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Abstract

The report summarizes results of the NKS-SPARC project. The ROAAM+
framework addresses accident progression from initial plant damage
states to ex-vessel melt-coolant interactions and debris coolability. De-
tailed mechanistic full models (FM) have been developed. A set of compu-
tationally efficient surrogate models (SM) has been developed using the
databases of FM solutions. Uncertainty in the containment failure probabil-
ity has been quantified according. An approach has been developed and
demonstrated for using obtained in ROPAAM+ data on the failure probabil-
ity for different combinations of scenario parameters in a large scale PSA
model. Results of the pilot study show clear benefits for PSA improvement
in more realistic understanding and modeling of the risks. Main findings of
the analysis of effectiveness of SAM strategy in Nordic BWRs using
ROAAM+ framework and main results are presented using failure domain
maps. The project outcomes enhance completeness and consistency of
safety analysis and modelling methods for level 2 PSA; presentation of
results in level 2 PSA, and related risk criteria.
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Figure 4-3: Failure domain maps in terms of water level and jet radius

(aand b — scenario of oxidic melt release for 6 kPa-s and 50 kPa-s fragility limit;
c and d — scenario of metallic melt release Case 01 for 6 kPa-s and 50 kPa-s fragility limit;
e and f — scenario of metallic melt release Case 02 for 6 kPa-s and 50 kPa-s fragility limit)
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Comparison of Case 01 vs Case 02 (see Table 4-3), i.e. Figure 4-2c vs Figure 4-2d and Figure
4-3c vs Figure 4-3d, suggests as expected that with increase of melt superheat failure domain
increases. Current version of the TEXAS-V SM predicts larger failure domain for the oxidic
melt than for the metallic one (compare Figure 4-2a vs Figure 4-2¢ and Figure 4-3a vs Figure
4-3c). It is instructive to note that there is no modelling of crust formation effect on the
explosion energetics in TEXAS-V, and melt emissivity was not considered in development of
the current SM (because it was identified as less important parameter in the preliminary
sensitivity analysis [93]).

4.3 Results of Analysis for Debris Bed Coolability

4.3.1 Sensitivity Analysis for Debris Coolability and Spreading in the Pool

According to the general approach for reverse analysis in ROAAM+ framework, failure domain
identification starts with model sensitivity analysis to identify the most influential parameters
for both standalone and coupled through the framework models.

Response function - DHF-HF, DHF-HF(MW/mZ)

14 + time - [2.00e+00 5.00e+00]
+ coriummass - [1.00e+02 2.56e+02]
121 * DPAR-[1.50e+00 4.00e+00]
* porosity - [3.50e-01 4.50e-01]
+ po -[1.00e+00 4.50e+00]
11 * xpw-[5.00e+00 9.00e+00]
+ tlo - [-1.00e+00 -1.00e+00]
+ tsub - [0.00e+00 8.00e+01]
0.8 + CP -[2.70e+02 6.50e+02]
+ PHEAT - [1.90e+05 4.23e+05]
© & TLIQSOL - [1.60e+03 2.80e+03]
0.6] * TSH-[1.00e+01 1.00e+03]
+ tRel - [3.60e+03 1.00e+04]
#sub
0.4
0.2 0 HRRARy
4% HHgm@jummass
IQSOL
o A
0 0.2 04 0.6 0.8 1 1.2 14
Modified p

Figure 4-4: Morris diagram for Debris bed coolability input parameters (Base Case)

In this section we discuss sensitivity analysis for Debris Bed Coolability SM that has been
carried out in order to evaluate the importance of the DECO SM input parameters and their
ranges on the output. Figure 4-4 represents the results of sensitivity analysis using Morris
method for the DECO SM output HF-DHF (MW/m?) (the difference between heat flux and
dryout heat flux) for the “Base Case” scenario and ranges (see Table 4-4). The results indicate
the dominant effect of DPAR and porosity (particle diameter and porosity) together with tsub
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(water subcooling) on the results. Initial water subcooling affects time delay for onset of the
debris bed spreading and thus height of the debris bed.

4.3.2 Failure Domain Analysis for Debris Coolability and Spreading in the Pool

Figure 4-5 presents the results of failure domain analysis for DECO SM. The figure illustrates
the effect of the screening probability in the space of water subcooling and debris porosity. Note
that only spreading in the pool is considered in this model currently.
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Figure 4-5: Failure domain analysis for DECO SM with different values of screening
probability P;,a. P, = 1073; b. P, = 0.5;c. P, = 0.99
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Figure 4-6: Failure domain analysis for DECO SM with different values of screening
probability P;,a. P, =1073; b. P, = 0.5;c. P, = 0.99
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The Figure 4-5a can be interpreted as follows: the failure (HF>DHF) probability P does not
exceed screening frequency Pr < Py = 1073 only for scenarios high debris porosity (>40%)

and low water pool subcooling (<5-10 K) for more than 95% possible combinations of
distributions of uncertain parameters. In other words, green domain in Figure 4-5a can be
considered as “safe” where “possibility” of failure is extremely small. The necessity of failure
is illustrated in Figure 4-5c. With small debris porosity (<38%) and high water subcooling
(>30K) probability of failure exceed P; =0.99 in approximately 5-50% of possible
combinations of the distributions of the uncertain parameters.

