Nordic nuclear safety research

NKS-370
ISBN 978-87-7893-455-0

Experimental and Analytical Investigations of
Debris Bed Formation, Spreading, Coolabil-
ity, and Steam Explosion in Nordic BWRs

Pavel Kudinov*
Alexander Konovalenko*
Dmitry Grishchenko®
Sergey Yakush?

Simone Basso®

Nazar Lubchenko®

Aram Karbojian®

!Division of Nuclear Power Safety (NPS) Royal Institute of Technology (KTH)
Stockholm, Sweden

%Institute for Problems in Mechanics of the Russian Academy of Sciences
Moscow, Russia

3Massachusetts Institute of Technology

Cambridge, Massachusetts, USA

June 2016



S

Nordic nuclear safety research

Abstract

In case of severe accident in Nordic type BWRs core melt is fragmented in
a deep water pool. There is uncertainty if formed bed if core debris will be
coolable or if energetic steam explosion can threaten containment integ-
rity. The goal of the project is to reduce uncertainties in debris coolability
and steam explosion impact.

DECOSIM code has been developed for analysis of porous debris coola-
bility and further validated against COOLOCE data. Debris bed cooling in
post-dryout regime was addressed. Analytical models for prediction of the
maximum temperature of the debris and relative size of the dry zone as a
function of overheating parameter is proposed and validated against DE-
COSIM simulations. DECOSIM code was extended to in-vessel coolability
analysis. The parameter ranges corresponding to coolable and non-
coolable configurations were obtained for initially dry and quenched debris
configuration.

Scaling approach and universal semi-empirical closure have been devel-
oped for prediction of particulate debris spreading using PDS-C tests. The
approach has been validated against experimental data with different par-
ticle mixtures. The model for prediction of particulate debris spreading was
implemented in the DECOSIM code.

An approach for analysis of steam explosion in Nordic BWR and sensitivity
of steam explosion impulse to the uncertain modeling and scenario pa-
rameters has been proposed. TEXAS-V code is used for analysis. Ob-
tained database of impulses TEXAS is used for development of a compu-
tationally efficient surrogate model that can be used in extensive uncer-
tainty analysis.
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where y = H,/L,, is the ratio of the pool dimensions. We use the following regression

formula

ant = (32) 6 (155 @

where, for the sake of simplicity, we choose both unknown functions F() and G () to follow

the power law with proportionality constant c; and exponents ¢, c:

C3

ano = (37) () @

To validate the approach given by Eq. (38), we analyzed the experimental data and assumed
that the center of mass of the debris bed (31) can be used as the average lateral particle
spreading distance (35), i.e. Ry, = R.. By performing the regression analysis, we determined

the unknown fit coefficients used in (38):

¢, = 1.0000, ¢, = 0.4814, ¢; = 0.8537. (39)

Remarkably, the exponent c, of the velocities ratio is close to the exponent of the gas flow
rate in the empirical expression for the total void fraction of the pool (4.20), both values being
very close to 0.5. The scaling expression (38) with the determined fit coefficients (39) is
tested for prediction of the effects of particle density and size (see Figure 57 and Figure 58
solid and dashed lines). It is in reasonable agreement with the available experimental data,
though for larger values of tan ¢ > 0.8 (i.e. high gas flowrates in a pool having the depth
relatively small with respect to the spreading distance) further experiments are necessary to

evaluate the scaling formula performance.
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Figure 57: Particle density effect: comparison
of the average spreading angle of the
corresponding experiments (symbols)

performed at equal test conditions except for

the density of the particles (glass versus
stainless steel). The modelling data (lines) are
also provided for comparison.
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Figure 58: Particle size effect: comparison of
the average spreading angle of the
corresponding experiments (symbols)
performed at equal test conditions except for
the size of the particles (1.5 mm versus
3 mm). The modelling data (lines) are also
provided for comparison.
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Figure 59: Validation of the scaling fit against experimental data.

The results of the regression analysis are shown in Figure 59. The average spreading of the

stainless steel particles having 1.5 and 3 mm diameter is predicted reasonably well by (38),
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with coefficient of determination RZ; < = 0.93 and RZs; , = 0.96. However, for the glass
particles (red squares in Figure 59) the resulting coefficient of determination is lower,
R2,3, = 0.87. This type of particles is spread on average better than Eq. (38) predicts. We
observed in the experiments that glass particles residing in the pool can be entrained by the
turbulent flow for a long time ranging from tens of seconds up to few minutes after particles
delivery is stopped. Further analysis and tests are necessary in order to clarify this effect as

well as to improve the proposed semi-empirical model.
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4.4 Summary of Particulate Debris Spreading Research

4.4.1 Summary of PDS-C tests and scaling analysis

A set of PDS-C experiments has been carried out with different types of stainless steel
particles and their mixtures in order to quantify particle flow rate in debris bed self-leveling

phenomenon.

A scaling approach has been proposed for generalization of the experimental data on the non-
dimensional particulate debris spreading rate. Application of proposed scaling approach to
different PDS-C tests results in dense clustering of the data from different tests suggesting

that the most important physical phenomena are captured properly.

Despite some remaining uncertainties, developed scaling method provides a viable approach
to development of experimental closures universal for different types of particles, gas and

coolant properties and flow characteristics.

More tests will be carried out in the future with particles made of different materials, mixtures
of particles with different sizes and irregular shapes, etc. in order to extend the database for

validation of the proposed closures and scaling approaches.

Obtained correlation has been used to predict evolution of the debris bed shape in time for
reactor accident conditions. A comprehensive sensitivity and uncertainty analyses of the

spreading efficiency is ongoing activity.

4.4.2 Summary of PDS-P tests and preliminary analysis

Experimental data and preliminary scaling approaches on particulate debris spreading driven
by large scale turbulent flow in the pool are reported. The work is motivated by the need to
provide separate effect validation data for the models which can assess effectiveness of the
spreading of fragmented corium debris over the pool basemat in prototypic severe accident

conditions.
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The preliminary post-test analysis of the experimental data (in the case center-of-pool air
injection) on particles spreading indicated that gas injection rate in the pool has strong
influence on particle spreading and debris bed formation. The effectiveness of particle

spreading has been introduced in order to compare the tests between each other.

Post-test analysis of the experimental data (in the case of side-pool air injection) suggests that
the gas injection rate, pool dimensions, and particle properties have strong influence on debris
bed formation. A semi-empirical scaling for the generalization of the data has been proposed

demonstrating fairly good agreement with experimental data.

Further experimental work is required in order to develop a database of particle spreading in
the pool with wider ranges of pool configuration, particle properties and debris release
conditions. Improved scaling, such as inclusion of bubble-particle, turbulence-particle,
particle-particle interactions into the scaling expression, might be helpful for further
generalization of the data. The validation of the DECOSIM code for prediction of the

influence of turbulent flow on falling particles trajectory is ongoing.
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5 Analysis of ex-vessel steam explosion

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, energetic fuel-coolant interaction (steam explosion) can threaten
containment integrity potentially leading to large early release of radioactive products to the

environment.

The goal of this work is to develop a numerical computationally efficient tool for assessment
of ex-vessel steam explosion risk in Nordic BWRs. The outcome of such assessment is
foreseen as a map that denotes conditional failure probability of the containment in terms of
input scenario parameters. For the assessment of the conditional (i.e. scenario wise)
containment failure probability due to ex-vessel steam explosion the SEIM (Steam Explosion
Impact Map) framework is being developed. The framework links melt ejection and pool
characteristics with resulting explosion loads and containment structural fragility. SEIM
combines deterministic analysis with Monte Carlo based sampling to provide values of failure
frequency which are then used to estimate conditional containment failure probabilities and

failure domains as a function of model input parameters.

SEIM utilizes the TEXAS-V code for prediction of steam explosion energetics and an impulse
propagation method to calculate explosion loads at sensitive locations in the containment.
Together TEXAS-V and impulse propagation model define what we call the Full Model
(FM).

Large number of calculations required by the framework makes direct application of the FM
unfeasible. To improve numerical efficiency of the framework TEXAS-V code is substituted
with a fast counterpart - Surrogate Model (SM) that reproduces TEXAS-V results.

In this report we present (i) overview of the TEXAS-V code and choice of sub-models, (ii)
implementation of the model for steam explosion study in the reference Nordic BWR, (iii)
definition of the response function for the characterization of the steam explosion energetics;
(iv) development of the surrogate model, (v) current approach to the calculation of the
conditional failure probability and some examples of the mapping of the failure domain.
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5.1 TEXAS-V code

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

and another one for calculation of steam explosion.

The premixing model is based on conservation equations and two key constitutive models:
the fragmentation model for mixing and the phase change model. All of them are applied in

three flow regimes: bubbly flow, droplet flow and transition flow.

