensitivity to the triggering time. It is instructive to note that such behavior reflects actual
physics and complex non-linear interplay of the steam explosion phenomena. We further
suggest an approach to regularization of the stochastic behavior of the model output using
following steps:

1. Definition of the basic response function of interest produced in a single run full
model (FM).

2. Check if the basic response function (and accordingly FM output) is ill-posed, i.e.
the model output provides large variations in response to small variations in the
input.

3. Identification of the FM input parameter(s) that are responsible for the ill-posedness

of the model and resulting stochastic nature of the variations of the basic response
function in response to finite variations of the input parameters.

4. Definition of an integral response function that envelopes the stochastic response of
the basic response function making it well-posed in statistical sense.

5. Verification of the well-posedness of the integral response function.

6. Clarification of the ranges of the input parameters where the integral response

function remains well-posed and solutions of the FM numerically stable.
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The integral response function can be used then for sensitivity, uncertainty analysis and
development of surrogate models.

We have systematically applied this methodology to TEXAS-V code. The basic response
function for the TEXAS-V calculations is the impulse per unit area. We introduce integral
response function as statistically averaged values of the impulse predicted in multiple runs of
the code with variation of all but one parameter. For the integral response function sensitivity
study using Morris method was carried out. The list of the most influential parameters identified
in this study includes: water pool depth, water temperature, initial system pressure, melt
superheat and melt thermal conductivity. In the future, sensitivity of the integral response
function to the jet diameter and melt initial velocity can be addressed.

Separate effect study as well as sampling of parameters with Halton method (50,000 runs)
indicate very large spread of predicted impulses in individual code runs, reaching up to 1 MPa-s.
While such impulses are beyond any containment failure limits their probability are quite low.
Identified spread of the TEXAS-V output demonstrates that only a few standalone calculations
are not sufficient to make a consistent conclusion about the loads, given the uncertainty in the
scenarios of melt release and in modeling.

The results of the sensitivity study and analysis of the numerical failure domains provides a
platform for the development of a robust surrogate model that can reproduce TEXAS-V output
in statistical sense. The surrogate model should envelope the major part of the epistemic
uncertainty in the full model, while still remaining physically meaningful and computationally
efficient.
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