Figure 4-6 presents similar results but in the space of particle size and porosity. Formation of a
non-coolable debris bed is of low possibility for porosity >0.4 and effective particle
size >2.5 mm (Figure 4-6a). High necessity of failure is observed for smaller particles and
porosity Figure 4-6b,c.

Table 4-4: DECO SM ranges for the “Base Case”

Name Description Range Units
Time Time after SCRAM [2-5] Hours
coriummass Debris mass in LP [100-256] Tons
DPAR Particle diameter [1.5-4] Mm
Porosity Debris porosity [0.35-0.45] -

PO System pressure [1-4.5] Bar
XPW LDW water pool depth [5-9] M
Tsub Water pool subcooling [0-80] K

CP Fuel heat capacity [270-650] J/kg-K
PHEAT Fuel latent heat [1.9e5-4.23e5] | J/kg
TLIQSOL Temperature of Liquidus\Solidus [1600-2800] K
TSH [10-1000] K
tRel Duration of melt release [3600-10000] | sec

Better knowledge about particle size and porosity would be the most effective means for
reduction of the uncertainty in coolability. Further experimental studies can be carried out using
corium simulant materials in DEFOR-S type experiments to assess the ranges of porosity for
debris of prototypic morphology.

Uncertainty in water subcooling depends on the accident scenario and its ranges can be

quantified through modeling of different possible sequences. The effect of water subcooling on

debris bed height is an epistemic uncertainty that can be reduced through

- further development of DCOSIM models and extensive validation and against PDS-P
experiments;

- analysis of the accident sequences and possible ranges of water subcooling.
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Combining the modeling of particle spreading in the pool and particulate debris bed spreading
after debris settling due to self-leveling phenomenon might be the most effective approach to
reduction of the uncertainty in the assessment of the risks associated with porous debris bed
coolability.

Among the other parameters only system pressure, mass of debris and time after SCRAM can
noticeably affect selected failure criteria. Uncertainty in mass of debris and time after SCRAM
can be reduced through improved modeling of the melt release mode in MEM. Employment of
less conservative failure criteria (e.g. post dryout temperature stabilization) can further help to
clarify the safety margins.

4.3.3 Reverse and Failure Domain Analysis using Combined SM on Debris Bed
Coolability and Particulate Debris Spreading

4.3.3.1 Main results

The developed ANN-based SM of the coolability of debris bed with taking into account effect
of bed self-leveling (particulate debris spreading) has been has been used in reverse analysis to
identify the failure domain. The input parameters and their varied ranges used in both,
sensitivity study and FD identification, are provided in Table 4-5. The final results, namely the
Morris diagram and identified FDs are shown respectively in Figure 4-4 and set of plots from
Figure 4-8 till Figure 4-10.

There is an easily observable link between the Morris diagram and FD plots. Three most
influencing input parameters identified from Morris diagram are (in the order of most influential
first):

e Particle diameter (DPAR)

e Bed porosity (porosity)

¢ Initial bed heat-up rate (trat)

The failure domains are shown for any two combinations of the above listed parameters:
porosity-DPAR (Figure 4-8); TRAT-DPAR (Figure 4-9) and TRAT-porosity (Figure 4-10). It is
natural that highly porous debris bed composed of large particles should have higher probability
to be coolable. Indeed, Figure 4-8 demonstrate this.
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Figure 4-7: Morris diagram for coolability and self-leveling.

Table 4-5: SM ranges for the input parameters

Name Range Description Units

1 coriummass le5 2.5e5 Debris mass Kg

2 RHOP 7500 8500 Fuel density JKg/m3

3 DPAR le-3 6e-3 Particle diameter | m

4 porosity 0.3 0.6 Porosity -

5 PO 1 4 LDW Pressure bar

6 RPOW 1.4 3.9 Reactor Thermal | GW
Power

7 angle 22 35 Critical angle or | degrees
repose

8 ai 0.1 1.0 Initial angle factor | -

9 tini 400 1700 Initial temperature | K
of settled particles

10 | trat 0.1 2.0 Initial heat up rate | K
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Figure 4-8: Failure domain analysis for PDS SM with different values of screening
probability P;,a. P, = 1073; b. P, = 0.5;c. P, = 0.99
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Figure 4-9: Failure domain analysis for PDS SM with different values of screening
probability P, a. P, = 1073; b. P, = 0.5;c. P, = 0.99
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Figure 4-10: Failure domain analysis for PDS SM with different values of screening
probability P, a. P, = 1073; b. P, = 0.5;c. P, = 0.99
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4.3.4 Debris Agglomeration Failure Domain Analysis