The fuel fragmentation is due to the following mechanisms:
e Rayleigh-Tailor instability
e Boundary layer stripping

e Kelvin-Helmholtz instability

Kelvin-Helmholtz instability and boundary layer stripping are considered to have minor effect

with vapor film present and are reduced rapidly with rise of void fraction.

The Rayleigh-Tailor instability model is thus the key constitutive relation in TEXAS
describing fuel fragmentation. It was developed by Chu and Corradini [74] based on Pilch’s
[47] original concept of a multi-step fragmentation theory for liquid particles. The model
considers the fuel particles to be deformed and dynamically fragmented into a discrete
number of particles from its initial diameter to smaller sizes. The implemented equations are

as follows:
DI = D! (1-C,AT ‘We®?)
_ ch r2eID?

O

!n+ n? %
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where n is time iteration index; Dy is fuel particle diameter; AT* is dimensionless time step;
Uy is relative velocity; t is time; oy is fuel surface tension; py, p. are densities of fuel and

coolant respectively.

The melt jet is represented in the form of discreet master particles that fall into water pool
sequentially. It is further 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. Two alternative mechanistic approaches are implemented in TEXAS-V as
driving the onset of leading particle breakup:

e Leading edge breakup.

e Trailing edge 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) and high rate of
primary breakup. It is intended to predict fragmentation rates of small jets prone to sinusoidal
instability. Differences in the prediction of jet propagation and void generation (as an
indicator of fragmentation rate) are provided in Figure 60.

Given characteristic scales of melt release in reactor case we consider leading edge regime to

provide adequate prediction of jet breakup and propagation velocity; this is also in line with
MC3D calculations of jet front propagation in water.
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Figure 60: Trailing edge breakup vs leading edge breakup mechanisms.

The phase change model (in continuous liquid field) comprises of two primary equations that

define:

1.

Heat loss from fuel particles ¢,
—Gruet = TDhpym(Tf — Tsar) + TD}oF (TF — Tor)
Aruel fIfilm\1f sat f f sat )»

where the first term (on the right hand side of the equation) 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 Ms,p is then deduced from:

_quel = T[(Df + 25film)2hlg (Tf - Tsat) + CradT[DfZO'F(Tf‘l' - T;at) + Ms,phfgl

108



NKS-DECOSE Report-2015

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; ks, is the latent

heat of steam.

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

T, —T. -
Ag K, M = Agrhys(Tsae — TL) + Msphyy

Oy

where the term on the |.h.s. of the equation is the vapor bubble-side heat transfer rate; the first

term on the r.h.s. is the bulk liquid-side heat transfer rate; A, 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 mg per unit volume is thus can be expressed in terms of the

net heat flux gper f

Qnet, f

M. =
* hngcell

Qnet,f = quel — 41— Qv
where g, 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 dynamic fine fuel fragmentation (upon steam explosion) is due to the fragmentation
model proposed by Tang and Corradini [63] which is largely based on the original Kim’s
model [19]. It is a combination of thermal and hydrodynamic effects, which conceptually can
be summarized as:

1. Film boiling around a molten fuel particle

2. Film collapse by external pressure pulse

3. Coolant micro-jets impingement on the surface of and possibly inside fuel particle

4

Rapid coolant expansion and fragmentation of the fuel into droplets

Being computationally expensive it is replaced in TEXAS with a semi-empirical equation

where fragmentation rate i, expressed as:
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p 0.5
. h
e = Cm,, ( - Ré ) F(a)g(o)

where m,, is mass of the initial particle; R, is radius of the initial particle; P,y is the threshold
pressure necessary to cause film collapse; P is ambient pressure; F(a) 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 1to 0 at « = 0.5. In the TEXAS input file
this limit is named ALPHAS.

The threshold pressure P, 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. In the TEXAS input file this parameter is designated as POLD.

In this study we define threshold pressure as P, = P + 1bar.

The integral fragmentation mass depends on the duration of the fragmentation process which
in case of the Kims model for a single droplet is of cyclic manner with sequential events of
film collapse, fine fragmentation of drop surface, reestablishment of the vapor film followed
again by film collapse etc. In reality due to concurrent fragmentation of many drops this
process can continue only for a limited time. The factor g(t) is introduced as empirical
approach to account for the characteristic fragmentation time t during which Kims
mechanism is considered to be operative. The factor g(z) decreases from 1 to O as this
characteristic time is exceeded. At ambient pressure (1Bar) the recommended value for it is
4 ms but often values on the order of 10 ms have been used. It is indicated that as ambient
pressure increases the fragmentation limit time decreases. In the TEXAS input file this
parameter is designated as TFRAGLIMT; we optimize its value between 10 to 0 ms during

explosion calculations to obtain maximum explosion impulse.

The heat generated due to dynamic fine fragmentation is expressed in TEXAS as:
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Qfrag = My " (Cpp * (T = Ts) + if)

where i is fuel latent heat; T is fuel temperature; T; is saturation temperature of the coolant;
Cyy 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 i, per unit volume:

_ Qnet,f + C.Ifrag
= ——

hngcell

It is stated in the Tangs thesis that the current model reflects the key features of the “chain-
reaction” required for the rapid escalation and propagation of the vapor explosion, i.e.:

o The pressure shock wave directly contributes to rapid fuel fragmentation;

o The fragmented fuel is quenched by the coolant, generating more vapor;

o The increased vapor mass raises the local pressure and sustains the shock wave

propagation to neighboring fuel-coolant mixture regions.

Further details on the implemented models in TEXAS can be found in the original thesis by
Chu [74] for premixing model and by Tang [63] for propagation model.

TEXAS-V code generates several output files for premixing and explosion. Data on

Lagrangian particles is also provided.

All computational results reported hereafter were obtained using the leading edge breakup
mechanism and the coherent jet release model. The model for hydrogen generation is not
used: it is believed, though yet to be verified, that hydrogen generation model will decrease
explosion impulses if activated. TEXAS-V does not model crust formation; consequently,

effect of the crust on the fine fragmentation during explosion propagation is neglected.

5.2 Full Model (FM)

Modelling of steam explosion was implemented assuming release of a single melt jet. In the

calculations the jet diameter was varied in the range between 70 to 600 mm; initial system
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pressure between 1 and 4 bars; water subcooling in the range from 10 to 128 K, water pool

depth between 5 and 9 m. The height of the computational domain, from the point of melt

release to the bottom of the water pool, was 13.0 m.

R; = 35-300 mm
+—

1-8 m/s

1-4 Bar

waterlevel: 5-9 m

11xR,
‘-

13 m (0.5 m x 26 cells)

The computational domain was vertically divided onto 26
cells, each 0.5 m high with the same cross section area.
The effect of the cell height on TEXAS-V calculations
was separately studied. Results suggest that with the
decrease of the cell height in the range from 0.2 to 0.4 m
explosion impulses get weaker and the number of failed
calculations increases; explosion impulses were not
affected when mesh cell height was varied from 0.4 to
0.6 m.

The mesh cell cross section area has profound effect on
the dynamic pressure and consequently on the explosion
pressure impulse. A robust approach to defining the cell
cross section area would require application of a 2D FCI
code to determine the minimal radial extent of the
premixing region where averaged 2D solution remains
independent from the radial extent. This is a tedious and
complex task. However, it was found that in TEXAS-V
for the chosen ranges of input parameters the product of
the pressure impulse and cell cross section area [m?] is

practically independent from the cell cross-section area

(see Figure 61). Considering further that TEXAS-V was extensively validated against

KROTOS experimental data, we set the ratio of the jet radius (Rje¢) to cell radius (Reey)

approximately the same as in the KROTOS experiments. In this work the following relation

has been used:

Rcell = 110 . Rjet (51)

112



NKS-DECOSE Report-2015

Reduced time steps were chosen to decrease the number of failed calculations, specifically,
the time step for premixing calculations was set from 102 to 10 s and the time step for
explosion was in the range between 10® and 5-107s.

x10* Effect of the cell cross section area on the explosion impulse
" T T T

+ Jet @070 mm, [Pa-s]
10 ——Jet @070 mm, [N-s] |

Explosion impulse, [Pa-s] and [N-s]

p— B
— i i 1

8.2 0.25 03 035 04 0.45
Mesh cell cross section area, m*

Figure 61: Effect of the mesh cell cross section area on the explosion impulse

Two functions were derived from the TEXAS-V calculations: one for the characterization of
the steam explosion, i.e. explosion impulse (F,,,;); and one for the characterization of the

premixing, i.e. total surface area of liquid melt droplets in water (F, ;).

Explosion impulse was integrated from the dynamic pressure history:

Foxpi = max <Z(Pij - Poj)Sti> +Acewrs [N - 5] (5.2)
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, A..;; — mesh cell cross section area.

The total surface area of liquid melt droplets in water was approximated as:

P Z {nkR,E, [Vsigo < 0.5, Ty > Tinere] (m?]
prmx ’

0, otherwise (5:3)

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; Ty is particle bulk temperature in the k particle
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group; Trme; is melting temperature of the fuel; Vs, is steam fraction in the cell i where k

particle group is located.

The explosion impulse in eq. (5.2) is in [N-s]. In order to make it meaningful for risk analysis
one must refer it to a specific area (provide explosion pressure impulse [Pa-s]), and apply an
appropriate impulse propagation method to estimate the explosion impulse at relevant

locations in the containment.

It is assumed that the explosion pressure impulse I [Pa-s] (similar to pressure distribution in a
propagating spherical shock wave) is a decaying function of distance r from the center of the

explosion:
[ =¢-rv,v=-1,¢ = const (5.4)

The constant ¢ in eq.(5.4) can be estimated assuming explosion impulse Fe,, to be
distributed over the complete area of the containment base A, and considering the point

source of the explosion to be located in the center of the corresponding cell in TEXAS:

Iy = Fexp1/Ap (5.5)

I, = %er; -rdr (5.6)
rZ), (hZ+1r2)0s5

2 1

BN (R e

(5.7)

where 1y, is the radius of the containment; h, is elevation of the computational cell above the
bottom of the domain. The impulse I, at the center of the containment floor, i.e. at r = h,, is
then:

T2 1

Ih=1,- :
07 P (2 +h2)O5—h,) 2-h,

(5.8)
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5.3 Response Function for steam explosion characterization

The deterministic model of steam explosion must provide a well-posed characterization of the
explosion energetics. Above we have defined explosion impulse as the key characteristics of
the explosion energetics. In the following we address the well-posedness of the explosion

impulse.

The time dependences of normalized premixing F,,,, and explosion F,,, functions are
provided in Figure 62. The data was obtained given fixed melt release conditions. The first
~1.4s of melt release correspond to the jet propagation above the water pool. The following
~300 ms of melt-water interaction occur with no apparent correlation between the two
functions. Then the two response functions develop correlated and periodic behavior. The
latter is most likely driven by the periodic arrival of jet particles and the competing nature of
the secondary fragmentation rate and rate of fine particles solidification. Note that if the
premixing function was defined as liquid melt volume / mass, i.e. taken proportional to

¥ n,R3 the corresponding curve in Figure 62 would be monotonously rising.

Figure 62 demonstrates that small variations in the triggering time lead to large changes in the
explosion energetics. For example, between 1.90 and 2.01 s, i.e. within 110 ms time window,

the explosion impulse changes almost 50 times, i.e. from 377 kPa-s to 8 kPa-s.

1 1
——Fprmz - jet @300
0.9+ Fexpl - jet @300
Explosion run time < 50 ms
0.8

<]
3

o
N
T

Normalized Fprmx and Fexpl
o o =]
e

o
L

o
-

Time of triggering, sec

Figure 62: 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)
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High sensitivity of the explosion impulse to the triggering time has far-reaching consequences
which are not necessarily TEXAS specific. First, it demonstrates physical ill-posedness of
FCI codes, i.e. chaotic nature of the steam explosion impulse with respect to the discreet
triggering time. If triggering time is reluctantly treated, interpretation of FCI code results and

code parametric studies becomes a subject of considerable uncertainty.

Second, from the risk perspective, the choice of the triggering time given specific conditions
of melt release can alter containment failure from physically unreasonable to physically
unavoidable. In this sense choice of the triggering time should be driven by probabilistic or
statistic considerations and should not be leveled by conservative or best estimate arguments.

Third, in FCI experiments the chaotic nature of steam explosion is expected to manifest in a
stochastic way. The reason is the aleatory variability of the triggering time and melt release
conditions that are not controlled or measured. Considering impulse ranges in Figure 62, the
expected magnitude of the aleatory uncertainty in the experimental steam explosion impulses
can potentially exceed the effect of other parameters controlled or intentionally varied in

experiments.

The above results demonstrate that explosion impulse is ill-posed, i.e. exhibits chaotic

behavior with respect to the triggering time. Aleatory variability of the explosion impulse can

be encompassed by establishing its statistical characterization. For example, evolution of the

explosion impulse in Figure 63a can be considered as aleatory and characterized in the form of

the cumulative distribution shown in Figure 63b. In this case explosion impulses can be

characterized in probabilistic terms:

— Probability of explosion impulse to exceed 80 kPa-s is 0.25% (or the confidence that
explosion impulse will not exceed 80 kPa-s is 99.75%).

— Probability of explosion impulse to exceed 50 kPa-s is 5.0% (or the confidence that
explosion impulse will not exceed 50 kPa-s is 95.0%)

— Probability of explosion impulse to exceed 25 kPa-s is 14.0% (or the confidence that

explosion impulse will not exceed 25 kPa:s is 86.0%)
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Figure 63: Evolution of the explosion impulse as a function of triggering (a) and respective
exposion impulse distribution (b)

For simplicity we estimate mean F,,,,; and standard deviation F,, of the explosion impulses

obtained varying the triggering time:

N
_ 1
Fexpl = N Z Fexplm C))
m=1
1
1% 2|?
Fstqg = N Z (Fexplm - Fexpl) ] (10)
m=1

where m is index for the discreet triggering time t;.;; = to + dtgig - M.

It can be demonstrated that the group {F,p;, Fsq} is well-posed and therefore can be used for
implementation in the SEIM framework.  Formulation of the response function as a
combination of mean and standard deviation allows interpretation of loads in terms of

confidence intervals and confidence levels.
Note that in general aleatory variability of the explosion impulse is not normally distributed

and actual confidence levels are expected to be lower. While we hold to this assumption only

temporarily it remains valid for impulses below 90-100 kPa-s (see Figure 64).
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Figure 64: Distribution of the explosion load at the containment wall

5.4 Surrogate Model (SM)

Development of the SEIM Surrogate Model (SM) requires extended sampling of the Full
Model (FM) to generate a high fidelity database of FM solutions. Minimization of the number
of varied FM input parameters is necessary to make computational costs affordable. The
complete set of tasks includes:
e definition of the list of important input parameters of TEXAS-V, i.e. FM sensitivity
study followed by a screening exercise;
e generation of the database of TEXAS-V solutions in the space of important input
parameters and verification of its physical consistency;
e choice of a method for development of the SM;

e implementation and validation of the SM.

Out of about 160 TEXAS-V input parameters 23 were selected for the sensitivity study. The
complete list is provided in Table 16. Ranges of parameters used in the sensitivity study
address scenario of oxidic melt release and were partially affected by TEXAS-V numerical
stability. Parameters not mentioned in the Table 16 were set either in accord with TEXAS-V

manual or according to recommendations in literature.
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Table 16: Selected TEXAS-V parameters and their ranges

Parameter Units Range Description
PO Pa 1+4 EQ05 Initial pressure
TLO K 288-366 Water temperature
XPW m 3.2-8.2 Water level in the containment
TGO K TLO Cover gas temperature
TWO K TLO Wall temperature
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 J/kg 260+360 EO3 | Fuel latent heat
TMELT K 2850 Fuel melting temperature
TPIN K 2850+3150 Fuel injection temperature
UPIN m/sec 1.5+25 Fuel injection velocity
KFUEL W/m-K | 2+11 Fuel thermal conductivity
C(32) Jim2 0.4+0.6 Fuel surface tension
C(18) - 0.6+0.9 Fuel emissivity
DXI m 0.5 Cell height
ARIY m? 0.7+1.8 Cell cross-section area
3.8+8
TMAX sec - Premixing time
CFR - 2.0+2.7 E-03 | constant for rate of fuel fine fragmentation
RFRAG m 8+1.2 E05 Initial size of fragmented particles
POLD Pa 2xPO Threshold pressure for film collapse
TFRAGLIMT | s 0.0005+0.0030 | Fuel fragmentation time interval
PTRIG Pa 3E05 Trigger pressure

The sensitivity study was performed using Morris method [46], [50] and addressed 16 input
parameters (written in bold in the Table 17). The mean pressure impulse (Foxp;/Aceu, [Pa-s]) has
been used as the response function. The results in Figure 65 are provided for 140 mm jet diameter.
The elements in the legend are sorted in descending order of Morris u value. The error bars
demonstrate the spread of the results established in 3 consecutive sensitivity studies that used slightly

different number of trajectories.
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Figure 65: Morris diagrams for mean pressure impulse
(a— @140 mm jet; b - @300 mm jet)

Discrepancies in the two diagrams are due to TEXAS-V numerical failures which are more frequent in
the case of @300 mm jet. Given rather high values of Morris o we could justifiably screen out only
three parameters: RFRAG, C(18) and ARIY.