In order to understand better how influential factors affect the risks we employ failure domain
approach. Failure domain is a domain in the space of the input parameters where probability of
“failure” can exceed a certain limit (screening probability P;). The failure can be considered,
for instance, as an exceedance of safety important parameter over a critical threshold. It is
instructive to note that failure probability can be calculated for a given set of probability
distributions of the uncertain input parameters. However, the information about the distributions
is rarely available. In this work we use second order probability analysis where uncertain
distributions are also varied. As a result, a set of possible failure probability values are obtained
and characterized by cumulative distribution function (CDF) of the failure probability (Pg).

Results of failure domain analysis performed for Debris Agglomeration SM are presented in
Figure 4-11 and Figure 4-12 . Different colors correspond to the different values of the
CDF(Pp). The value of CDF(Pf) correspond to the percentile of possible combinations of
the distributions of uncertain parameters that result in Pr > Pg. Different safety thresholds (5
and 10%) were used for the fraction of agglomerated debris. In Figure 4-11 the results for
screening probability Py = 103 are presented. Apparently a green domain which correspond
to CDF(Pr > 1073) < 5% occupies only a small part that correspond to deep pool, small jet
diameters and small velocities of melt release. Figure 4-12 show that the exceedance of the
safety threshold for the fraction of agglomerates is practically imminent with P = 0.99 in
case of relatively shallow pools, large jets and large melt release velocities.
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Figure 4-11: Failure domain analysis for Debris Agglomeration SM (P,=0.001) in terms of Jet
Diameter (m), Melt release velocity(m/s) and LWD water level (m), with different values of
debris agglomeration fraction threshold a) 5%; b) 10%.

171



CCDF(P >9.9e-01) > 95% - red CCDF(P>9.9e-01) > 95% - red

CCDF(Pf >9.9e-01) < 5% - green CCDF(Pf >9.9e-01) < 5% - green
CCDF(P; > 9.9e-01) - [5-50%] - blue CCDF(P; > 9.9e-01) - [5-50%] - blue
CCDF(Pf >9.9e-01) - [60-95%] - purple CCDF(Pf >9.9e-01) - [60-95%] - purple
Pf(Agglomeration fraction > 5%) Pf(AggIomeration fraction > 10%)

— 12 — 12
E 10 £10
3 8 L s
< @ = @
D 4 2 4
© ©
= 2 2 2
0.6 0.6
04 04
6 0.2 6 0.2
8 Jet Diam. [m] 8 Jet Diam. [m]
Melt release velocity [m/s ] Melt release velocity [m/s ]
a) b)

Figure 4-12: Failure domain analysis for Debris Agglomeration SM (P;=0.99) in terms of Jet

Diameter (m), Melt release velocity(m/s) and LDW water level (m), with different values of

debris agglomeration fraction threshold a) 5%; b) 10%. Only domain with CDF(P; > P;) >
50% are shown.

Figure 4-13 illustrate failure domain analysis results for Debris Agglomeration as a function of
Jet Diameter, LDW Pool Temperature and Pool depth. The results show that debris
agglomeration is currently one of the major contributor to the uncertainty in debris bed
coolability. Current model suggest that agglomeration can be avoided only in dripping mode of
melt release (very small jet, deep pool). Yet, it is believed that there is significant degree of
conservatism in current modeling of agglomeration, especially jet breakup length; Modeling of
the effect of agglomeration on coolability (see results obtained with DECOSIM). Thus possible
ways to reduce the uncertainty in prediction of coolability are:
¢ Significant reduction of the uncertainty in the melt release.
e Reduction of uncertainty in
« Effect of jet breakup on agglomeration modeling
+ Coolability analysis.
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Figure 4-13: Failure domain analysis for Debris Agglomeration SM (P;=0.001) in terms of Jet
Diameter (m), Melt release velocity(m/s) and LDW water level (m), with different values of
debris agglomeration fraction threshold a) 20%; b) 50% c) 70%. d) 90%.

4.3.5 Failure Domain Analysis for the Whole ROAAM+ Framework

In this section we show the results of failure domain analysis for the whole ROAAM+
framework, considering different severe accident scenarios. In-vessel accident progression and
melt release conditions are predicted by Core Relocation SM (see section 3.3), ex-vessel
accident progression, debris agglomeration and steam-explosion loads are evaluated using
debris agglomeration and ex-vessel steam explosion surrogated models. In the analysis we
considered a metallic release (see sections 3.8), since the temperature of ejected debris was
predicted below 2900K and the mass of stailess steel oxide is small, according to MELCOR
predictions.

Failure domain analysis was performed for melt release conditions, predicted by Core
relocation SM, with penetration failure modelling and solid debris ejection mode ON and OFF
(IDEJO and 1). Furthermore, we considered median values of the distribution of prediction of
melt release conditions by core relocation SM (see section 3.3.6 for details).
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4.3.5.1 Failure Domain Analysis with Core relocation SM Predictions for Penetration
Failure without Solid Debris Ejection.
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Figure 4-14: Failure domain analysis for SEIM SM (P;=0.001) in terms of severe accident
scenario (ADS and ECCS Timings) with different fragility limits for a) LDW hatch door; b)
Reinforced LDW hatch door. c) LDW floor.
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Figure 4-15: Failure domain analysis for Debris Agglomeration SM (P;=0.001) in terms of
severe accident scenario (ADS and ECCS Timings) with different debris agglomeration
fraction threshold a) 20%; b) 50% c) 90%.

4.3.5.2 Failure Domain Analysis with Core relocation SM Predictions for Penetration
Failure with Solid Debris Ejection.
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Figure 4-16: Failure domain analysis for SEIM SM (P,=0.001) in terms of severe accident
scenario (ADS and ECCS Timings) with different fragility limits for a) LDW hatch door; b)
Reinforced LDW hatch door. ¢) LDW floor.
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Figure 4-17: Failure domain analysis for Debris Agglomeration SM (P;=0.001) in terms of
severe accident scenario (ADS and ECCS Timings) with different debris agglomeration
fraction threshold a) 20%; b) 50% c) 90%.

4.3.5.3 Discussion

The results presented in the sections 4.3.5.1 and 4.3.5.2 illustrate the effect of the accident
scenario (in terms of ADS and ECCS timings) on the risk of containment failure due to ex-
vessel steam explosion and debris coolability (formation of non-coolable debris configuration).
The results show that the containment failure due to containment phenomena in Nordic BWR
can be avoided in scenarios with early ADS and ECCS activation. Delay in depressurization,
up to 5000sec, followed by the water injection within approximately 1000sec can results in in-
core/in-vessel accident termination, and no threat to containment integrity (see Figure 4-18 and

4-19).
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Figure 4-18: Failure domain analysis with (P;=0.001) for a) Ex-vessel steam explosion load
on the hatch door (6kPa*s); b) Debris Agglomeration with agglomeration fraction threshold
of 20%.
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Figure 4-19: The time of vessel lower head breach due to penetration failure, as a function of
severe accidentscenario (ADS and ECCS Timing).

2000

Severe accident scenarios with vessel breach in most of the cases result in high loads on the
containment hatch door due to ex-vessel steam explosion, and formation of non-coolable debris
configuration.

Reinforcement of the containment hatch door to 50kPa*s can significantly reduce the risk of
containement failure due to ex-vessel steam explosion, as shown in Figure 4-14a vs. 4-/4b and
Figure 4-16a vs. 4-16b.

Furhtermore, the results show that there is significant effect of the modelling of debris behavior
and melt release option used in MELCOR (Core relocation SM). It is assumed in MELCOR
code that in case of penetration failure, all debris can be ejeted regardless of its state (solid
debris ejection ON — IDEJO), only molten debris plus some fraction of solid debris can be
ejected, based on the solid material transport model (solid debris ejection OFF- IDEJ1). This
results in larger debris ejection rates predicted by MELCOR code in case of solid debris ejection
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on (IDEJO) compared to solid debris ejection off (IDEJ1), but on the other hand it results in
smaller values of the temperature of the ejected debris (TPIN).
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Figure 4-20: The median value of the temperature (K) of the debris ejected from the vessel at
max. debris ejection rate, as a function of severe accident scenario (ADS, ECCS Timing) for
a) Solid debris ejection ON (IDEJO) b) Solid debris ejection OFF (IDEJ1).
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Figure 4-21: The median value of the jet speed (m/s) at max. debris ejection rate, as a function
of severe accident scenario (ADS, ECCS Timing) for a) Solid debris ejection ON (IDEJO) b)
Solid debris ejection OFF (IDEJ1).