The list of input parameters and their ranges used to generate the database of FM solutions is

provided in the Table 17. Note that database is formulated to cover both oxidic and metallic

releases, specifically extended ranges for melt superheat and thermal properties were applied.
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Table 17: Ranges of input parameters used for generation of the database of FM solutions

# Parameter Units Range Explanation
min max

1 XPW m 5 9 Water level

2 PO Bar 1 4 System pressure

3 TLO K 288 368 Water temperature

4 RPARN m 0.035 0.3 Initial jet radius

5 CP Jkg-K | 350 650 Fuel heat capacity

6 RHOP kg/m3 7500 8500 Fuel density

7 PHEAT J/kg 260 000 | 400 000 | Fuel thermal conductivity

8 | TMELT K 1600 2800 Fuel melting point

9 TPIN K 1620 3150 Melt superheat

10 | UPIN m/s -8 -1 Melt release velocity

11 | KFUEL W/m-K |2 42 Fuel thermal conductivity

12 | CFR - 0.002 0.0027 Proportionality constant of fine
fragmentation rate

13 | TFRAGLIMT ms 0.5 2.5 Fragmentation time

In order to evaluate the data for consistency of physical behavior and identify possible

numerical ill-posedness the database has been extensively studied.
In the Figure 66 we provide Spearman correlation coefficients to three SRQs: explosion
impulse (1x), liquid melt surface area (LMSA), explosion runtime (ER).

Spearman correlation coeffcient to explosion impulse Ix, {N-s)

05 | | | | | | | | | | | | | | | | | | |
x  RPARN ARIY He LMSA  ER TLO CP  RHOP PHEAT TMELT TPIN TPIN-TMELT-UPIN KFUEL CFR

Spearman correlation coeffcient to LMSA, (mz)

| | | | | | | | | | | | | | | | | |
08 X RPARN  ARIY He LMSA ER XPW PO TLO CP RHOP PHEAT TMELT  TPIN TPIN-TMELT-UPIN KFUEL CFR  TFRAG

Spearman correlation coeffcient to explosion run-time, (s)

| | | | | | | | | | | | | | | | |
08 X RPARN  ARIY He LMSA ER XPW PO TLO cpP RHOP PHEAT TMELT  TPIN TPIN-TMELT-UPIN KFUEL CFR  TFRAG

Figure 66: Spearman ranking of FM input parameters to three SRQs: Explosion Impulse
[N-s], Liquid Melt Surface Area (LMSA), Explosion Runtime (ER)
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We further derive Morris sensitivity measures for the same SRQs; those are demonstrated in

the respective Morris diagrams in Figure 67-Figure 69.

Note that the database is obtained assuming linear correlation between cell cross section
radius and jet radius, for that reason the two parameters have similar sensitivity measures. Jet
diameter is influential input parameter and this is artificially reflected on the cell cross section

area.

As it follows from provided diagrams the explosion impulse is most strongly correlated and is
most sensitive to jet radius (RPARN/R]), liquid melt surface area (LMSA), explosion run time
(ER) and fine fragmentation time (TFRAGLIMT). (Pronounced correlation of cell elevation
(Hc) with explosion impulse (Ix) is not yet clear, but that parameter is not in the list of actual
FM input.) The liquid melt surface area is an inherent characteristic of the premixture
development and therefore positive correlation is not surprising. Effect of jet radius
(RPARNV/RY]), also agrees with our expectations since it is proportional to the total amount of
energy available for energetic interaction. The same argument applier for parameter
TFRAGLIMT that defines the duration the energy is extracted from the melt during
explosion. Interestingly, among three parameters: melt temperature, melt solidification point

and melt superheat, melt temperature is the most influential towards explosion impulse.
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Figure 67: Morris diagram for Explosion Impulse [N-s]
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According to the Morris diagram for the liquid melt surface area (see Figure 68), 3 most

influential input parameters are jet diameter, melt superheat, melt release velocity. (High

importance of the melting temperature and initial melt temperature is an artefact of data

sampling: both affect the range of melt superheat, though in opposite ways). Remarkably,

water temperature does not have pronounced effect. While this parameter is not water

subcooling, its low influence suggests that the FM predicts rather low void fractions.
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Above consideration confirm physical well-posedness of the generated database. However,

largely non-zero sensitivity measures of explosion run time (clarify Figure 69) indicate that

there are noticeable numerical issues. Indeed, as it follows from the Figure 70 at least 23% of

performed calculations constitutes unfinished explosion cases, i.e. cases where explosion run

time is less than user defined 50 ms.
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Mortis diagram for explosion runtime
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Figure 70: CDF of explosion runtime

The Morris diagram in the Figure 69 suggests that the higher the development of the
premixing (LMSA) the higher is possibility of code failure during calculations of the
explosion phase; that is further demonstrated in the Figure 71d. The most influential input
parameters (driving LMSA) are melt superheat, jet radius and melt release velocity. Their
effect is shown in Figure 71a-c. Limiting the ranges of melt superheat and release velocity

could be beneficial to decrease the number of failed explosion calculations.
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In order to provide FM solutions database that is not affected by failed explosion calculations
we developed the following two step approach:

1. Premixing set, i.e. set of explosion cases that differ only in the triggering time, is
removed from the database if number of cases with runtime below 40 ms exceeds
20%.

2. Estimation of the mean and standard deviation of the explosion impulse from the
remaining premixing sets is performed excluding those cases that have explosion
runtime below 10 ms, i.e. cases that most likely have produced zero or close to zero
impulses due to failure of the calculation.

482 premixing sets have been removed from the original data set of 1500 premixing cases.
The issue of filtering is that frequency of failed calculations grows with potential
“explosivity” of the premixture. This makes filtering “selective” towards premixing sets with

potentially high energetics and thus can undermine explosively of an input subspace.
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The surrogate model has been developed using Artificial Neural Networks (ANNs) and
filtered FM solution database. The ANN is trained to predict the mean and standard deviation
of the impulse at the center of the containment floor and the containment wall (i.e. 3 m away
from the explosion location) given 13 TEXAS-V parameters in the input: XPW, PO, TLO,
RPARN, CP, RHOP, PHEAT, TMELT, TPIN, UPIN, KFUEL, CFR, and TFRAGLIMT.

The parity plots provided in the Figure 72and Figure 73 demonstrate good agreement between
SM predictions and FM calculations. Though, extension of the current database of FM

solutions and improvement of fidelity are necessary.
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Figure 72: Parity plots for the explosion impulse at the drywell wall
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Figure 73: Parity plots for the explosion impulse at the drywell wall

5.5 Comparison of SM and FM
Comparison of CDFs of explosion impulse at the pedestal wall and at the base of the

containment for two inputs: (i) training set, filtered from numerically failed cases, and (ii)
prediction set obtained with random sampling are shown in the Figure 20. There is a good
agreement between TEXAS and SM for the same training input dataset. However, for a
randomly generated input data the SM predicts on average higher impulses. This is attributed
to the combined effect of slightly larger mean values of the three most influential parameters
in the random dataset: jet radius, melt superheat and melt release velocity (see Table 18).
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In order to further verify that developed SM has properly captured physical behavior of the
full model we provide a comparison of dependences of predicted impulses on separate
parameters (Figure 21). The SM demonstrates a physically sensible response to the changes in
the input parameters. Remarkably, the SM has captured the expected dependence between
melt superheat (TPIN-TMELT) and explosion impulse in the ranges of parameters which

were only sparsely covered in the filtered training data set.

Table 18: Mean values of input parameters in different input datasets

Parameter Units Training dataset Random
before filtering after filtering

RPARN m 167.4 157.9 167.5

TPIN-TMELT °C 475.1 343.1 475.5

UPIN m/s 4.498 4.183 4.496
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Figure 20: CDFs of explosion pressure impulse at wall (a) and at containment base (b) by
TEXAS, SM with the training input and SM with a random input
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5.6 Approach to risk assessment: definition of failure domains
and their interpretation
The risk is defined as a triplet [16]: scenario, its frequency and probability of failure. The

triplet introduces a natural separation between epistemic (failure probability) and aleatory

(scenario frequency) uncertainties.

Scenarios and ] I ~ Risk:
frequencies Siyfi J l : Consequences: Failure probability

Loads and  for scenario s; with
| Capacity frequency f;

Deterministic
CR CR |
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Figure 74. Parameters in the ROAAM+ framework [31].

For each plant damage state {D;} there is a set of respective scenarios {si j} characterized by
frequencies (f;;). For the sake of brevity, in the future we will omit second index when
referring to scenarios (s;) and their probabilities (f;) considering them as a whole set of all
scenarios relevant to all initial damage states. Scenarios (s;) introduce specific combinations
of initial and boundary conditions for causal relationships (CRk) and structure of the
probabilistic framework (Figure 74). A set of surrogate models (SMy) is used to approximate
the CRk. In the multistage framework output of CRj is determined as multidimensional
probability density function pdf(py;) that provides initial input parameters for the next model
CRy+1- Timing is explicitly included as one of the p,; parameters. Epistemic uncertainty in
prediction of the failure probability is introduced by multidimensional probability density
function pdf(dy;, ix;) of intangible (iy;) and deterministic (dj;) modeling parameters. These

distributions determine the probability of containment failure (Pg;) for scenario (s;).