Additionally, it is assumed in MELCOR that particulate debris will sink into a molten pool,
displacing the molten pool volume. Once solid debris components with lower melting point
(such as stainless steel) start to melt, the volume occupied by solid debris decreases, the molten
materials will occupy empty volume within the solid debris (reducing solid debris porosity).
The remaining part will form a molten pool on top of the particulate debris, which will be
displaced by the particulate debris from the cell located above, which eventually can result in
stainless steel-rich layer on top of the solid debris, and, on the other hand it results in limited
availability of molten materials to be released from the vessel. This behavior can result in
formation of significant amounts of molten materials with significant superheat on the top of
the solid particulate debris, which results in large debris ejection rates, ablation of the failure
opening later in time.
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4.4 Decision Support and Connection to PSA with ROAAM+
Results

Top layer of ROAAM+ framework for Nordic BWR is comprised of a set of coupled modular
frameworks connecting initial plant damage states with respective containment failure modes.
The results of ROAAM+ framework are presented as failure domain maps constructed in the
space of the input/scenario parameters (input space) partitioned into a finite number of cells.
Every cell is characterized by a unique combination of the input parameters ranges. The output
of the SM is sampled in each cell (by varying deterministic and intangible parameters). The
framework compares loads against capacity and renders every computed case to a failure or
success. The number of “fail” and “success” cases is counted in each cell, weighted by
corresponding probability density functions of deterministic and intangible parameters and
normalized to provide conditional failure probability which is compared to the screening
probability. The cells where conditional failure probability exceed screening level are grouped
into a “failure domain” indicating conditions at which the mitigation strategy fails.

Information about severe accident scenario s; and its frequency f; - is necessary input to
ROAAM-+ framework and it can be provided from the PSA-L1.

4.4.1 Decision Support

The aim of the ROAAM+ framework is to provide an assessment in support of the decision
whether or not the risk associated with current SAM strategy is acceptable. The risk in each
scenarios is presented as a triplet R; = {s;, f;, pdf (Pr;)}, where scenario s; has frequency f;
and uncertainty in the failure is characterized by distribution probability of failure probability
pdf (Pg;). Such approach keeps separation between frequencies of scenarios (s;, f;) that
characterize statistical data about frequencies of failures of systems and components etc. that
can be obtained from PSA-L1, and confidence in prediction of the phenomena determining
containment failure ( pdf(Pr;) ) that is obtained from the uncertainty analysis using
deterministic models. As we will demonstrate, this separation is important for an adequate
approach to interpretation of the risk and respective decision making process.

Scenario frequencies are the inputs to ROAAM+ framework provided from PSA L1 analysis
results, i.e. frequencies of correspondent plant damage states (PDSs). Conditional containment
failure probability (or probability distribution of conditional containment failure probability)
for each scenario is a main outcome of ROAAM+ framework analysis. Figure 4-22a presents
decision criteria as a function of accident scenario frequency (CDF) and Conditional
Containment Failure Probability (CCFP) or Conditional Probability of Unacceptable Release
(CPUR), and Figure 4-22b illustrates ROAAM+ results of pdf (Pgr;) as box and whiskers plots
for scenario s;, with frequency f;). Based on the results it is possible to judge, whether or not
current SAM strategy is effective for a given severe accident scenario s;, and the likelihood
that there are some combinations of modelling parameters (i.e. deterministic, intangible
parameters and correspondent probability distributions) that can cause failure for the given
scenario.
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Figure 4-22: Decision support with ROAAM+.

4.4.2 Improvement of Sequence Modelling with ROAAM+ Data

From the initial sequences in the PSA Level 1, all events that are leading to a certain PDS are
then treated in the same manner in the continued sequence (however, dependencies are treated
logically correct if the failure should affect systems in PSA Level 2). It is however obvious that
it will be different scenarios from a deterministic stand point if there is an initial loss of offsite

power and no start of the diesels, compared to a scenario where the diesels would stop after
some hours.

The purpose with the improved integrated link between the PSA and deterministic analyses is

hence to be able to judge if, for example, these scenarios need to be treated differently in the
PSA context.
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The approach chosen in this report was to identify some sequences from the PSA Level 1 and
to use ROAAM+ framework to evaluate the progress of these sequences and correspondent
conditional containment failure probability for different severe accident scenario.

To illustrate an approach for improvement of sequence modelling in PSA L1 (L1+) let’s assume
the following failure domain maps obtained with ROAAM+ framework for ex-vessel steam
explosion as a function of lower drywell water pool depth and release size (jet diameter), see
Figure 4-23.
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Figure 4-23: SEIM Failure Domain Maps.

Taking the lowest fragility limit (which roughly corresponds to the non-reinforced hatch door)
and assuming the following:

e Lower Drywell Pool Depth:
o “Deep” if pool depth > 4m
o “Shallow” otherwise.
e Release Size (Jet diameter (Djet))
o Djet <75.e-3m — Dripping Mode (corresponds to IGT failure)
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o 75.e-3m <= Djet <150.e-3m — Medium release (ablated I1GT)
o Djet >=150.e-3m — CRGT failure + ablated CRGT.

The failure domain map can be represented by 6 modes:
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Figure 4-24: Refined Containment Event Tree Example.
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Figure 4-25: Complimentary Cumulative Distribution Function of Conditional Containment
Failure Probability due to Ex-Vessel Steam Explosion with Non-reinforced Hatch Door: (a)

for Deep Pool (b) Shallow Pool.