Steam explosion model is the last model in the framework (CRy) and has input parameters
that are determined by

Q) modelling at the previous stages of the accident progression (py-1;) (€.9. melt
release conditions such as jet diameter, release velocity, melt temperature etc.,
melt properties: density, thermal conductivity, solidification temperature), or

(i) stochastic accident scenarios (s;) (e.g. water pool depth, temperature, system
pressure etc. at the time of melt release).

(iii)  Internal model parameters (that are determined neither by the previous models nor
by accident scenarios) and are referred as deterministic (dy;) parameters if
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information about probability distribution is available and intangible (iy;)
parameters, if such information is not available. In case of the steam explosion
model the intangible parameters are: time of fine fragmentation and coefficient of
proportionality in the equation for the melt fine fragmentation rate.

Note that separation of parameters into scenario (s;), initial input parameters (py),
deterministic (dy;) and intangible (i,;) modelling parameters, depends on the formulation of
the problem and respective structure of the framework. Some parameters, for example, water
level, can be treated as a scenario parameter (i.e. conditional failure probability will be
estimated for given water level in specific scenario), modelling parameter (e.g. obtained by a
containment code and characterised by a range and a distribution), deterministic modelling
parameter (defined by range and distribution) or intangible parameter (defined only by its

range).

The calculation of the conditional failure probability is performed in the space of the scenario
parameters. For each distribution of the input parameters, output distribution of the steam
explosion load is produced. Containment fragility is currently taken as a fixed value.
Juxtaposition of the load and fragility allows estimation of the conditional failure probability.
Note that arbitrary scale of probability is employed in ROAAM [65]. If the conditional failure
probability exceeds 0.001, then the failure cannot be excluded as physically unreasonable and

mitigation strategy for a considered scenario is assumed to be ineffective.

Probability distribution of an intangible parameter is not known. In order to demonstrate both
(i) the effectiveness of the mitigation strategy and (ii) the effect of the distributions of
deterministic and intangible parameters we apply the following approach. For every point in
the space of initial input and scenario parameters we estimate failure probability for different
possible distributions of deterministic and intangible parameters. We introduce additional
parameters that define those distributions. In such way for every point in the space of initial
input and scenario parameters we estimate a distribution of the conditional failure probability.
If conditional failure probability is above/below the user defined threshold only for a small
fraction of possible distributions, e.g. 5%, we consider that such scenario belongs to the
failure/safe domain respectively and is not sensitive to the distributions. If percentile of the
distributions becomes larger, conclusions about success or failure of the mitigation strategy
are sensitive to the knowledge about the distributions.
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Failure domain maps are plotted in the space of initial input and scenario parameters. Failure
and success domains are colored in red and green respectively. Example of the failure domain
and complimentary cumulative distribution functions (CCDFs) of the conditional failure
probability are provided in the Figure 75. In-depth discussion of the ROAAM+ methodology
for risk analysis is provided in [31].
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Figure 75: Example of the CCDFs of failure probability (a) taken from the first vertical line

in failure domain map (b).

5.7 Failure Domain in SEIM SM Input Parameters
Results of SEIM reverse analysis are provided in Figure 76 for three different modes of

containment failure and two groups of scenario parameters. The data confirms the results of
the sensitivity analysis that jet radius is the most influential parameter dominating failure
domain boundaries; other parameters such as water pool depth (XPW) and water temperature
(TLO) demonstrate much smaller effect on the failure domain.

Comparison of the failure domain for 20 and 50 kPa*s suggest that reinforcement of the
hatch-door has significant positive effect on the failure domain. Safe domain estimated for the
containment base is smaller than that for the pedestal wall, even though assumed fragility

limit for the containment base is higher (80 kPa*s). This is due to the fact that statistically the
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magnitude of the explosion impulses at the containment base is higher than at the pedestal

wall.

As it follows from the obtained results the “safe region” does not exceed about 1/3 of the
failure domain map. In case of 20 kPa*s fragility limit (assumed to be an order of magnitude
for a non-reinforced hatch-door) the safe domain is negligible. This means that unless there is
a mechanism which can limit the size of the jet dimeter to

- ~70mm (initial size of the IGT) for 20 kPa*s fragility limit on the wall;

- ~180mm for 50 kPa*s limit on the wall;

- ~140mm (inial size of CRGT) for 80 kPa*s fragility limit at the base

it is not possible to demonstrate that fragility limits in case of containments with non-
reinforced door will not be exceeded (given uncertainties in the steam explosion impulse

estimations).

Potential source of such limiting factors are the accident scenarios and phenomena at the

previous stages of the accident progression.
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base (c,h).
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5.8 Summary and Outlook

The goal of this work was development of a fast numerical tool (surrogate model) that can be
used for the assessment of the risk of containment failure in Nordic type BWR due to steam
explosion. Three primary tasks have been accomplished: (i) development of the Full Model,
(i) generation of the Full Model solution database, and (iii) development of the surrogate

model.

We utilized TEXAS-V to build the Full Model (FM) for the assessment of the steam
explosion energetics in Nordic type BWRs and combine it with a simplified impulse

propagation approach.

Extensive simulations using the TEXAS-V revealed that explosion impulse is a chaotic
function of the triggering time — phenomena that has an important impact on both risk
analysis and interpretation of experimental results. Specifically, it was found that explosion
impulse can change 50 times within just a 110 ms time window. It is instructive to note that in
the steam explosion experiments the aleatory uncertainty due to the influence of the triggering
time is also expected to be significant. Proper statistical treatment with multiple repletion of
the tests at the same melt release conditions is necessary in order to measure the effects of the

other experimental parameters.

We have further, implemented an approach to encompass the chaotic nature of the explosion
impulse by characterizing its statistical distribution. The objective is double fold, first it
imposes well-posedness on the response function and second allows characterization of the
explosion impulse in terms of confidence intervals and confidence levels — approach highly

beneficial for risk assessment.

After ensuring model physical well-posedness we proceed with detailed sensitivity study
followed by parameter screening leaving 13 most important parameters. The model was then
sampled to generate a large database of solutions (1500 premixing sets comprised of 455K of
premixing/explosion calculations). Numerically failed calculations were filtered from the

database. Physical sensibility of the FM model response to variation of the input parameters
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was verified in a statistical sense. The database was used for the development of the surrogate

model.

The surrogate model was implemented using ANN. SM and FM were then

systematically compared and results were found to be in a satisfactory agreement.

The SM was then integrated in to the SEIM framework and failure domains were constructed

for a set of melt release scenarios. The results suggest that in cases with non-reinforced hatch

door there are high chances of containment failure even for small jet release diameters (&0.08

m). However, if hatch doors are reinforced to the level of the pedestal wall (50 kPa-s) failure

of the containment becomes dependent on the melt release scenario: failure is unlikely when

jet release diameter is below 0.2 m.

Future tasks include:

Melt releases with multiple jets.

Multiple consecutive steam explosions.

Effect of crust formation around melt particles on the energetics of the steam
explosions.

Generation of non-condensable gases during premixing.

Validation of the explosion propagation model.

Improvement and verification of the impulse propagation model.

Development of an SM capable to predict impulse value given desired confidence

level not relying on any assumptions about actual impulse distribution.
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6 Summary and Outlook

This work is motivated by the severe accident management strategy adopted in Nordic type
BWRs. The goal of the project is to reduce uncertainties in assessment of (i) debris bed
properties and coolability, (ii) steam explosion impact. In the experimental part of the project
we investigate key physical phenomena of the debris bed formation and coolability, and
producing experimental data for validation of simulation tools. Analytical approaches are
employed to assess the uncertainties in modelling of debris bed coolability and steam

explosion impact.

Analysis of debris bed coolability

In this work we further develop DECOSIM code to address (i) debris bed coolability in post-
dryout regime; (ii) particulate debris spreading with possible feedbacks between dryout and
spreading effectiveness. An analytical model is proposed based on the analysis of DECOSIM
calculations for prediction of the maximum temperature of the debris if the size of the dry

zone is known. Excellent agreement with the DECOSIM data is demonstrated.

The DECOSIM was validated against new COOLOCE data for different spatial
configurations: (i) cylindrical debris bed with open side walls (COOLOCE-10), (ii) conical
bed on a cylindrical base (COOLOCE-12). The dependence of DHF on system pressure from
COOLOCE experiments can be reproduced quite accurately if either the effective particle
diameter or debris bed porosity is increased, which is consistent with MEWA simulation
results reported in [59]. It is interesting to note that, despite the difficulty in predicting the
absolute values of dryout heat flux due to high sensitivity of results to the values of debris bed
porosity and particle diameter, the relative improvement of debris bed coolability for conical
debris bed in comparison with flat (or cylindrical, behaving effectively as a flat) debris bed is
captured quite well in the simulations. Further work would be necessary in order to utilize
recently produced COOLOCE data for validation of the DECOSIM.