In Mode 1 (“Shallow Pool” and “Dripping Mode™), based on ROAAM+ results (see Figure 4-
23), maximum conditional containment failure probability is O for all fragility limits, meaning
that whatever uncertainty is in modelling of ex-vessel steam explosion (SEIM), containment
failure due to ex-vessel steam explosion is physically unreasonable, and SAM strategy is

effective even with non-reinforced LDW hatch door.
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On the other hand, in case of “deep pool” (i.e. LDW pool depth > 4m), probability of failure in
case of non-reinforced door ranges from [0,0.729] (see Figure 4-25), depending on water pool
depth within this range and deterministic, intangible parameters used in modelling of ex-vessel
steam explosion.

Figure 4-25a,b show the CCDF of conditional containment failure probability due to ex-vessel
steam explosion in case of medium release and shallow (Figure 4-25a) / deep (Figure 4-25b)
pool. These results clearly indicate that there’s significant difference in CCFP depending on the
LDW water pool depth.

Presented results of ROAAM+ framework analysis clearly shows that there are sequences that
affect the phenomena that can occur, e.g. in presented example, depending on the water pool
depth, the conditional containment failure probability due to ex-vessel steam explosion can
change significantly and result in consequences of risk significance. Moreover, reverse analysis
with ROAAM+ can provide insights regarding under what conditions each phenomenon is
relevant. Thus, based on ROAAM-+ results we can judge if these sequences need to be treated
differently in PSA context, and result in refinement of plant damage states in PSA L1.

This example is studied further in section 5.3, where its results are integrated with the PSA
model.
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Chapter 5. Improvements in PSA modelling to
integrate dynamic features.

Section 5.1 provides a general introduction to a common approach for modelling of severe
accident progression sequences in Probabilistic Safety Assessment (PSA) developed in [155].
Section 5.2-5.4 discusses possible methodological enhancements of PSA using a dynamic
approach as well as a feasibility study performed for a large scale PSA model, which continues
the example discussed in section 4.4.2.

5.1 Sequence Modelling in PSA Level 2

5.1.1 Assumptions and Limitations in PSA

PSA is used to systematically identify, evaluate and rank the sequence of events that can lead
to core damage and radioactive release to the environment. Identification and hence
opportunities for improvement in risk dominant feature of the facility is one of the overall
objectives. The analysis is probabilistic, i.e. it is based on probability and reliability calculations
and the result is an estimate of the frequency of detected events.

Some key assumptions and limitations in PSA level 1 (L1) analysis are:

e Implemented deterministic analyses are correct.

¢ Blow-down paths and building structures can withstand emerging loads at rupture.

e Studied transient time is normally 1 day, i.e., objective function is required during this
time (Level 1 analysis includes 20-24 hours from initiating event, sequences that have
not led to the core overheating within this time are not considered as core damage
sequences and excluded from Level 2 analysis).

e Aggravating manual interventions are not considered.

e Restricted modeling of manual interventions during transients (only when clear
instructions are provided and there is sufficient time available).

e System requirements should be established either via thermal-hydraulic calculations or
through references in the SAR.
e Timing within sequences is represented simplified (conservative).

5.1.2 Phases during severe accidents

The first phase of an accident is studied in PSA L1 and the result is a number of sequences
ending with either success or core damage.

For those sequences ending with core damage the following accident progression is studied in
PSA level 2 (L2). The accident progression is often divided in the following parts:

e In-vessel — Describes the heat up and meltdown of the core.

e Vessel melt through— Describes the phenomena occurring at vessel melt through.

o Ex-vessel — Describes the long term progression of the plant after melt through.
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Related phenomena suitable for further study with deterministic methods can be found both in
PSA L1 and in the different phases of PSA L2.

5.1.2.1 Core Damage States in PSA L1
The basic set of core damage states in PSA L1 is generated by simply differing between core
damage and success. Usually, the core damage states are also separated into generic categories
with respect to the cause of the core damage. A possible grouping of such generic reasons of
damage is given by:

e HSI: Failure to shut down the reactor.

e HS2: Failure to make up water to the reactor.

e HS3: Failure to remove residual heat from the reactor.

e HS4: Overpressure of the primary system.

Typically, failure of core cooling or residual heat removal gives the major contributions to core
damage, but this varies from plant to plant.

Failure to shut down the reactor usually gives a low contribution to the total core damage
frequency. Reactivity control is however a very complex process to model since an incomplete
or delayed shutdown puts higher demands on the other functions such as core cooling, pressure
relief of the primary system etc. It may therefore be interesting to study this in more detail since
the core damage frequency due to failure of shutdown may be underestimated in the existing
PSA studies.

5.1.2.2 Plant Damage States Classification in PSA L2

In PSA L1 for the Nordic BWR reference plant design, the core damage states are grouped into
4 categories: HS1 (ATWS), HS2 (Loss of core cooling), HS3 (Failure to remove decay heat)
and HS4 (Primary system overpressure). The categories (HS1, HS2, and HS4) correspond to
early core damage scenarios, HS3 — corresponds to late core damage.

In addressing ex-vessel behavior and consequences, the following physical phenomena can
challenge containment integrity: direct containment heating (DCH), ex-vessel steam explosions
(EVE) and insufficient ex-vessel debris coolability (DECO).

A quantitative perspective on these phenomena should be derived from the PSA L1. Direct
containment heating (DCH) correspond to high pressure (HP) melt-through processes, steam
explosion (EVE) corresponds to low pressure (LP) melt-through and, finally, both
consequences will lead to large amounts of core debris relocated to the lower drywell which
can challenge its’ floor and penetrations integrity, i.e. ex-vessel debris bed coolability is an all-
pervasive issue.

Initial conditions and correspondenting frequencies for the sequences that will lead to the

different core degradation, in-vessel debris bed formation and vessel failure scenarios can be
identified from PSA L1 data.
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In conclusion, the core damage sequencescan be grouped based on the aforementioned
challenges to containment integrity as shown in Figure 5-1.
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Figure 5-1: Core Damage States Classification.
In a standard PSA, the output of PSA Level 1 is typically core damage (possibly separated in a
few sub-categories). These core damage sequences are then divided into a number of sub-
categories representing the important features for Level 2 progression.
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The link between PSA L1 and L2 is the plant damage states. The plant damage states describe
not only the core damage state but also the conditions of the primary system and the
containment. There are normally around 20-40 Plant Damage States (PDS) defined in the
interface between Level 1 and 2.

For the generic Nordic BWR studied here, there are 27 PDSs for power operation and low
power operating modes. The attributes that are considered relevant for modelling of the
continued process are:

e Core damage state (failure of shutdown, core cooling or residual heat
removal).

e Initiating event (transient or LOCA).
e Time of core melt (early, late).

e Reactor pressure (low, high).
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e Containment atmosphere (inert, air).

e Containment spray system status.

e Containment pressure relief status.

e Filtered containment venting status (activated, not yet activated, failed).
e Bypass of containment (bypass, intact).

e Suppression pool temperature (warm if pool cooling fails, else cool).

The events that are represented in a PSA Level 2 are those tha tmay change the conditions for
retaining of releases within the RPV or the containment. Hence, if the coolability in the RPV is
different in different scenarios — then this is vital information. If the sequences are affecting the
phenomena that can occur, then this is also vital information. For each of the PDS, a subsequent
containment event tree (CET) is defined, modelling the continued accident progression.

The accident progression sequences are influenced by various physical phenomena. The types
of phenomena that are usually accounted for in a PSA are:

e Re-criticality (in the core, in lower plenum, in containment).
e Hydrogen burn (deflagration and detonation).

e In-vessel steam explosion.

e Ex-vessel steam explosion.

e Direct containment heating.

e Rocket mode.

e Melt concrete interaction (basemat penetration).

e Steam generator tube rupture (only for PWR).

The effect of the phenomena can be:
e Containment rupture.
o Different types of containment bypass.
e Activation of filtered containment venting.

The effect most focused on in the following is containment rupture.

The sequences in the CET end at the release categories (RC) and there are normally around 15-
40 of such. The RCs can be defined in different ways, for example by release size or type of
sequence. The normal approach is to use the sequence type, because then only a limited amount
of verifying deterministic calculations are considered to be required. For the sequence type
approach, the characterization is for example based on;

e Release path (containment bypass, containment rupture, filtered release,
leakage).

e Timing of release (early, late).
e Initiator (pipe rupture, transient).

e Sprinkling of containment established (yes/no).
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5.2 Methodological enhancement — DSA and PSA integration

All possible failure combinations should be covered by the PSA and the PSA model therefore
includes a large number of possible failures and possible severe accident progression sequences.
Current PSA models are static and grouping of sequences (failure combinations that have
similar effect) as well as simplified treatment of timing of failure combinations are needed.

Ideally, a risk analysis would, at all points, consider all challenges that can occur at that
particular point in time. The process could be thought of like a dynamic event tree covering all
possible failures (aleatory) and uncertainties associated with the lack of knowledge about
system response (epistemic uncertainty). As muchas this is an appealing approach, the state
space that would need to be analyzed to cover all possible scenarios and epistemic uncertainties
is enormous and it will not be feasible to perform this analysis with a brute force approach.

A limited dynamic approach to PSA would give enhanced information about which scenarios
that should be studied separately and information about timing of events of importance. One
important aim of a dynamic approach to PSA is to quantify and eventually reduce epistemic
uncertainties. The deterministic analysis can provide important insights to which parameters
that are of relevance and should be included in the definition of the sequences and the modelling
of physical phenomena.