An analytical model based on observations of the solutions for the structure of the dry zone
has been proposed in order to predict the maximum temperature reached at the top boundary
of the debris bed. Comparison of the DECOSIM simulations carried out for conical and
mound-shaped debris beds suggest that the analytical formula predicts quite well the
maximum temperature rise in the debris bed. Importantly, the results are practically
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independent of debris bed shape and involve only few parameters, which reduce the
uncertainties in the estimation of post-dryout behavior of debris beds. Further development
and verification of the computationally efficient and sufficiently accurate simplified
(surrogate) models would be necessary in order to employ the models in the uncertainty and

risk analysis for different plant accident scenario conditions.

Empirical closures obtained in PDS-C experiments were implemented in DECOSIM in order
to enable simulations of debris beds with evolving (due to particle spreading) geometry.
Implementation of particle spreading algorithm in DECOSIM was verified against the 1D
numerical model which solves the equation for debris bed height which is, essentially, a
debris mass conservation equation. Good agreement between the maximum debris bed heights
as functions of time calculated by DECOSIM and that from 1D model was demonstrated, as
well as the shapes of debris bed at selected times were found to practically coincide. Few
preliminary fully coupled DECOSIM simulations of debris bed were performed in which the
superficial gas velocity and gas parameters involved in the correlation for the lateral particle
flux were obtained from the two-phase flow model. Simulations were carried out and
maximum temperatures of solid material were compared in the cases with and without particle
spreading. Results suggest that spreading can enhance coolability for particles larger than
1.5 mm. Further studies are necessary in order to quantify the effect of the dry zone on debris

bed spreading and coolability.

Investigation of particulate debris spreading

Boiling and two-phase flow inside the bed is a source of mechanical energy which can help to
spread the debris bed by so called “self-leveling” phenomenon. The goal of this work is to
quantify time scale for particulate debris spreading. Experimental studies have been carried
out in PDS-C facility with air injection from the bottom of the debris bed. Based on the
experimental data an analytical approach is developed by KTH to simulate particulate debris

spreading.

Previously exploratory tests were carried out in PDS facilities in order to identify governing
phenomena of particulate debris spreading. Also we addressed potential effect of the mockups
of the COOLOCE heaters and TCs on the particle self-leveling process. Results suggested
that there is no significant influence on the self-leveling for the considered ranges of the air
injection velocities [38].
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In this work a set of PDS-C experiments has been carried out with different stainless steel
particles in order to quantify particle flow rate in debris bed self-levelling phenomenon. A
scaling approach for particulate debris spreading has been proposed. Application of proposed
scaling approach to generalization of the PDS-C tests results in dense clustering of the non-
dimensional data suggesting that the most important physical phenomena are captured
properly in the approach. Based on the scaling and on the PDS-C experimental data a
universal semi-empirical closure has been developed for prediction of the debris mass flux as
a function of local slope angle, gas flowrate, and debris bed properties. More tests would be
necessary with particles made of different material, mixtures of particles with different sizes
and irregular shapes, etc. in order to extend empirical database for validation of the proposed

closure.

Analysis of steam explosion in a Nordic BWR containment

In this work we develop an approach for analysis of steam explosion sensitivity to the
modeling and scenario parameters using TEXAS code. The approach is based on sampling of
the input parameters within selected ranges in order to obtain statistical characteristics of the
model response. Preliminary analysis helps to identify the most and the least important
parameters. Obtained database of solutions for the impulse and pressure as a function of the
TEXAS input parameters is used for development of a computationally efficient surrogate
model. Further work is necessary for (i) selection and justification of the parameter ranges and
clarification of their potential inter-dependencies; (ii) continuation of the sensitivity study in
order to cover remaining cases of melt ejection scenarios; (iii) refinement and generalization
of the surrogate model; (iv) development of robust approach to demonstrate failure domain in
a multidimensional space of input parameters; (v) development of methodology for grouping
and classification of failure scenarios considering the failure domain and interdependences

between scenario and input modelled parameters.
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7 Nomenclature

Arlg

Pg
P
Pp

Grep

Air phase Archimedes number with
liquid-buoyed solids, [-]

Equivolume sphere diameter, [mm)]
Buoyancy force, [N]

Aerodynamic drag force, [N]
Inter-particle friction force, [N]
Gravity force, [N]

Friction coefficient [-]

Facility total length, [mm]

Non-dimensional  superficial gas
velocity, [-]

Particle mass flow per unit width,
[kg/(m - s)]
Non-dimensional normalized Q,, [-]

Air Reynolds number at minimum 3-
phase Fluidization, [-]

Superficial gas velocity, [m/s]

Superficial gas velocity at minimum
3-phase fluidization, [m/s]

Greek letters
Bed porosity, [-]
Air viscosity, [Pa s]
Air density, [kg/m®]
Liquid density, [kg/m?]
Solid particle density, [kg/m?]
Repose angle, [degree]
Heap slope angle, [degree]
Normalized slope angle [-]

140



NKS-DECOSE Report-2015
8 Acknowledgement

The work is carried out with support of the MSWI-APRI-9 project at KTH.

NKS conveys its gratitude to all organizations and persons who by means of financial support

or contributions in kind have made the work presented in this report possible.

9 Disclaimer

The views expressed in this document remain the responsibility of the author(s) and do not
necessarily reflect those of NKS. In particular, neither NKS nor any other organization or
body supporting NKS activities can be held responsible for the material presented in this

report.

141



NKS-DECOSE Report-2015

10 REFERENCES

[1]

[2]
[3]

[4]

[5]

[6]

[7]

8]

[9]

[10]

Adams, B.M., Bauman, L.E., Bohnhoff, W.J., Dalbey, K.R., Ebeida, M.S., Eddy, J.P.,
Eldred, M.S., Hough, P.D., Hu, K.T., Jakeman, J.D., Swiler, L.P., and Vigil,
D.M., "DAKOTA, A Multilevel Parallel Object-Oriented Framework for Design
Optimization, Parameter Estimation, Uncertainty Quantification, and Sensitivity
Analysis: Version 5.4 User's Manual,” Sandia Technical Report SAND2010-2183,
December 2009. Updated April 2013.

Alpine Hosokowa supplier of the powerbeads, http://www.alpinehosokawa.com.
Alvarez D. and M. Amblard, “Fuel leveling”, Information Exchange Meeting on Post
Accident Debris Cooling, Karlsruhe, July 28-30, (1982).

Basso S., A. Konovalenko and P. Kudinov “Sensitivity and uncertainty analysis for
predication of particulate debris bed self-leveling in prototypic SA conditions”,
International Congress on Advances in Nuclear Power Plants (ICAPP), Charlotte, USA
April 6-9 Paper 14329 (2014).

Basso S., A. Konovalenko and P. Kudinov, "Development of scalable empirical
closures for self-leveling of particulate debris bed," in Proceedings of ICAPP-2014,
Charlotte NC, USA, Paper 14330, April 6-9, (2014).

Budu A., “Debris Bed Formation at Low Temperature (DEFOR-LT experiment):
Coolant flow influence on debris packing,” SARNET mobility research report, Division
of Nuclear Power Safety KTH, Stockholm, 2008.

Biirger M., Buck M., Schmidt W., and Widmann W, “Validation and Application of the
WABE code: Investigations of Constitutive Laws and 2D effects on Debris
Coolability,” Nuclear Engineering and Design, Vol. 236, pp. 2164-2188 (2006).

Cheng S., H. Tagami, H. Yamano, T. Suzuki, Y. Tobita, B. Zhang, T. Marsumoto and
K. Morita, “Evaluation of debris bed self-leveling behavior: A simple empirical
approach and its validations”, Annals of Nuclear Energy, vol. 63, 188 (2014).

Cheng S., Y. Tanaka, Y. Gondai, T. Kai, B. Zhang, T. Matsumoto, K. Morita, K.
Fukuda, H. Yamano, T. Suzuki and Y. Tobita, “Experimental Studies and Emipirical
Models for the Transient Self-Leveling Behavior in Debris Bed”, Journal of Nuclear
Science and Technology, vol. 48, 10, 1327 (2011).

Dombrovsky L.A., Davydov M.V., Kudinov P., “Thermal radiation modeling in
numerical simulation of melt-coolant interaction,” Comp. Therm. Sci. 1 (1) 2009, pp. 1-
35.

142


http://dakota.sandia.gov/docs/dakota/5.4/Users-5.4.0.pdf
http://dakota.sandia.gov/docs/dakota/5.4/Users-5.4.0.pdf
http://dakota.sandia.gov/docs/dakota/5.4/Users-5.4.0.pdf
http://www.alpinehosokawa.com/

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

NKS-DECOSE Report-2015

Dombrovsky L.A., Davydov M.V., and Kudinov P., Thermal radiation modeling in
numerical simulation of melt-coolant interaction, Proc. Int. Symp. Adv. Comput. Heat
Transfer (CHT-08), May 11-16, 2008, paper 155.

Ergiin S., “Fluid Flow through Packed Columns,” Chemical Engineering Progress,
Vol. 48, 2, pp. 89-94 (1952).

Eames, I., Gilbertson, M., “Aerated granular flow over a horizontal rigid surface”, J.
Fluid Mech. 424, 169-195, (2000).

Frid W. and Kudinov P., “Ex-Vessel Melt Coolability Issue in BWRs with Deep Water
Pool in Lower Drywell,” OECD/NEA MCCI Seminar 2010, Cadarache, France, 15th -
17th November, 2010.

Hu K. and Theofanous, T.G., “On the Measurement and Mechanism of Dryout in
Volumetrically Heated Coarse Particle Beds,” Int. J. Multiphase Flow, Vol. 17, No. 4,
pp. 519-532 (1991).

Kaplan S. and Garrick B. J., “On The Quantitative Definition of Risk,” Risk Analysis,
1: pp.11-27, (1981).

Karbojian A., Ma W.M., Kudinov P., Davydov M. and Dinh N., “A scoping study of
debris formation in DEFOR experimental facility”, 15th International Conference on
Nuclear Engineering, Nagoya, Japan, April 22-26, 2007, Paper number ICON15-10620.
Karbojian A., Ma W., Kudinov P., and Dinh T.-N., “A Scoping Study of Debris Bed
Formation in the DEFOR Test Facility”, Nuclear Engineering and Design, 239, 2009,
1653-1659.

Kim, B.J., “Heat transfer and fluid flow aspect of small-scale single droplet fuel-coolant
interaction,” 1985, University of Wisconsin-Madison.

Kim E., J. H. Park, M. H. Kim and H. S. Park, "The influence of two-phase flow on
pore clogging by fine particle settlement during ex-vessel debris bed formation in severe
accident,” in Proceedings of the 2014 22nd International Conference on Nuclear
Engineering (ICONE22), Prague, Czech Republic, July 7-11, (2014).

Konovalenko A., Basso S., Karbojian A. and Kudinov P., “Experimental and Analytical
Study of the Particulate Debris Bed Self-leveling,” Proceedings of The 9th International
Topical Meeting on Nuclear Thermal-Hydraulics, Operation and Safety (NUTHOS-9),
Kaohsiung, Taiwan, September 9-13, N9P0305, 2012.

Konovalenko A., Basso S., and Kudinov P. “Experiments and Characterization of the

Two-Phase Flow Driven Particulate Debris Spreading in the Pool,” The 10th

143



[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

NKS-DECOSE Report-2015

International Topical Meeting on Nuclear Thermal-Hydraulics, Operation and Safety
(NUTHOS-10), Okinawa, Japan, December 14-18, 2014, Paper 1257, 2014.
Konovalenko A., S. Basso and P. Kudinov, S. E. Yakush, “Experimental investigation
of particulate debris spreading in a pool”, accepted for publication in NED, paper NED-
D-15-00556R1. 2016.

Kolev N., Multiphase Flow Dynamics, Vol. 2, Ch. 2, Springer, Berlin, Heidelberg,
NY (2005).

Kubasch J. H., ”Bubble Hydrodynamics in Large Pools,” Swiss Federal Institute of
Technology, Zurich, PhD thesis, (2001).

Kudinov P. and Davydov M., “Approach to Prediction of Melt Debris Agglomeration
Modes in a LWR Severe Accident,” Proceedings of ISAMM-2009, Bottstein,
Switzerland, October 26 - 28, 2009.

Kudinov P. and Davydov M., “Development of Ex-Vessel Debris Agglomeration Mode
Map for a LWR Severe Accident Conditions,” Proceedings of the 17th International
Conference on Nuclear Engineering, July 12-16, 2009, Brussels, Belgium, Paper
ICONE17-75080.

Kudinov P. and Davydov M., “Development and Validation of the Approach to
Prediction of Mass Fraction of Agglomerated Debris,” The 8th International Topical
Meeting on Nuclear Thermal-Hydraulics, Operation and Safety (NUTHOS-8),
Shanghai, China, October 10-14, N8P0298, 2010.

Kudinov P. and Dinh T.-N., “A Computational Study of Debris Bed Formation,” ANS
Transactions, 2008, paper 193463.

Kudinov P. and Dinh T.-N., “An analytical study of mechanisms that govern debris
packing in a LWR severe accident”, The 12th International Topical Meeting on Nuclear
Reactor Thermal Hydraulics (NURETH-12), Sheraton Station Square, Pittsburgh,
Pennsylvania, U.S.A. September 30-October 4, 2007. Paper 247.

Kudinov P., Galushin S., Yakush S., Villanueva W., Phung V.-A., Grishchenko D.,
Dinh N., “A Framework for Assessment of Severe Accident Management Effectiveness
in Nordic BWR Plants,” Probabilistic Safety Assessment and Management PSAM 12,
June 22-27, 2014, Honolulu, Hawaii, Paper 154, 2014.

Kudinov P., Karbojian A., Ma W.M., Davydov M., and Dinh T.-N., “A Study of Ex-
Vessel Debris Formation in a LWR Severe Accident”, Proceedings of ICAPP 2007,
Nice, France, May 13-18, 2007, Paper 7512.

144



[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

NKS-DECOSE Report-2015

Kudinov P., Karbojian A., Ma W., and Dinh T.-N. “The DEFOR-S Experimental Study
of Debris Formation with Corium Simulant Materials,” Nuclear Technology, 170(1),
April 2010, pp. 219-230, 2010.

Kudinov, P., Karbojian, Tran, C.-T., Villanueva, W., 2013. Agglomeration and size
distribution of debris in DEFOR-A experiments with Bi203-WO3 corium simulant
melt. Nuclear Engineering and Design, 263, pp. 284-295.

Kudinov P., Karbojian A., Tran C.-T., “Experimental Investigation of Melt Debris
Agglomeration with High Melting Temperature Simulant Materials,” Proceedings of
ISAMM-2009, Béttstein, Switzerland, October 26 - 28, 20009.

Kudinov P., Karbojian A., Tran C.-T., Villanueva W., “The DEFOR-A Experiment on
Fraction of Agglomerated Debris as a Function of Water Pool Depth,” The 8th
International Topical Meeting on Nuclear Thermal-Hydraulics, Operation and Safety
(NUTHQOS-8), Shanghai, China, October 10-14, N8P0296, 2010.

Kudinov P., Karbojian A., Ma W.M., and Dinh T.-N., “An experimental study on debris
formation with corium simulant materials,” Proc. ICAPP’08, Anaheim, CA USA, June
8-12, 2008, paper 8390.

Kudinov P., Konovalenko A., Grishchenko D., Yakush S., Basso S., Lubchenko N.,
Karbojian A., “Investigation of debris bed formation, spreading and coolability.” NKS-
DECOSE Project Report NKS-287, 88p., June 2013.

Kudinov P., Konovalenko A., Grishchenko D., Yakush S., Basso S., Lubchenko N.,
Karbojian A., “Analysis of Debris Bed Formation, Spreading, Coolability, and Steam
Explosion in Nordic BWRs,” NKS-DECOSE Project, Report NKS-317, 177p., 2014.
Kudinov P., Konovalenko A., Grishchenko D., Yakush S., Basso S., Lubchenko N.,
Karbojian A., “Analysis of Debris Bed Formation, Spreading, Coolability, and Steam
Explosion in Nordic BWRs,” NKS-DECOSE Project, Report NKS-346, 125p., 2015.
Kudinov P. and Kudinova V., “Influence of Water Subcooling on Fracture of Melt
Debris Particle,” ANS Transactions, 2009, paper 210646.

Kudinov P., Ma W.M., Tran C.-T., Hansson R., Karbojian A., Dinh T.-N. “Multiscale
Phenomena of Severe Accident,” NKS-R and NKS-B Joint Summary Seminar,
Armémuseum, Stockholm, 26th - 27th March 2009.

Kudinov P., “Decomposition, Validation and Synthesis in Multiscale Problems of
Severe Accident Analysis,” Verification and Validation for Nuclear Systems Analysis
Workshop, Center for Higher Education, Idaho Falls, ID, July 21 - July 25, 2008.

145



[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

NKS-DECOSE Report-2015

Kudinov P., Kudinova V., and Dinh T.-N., “Molten Oxidic Particle Fracture during
Quenching in Water,” 7th International Conference on Multiphase Flow ICMF 2010,
Tampa, FL USA, May 30-June 4, 2010.

Lucas A, Arnaldos J, Casal J, Puigjaner L, “Improved equation for the calculation of
minimum fluidization velocity”, Ind Eng Chem Process Des Dev, 25, 426-429 (1986).
Morris M. D., “Factorial sampling plans for preliminary computational experiments,”
Technometrics, Vol. 33, No. 2, 1991, pp. 161-174.

Pilch, M., “Acceleration induced fragmentation of liquid drops,” 1981, University of
Virginia.

Reed A.W., “The Effect of Channelling on the Dryout of Heated Particulate Beds
Immersed in a Liquid Pool,” Ph.D. Thesis, Massachusetts Institute of Technology,
Cambridge, 1982.

Robinson D. and S. Friedman, “Observations of the effects of particle shape and
particle size distribution on avalanching of granular media”, Physica A: Statistical
Mechanics and its Applications, vol. 311, 1, 97 (2002).

Saltelli A., Tarantola S., Campolongo F., Ratto M., Sensitivity Analysis in Practice.
John Wiley & Sons, Ltd, 2004, 94 p.

Schmidt W., “Interfacial drag of two-phase flow in porous media,” Int. J. Multiphase
Flow, Vol. 33, pp. 638-657 (2007).

Shamsuzzaman M., B. Zhang, T. Horie, F. Fuke, T. Matsumoto, K. Morita, H. Tagami,
T. Suzuki and Y. Tobita, "Numerical study on sedimentation behavior of solid particles
used as simulant fuel debris,” Journal of Nuclear Science and Technology, vol. 51, no.
5, pp. 681-699, (2014).

Sudha A. Jasmin, S. S. Murthy, M. Kumaresan, G. Lydia, B. K. Nashine and P.
Chellapandi, "Experimental analysis of heaping and self-levelling phenomena in core
debris using lead spheres,” Experimental Thermal and Fluid Science, vol. 68, pp. 239-
246, (2015).

Takasuo E., Kinnunen T. Pankakoski P.H., Holmstrom S., “The COOLOCE particle
bed coolability experiments with a cylindrical geometry: Test series 3-5,” Research
Report VTT-R-07099-11. Espoo, 2011. 27 p.

Takasuo E., Kinnunen T. Pankakoski P.H., Holmstrém S., “The COOLOCE particle
bed coolability experiments with a conical geometry: Test series 6-7,” Research Report
VTT-R-07097-11. Espoo, 2011. 26 p.

146



[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

NKS-DECOSE Report-2015

Takasuo E., Holmstrom S., Kinnunen T., and Pankakoski P.H., “The COOLOCE
experiments investigating the dryout power in debris beds of heap-like and cylindrical
geometries,” Nuclear Engineering and Design 250 (2012), p. 687-700.

Takasuo E., Kinnunen T., Lehtikuusi, T., and Holmstréom S., “COOLOCE coolability
experiments with a cylindrical debris bed and lateral flooding: COOLOCE-10,”
Research Report VTT-R-00463-13. Espoo, 2013. 19 p.

Takasuo E., Kinnunen T., Lehtikuusi, T., and Holmstrom S., “COOLOCE-12 debris bed
coolability experiment: cone on a cylindrical base,” Research Report VIT-R-07967-13.
Espoo, 21 p.

Takasuo E., “Debris Coolability Simulations with Different Particle Materials and
Comparisons to COOLOCE Experiments,” VTT report VTTOR-00257-13 (2013).
Takasuo E., Kinnunen T., Lehtikuusi, T., and Holmstrom S., “COOLOCE debris bed
coolability experiments with an agglomerate simulant: Test series 11,” Research Report
VTT-R-03316-13. Espoo, 28 p.

Takasuo E., Kinnunen T., Pankkoski H. and Holmstrom S., “Description of the
COOLOCE test facility — Conical particle bed”, VIT report VTT-R-08956-10 (2010).
Takasuo E., Kinnunen T., Pankkoski H. and Holmstrom S., reports VTT-R-07097-11
and VTT-R-02427-11 on experiments on coolability of conical particle bed, VTT
(20112).

Tang, J., “Modeling of the complete process of one-dimensional vapor explosions,”
1993, University of Wisconsin-Madison.

Thakre S., Ma W., Kudinov P., and Bechta S., “Study on Effective Particle Diameters
and Coolability of Particulate Beds Packed with Irregular Multi-size Particles,” APRI-8,
NKS-DECOSE Project Report, NKS-288, 2013.

Theofanous, T. G., “On Proper Formulation of Safety Goals and Assessment of Safety
Margins for Rare and High-Consequence Hazards,” Reliability Engineering and System
Safety, 54, pp.243-257, (1996).

Theofanous, T. G. and Dinh, T.-N., “Integration of multiphase Science and Technology
with Risk management In Nuclear Power reactors: Application of the Risk-Oriented
Accident Analysis Methodology to the Economic, Simplified Boiling Water Reactor
Design,” Multiphase Science and Technology, V20(2), 2008, Pages 81-211.

Tung, V.X. and Dhir, V.K., “A hydrodynamic model for two-phase flow through porous
media,” Int. J. Multiphase Flow Vol. 14, No. 1, pp. 47-65 (1988).

147



[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

[78]

NKS-DECOSE Report-2015

Yakush S. and Kudinov P., “Simulation of Ex-Vessel Debris Bed Formation and
Coolability in a LWR Severe Accident,” Proceedings of ISAMM-2009, Boéttstein,
Switzerland, October 26 - 28, 2009.

Yakush S. and Kudinov P., “Transient Phenomena of Ex-vessel Debris Bed Formation
in a LWR Severe Accident,” ANS Transactions, 2009, paper 210830.

Yakush S., Kudinov P., and Dinh T.-N., “Modeling of Two-Phase Natural Convection
Flows in a Water Pool with a Decay-Heated Debris Bed,” Proc. ICAPP’08, Anaheim,
CA USA, June 8-12, 2008, paper 84009.

Yakush S., Kudinov P., and Dinh T.-N., “Multiscale Simulations of Self-organization
Phenomena in the Formation and Coolability of Corium Debris Bed,” Proc. The 13th
International Topical Meeting on Nuclear Reactor Thermal Hydraulics (NURETH-13),
September 27-October 2, 2009. Kanazawa City, Ishikawa Prefecture, Japan, Paper
N13P1143.

Yakush S. and Kudinov P., “Effects of Water Pool Subcooling on the Debris Bed
Spreading by Coolant Flow,” ICAPP Proc., Paper 11416, 2011.

Yakush S.E., Lubchenko N.T., and Kudinov P., “Surrogate Models for Debris Bed
Dryout,” Proc. 15th International Topical Meeting on Nuclear Reactor
Thermalhydraulics (NURETH-15), paper NURETH15-278, 16 pp.

Yakush S. and Kudinov P., “A Model for Prediction of Maximum Post-Dryout
Temperature in Decay-Heated Debris Bed,” Proceedings of the 22th International
Conference on Nuclear Engineering (ICONE-22), Prague, Czech Republic, July 7 —11,
Paper 31214 (2014), 11 pp.

Yakush S., Villanueva W., Basso S. and P. Kudinov, “Simulation of In-vessel Debris
Bed Coolability and Remelting”, The 10th International Topical Meeting on Nuclear
Thermal-Hydraulics, Operation and Safety (NUTHOS-10), Okinawa, Japan, December
14-18 (2014), paper NUTHOS10-1281, 12 pp.

Yakush S., Lubchenko N., and Kudinov P., “Risk-Informed Approach to Debris Bed
Coolability Issue,” Proceedings of the 20th International Conference on Nuclear
Engineering (ICONE-20), Anaheim, CA, USA, July 30 - August 3, Paper 55186 (2012).
Yang Wen-Ching, “Handbook of Fluidization and Fluid-Particle Systems”, Taylor &
Francis Group, ISBN 9780824702595, Chapter 26, p.712, (2003).

Zhang B., T. Harada., D. Hirahara, T. Matsumoto, K. Morita., K. Fukuda, H. Yamano,
T. Suzuki, Y. Tobita, ”Self-Leveling Onset Criteria in Debris Beds”, J. Nuclear Science
and Technlogy, vol. 47, 384 (2010).

148


http://www.nuthos-8.org/admin/?action=detail&id=44

NKS-DECOSE Report-2015

[79] Zhang B., T. Harada., D. Hirahara, T. Matsumoto, K. Morita., K. Fukuda, H. Yamano,
T. Suzuki, Y. Tobita, “Experimental investigation on self-leveling behavior in debris
beds”, Nuclear Engineering and Design, vol. 241, 1, 366 (2011).

149



	Abstract
	Key words