One major advantage with a dynamic approach to PSA is the possibility to address different
types of parameters, dependencies and uncertainties that are not taken into account in a static
PSA. It is important to distinguish between different types of parameters influencing the severe
accident progression:
e Scenario parameters: Parameters describing various aspects of systems response.
e Physical parameters: Parameters describing well-posed physical problems or “causal
relations™.

¢ Intangible parameters: Other aspects which uncertainty can only be bounded.

The static PSA is built on choosing the correct scenario parameters to describe the accident
progression and typically uses a pre-set choice of physical parameters in the underlying
deterministic analysis. It is however difficult to handle both intangible parameters and physical
parameters influencing more than one sequence of events. Such parameters may for example
influence more than one phenomenaon. The benefit of the dynamic approach within the
ROAAM+ framework is the possibility to address all of the three types of parameters listed
above.

As it will be practically impossible to consider all possible combinations, there is still a need to
find which of these parameters, and in which combination (scenario, physical and intangible),

that may have a large influence on the risk analysis.

The enhanced information from a dynamic approach can be used in the PSA in several ways.
Examples of possible gains are:
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e Improved sequence definitions when phenomena can be relevant (improved PDS
definitions and sequences in the containment event tree), see section 5.2.1. This
corresponds to improvement in the definition of scenario parameters.

e Estimation of probabilities for phenomena, see section 5.2.2. This follows from the
improved definition of scenario parameters which also results in improved
understanding of how the physical and intangible parameters affect phenomena.

e Improved knowledge of timing in sequences (see also bullet 1 above) which can be
another base for improved realism in PSA quantification. Improvements in PSA
quantification methods would for example enable correct consideration of repair and
mission time during the sequence. See section 5.2.3. This corresponds to better
definition of scenario parameters.

It shall be mentioned that a dynamic approach to PSA is expected to be especially relevant
regarding PSA-L2 since physical phenomena and grouping of events here have higher influence
on the analyzed scenarios. The improvement of dynamic behavior of especially timing in
sequences may also be relevant for increased realism when a PSA is developed to reach “safe
state” — as the transient time studied will be long and hence would call for better treatment of
repair.

5.2.1 Improved Sequence Definitions

The binning of accident sequences from PSA level 1 into plant damage states, as well as the
modelling of accident progression scenarios in PSA level 2 are based on factors such as type of
initiating event, time from initiating event and pressure in the reactor. These factors, scenario
parameters and physical parameters, are normally based on a finite amount of analyses, where
engineering judgements are necessary.

An IDPSA approach can provide valuable information regarding these scenario parameters and
influence the definition of sequences in PSA, since the IDPSA approach is informed by a
significantly larger number of calculations. Several key elements in the level 2 sequences and
phenomena handling and their boundaries can be analyzed at each stage of the modelling of
accident progression via for example a reverse analysis in the ROAAM+ methodology.

The scenario parameters can be considered in the PSA by improveding the definition of the
attributes of the sequence from PSA L1. The definition of the scenario parameters should not
be limited to definition of the plant state at onset of core damage, but reflect the plant state (with
regard to system availability) for the complete sequence also including systems relevant for the
containment event trees. This leads to a significant increase of plant damage states, compared
to normal practice.

The analysis of the phenomena will then include all relevant information about scenario

parameters, and the quantification of the phenomena can then focus on a correct and consistent
quantification (considering the dependency between phenomenona as well as how the physical
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and intangible parameters affect them in the specific scenario). This is further discussed in
section 4.4.2.

Example of improved sequence definition

One example that have been studied with reverse analysis in the ROAAM+ approach is how
recovery of emergency cooling system (ECCS) and ADS should inform the scenario parameters
(and therefore the definition of plant damage states). These safety systems are, for some reason,
assumed to fail during PSA level 1 and a possibility of system recovery to avoid more severe
consequences is modelled in PSA level 2. A successful recovery early in the sequence would
allow the core to be arrested in the reactor pressure vessel (RPV) and hence provide the best
possibility to limit the releases.

Aarresting the core in the RPV is based on the assumption that coolability is possible given
successful recovery of the ECCS and ADS. Low pressure scenarios can for example be
considered successful if reflooding is activated within three hours after core melt. This
modelling is supported by a few MAAP analyses.

The human reliability analysis regarding recovery actions is based on the available time for
operator action. It can be noted that the dominating sequences for loss of feed water from PSA
level 1 are due to loss of external power supply and failure of back-up power systems. The time
for possibility of manual recovery of back-up power systems and the time for possibility of
return of off-site power are therefore very important for the quantitative results.

The result of the reverse analysis using the ROAAM+ approach is graphically shown in the
decision tree indicates the “safe” timespans, i.e. when recovery of ECCS and ADS leads to
coolability of the debris, and the “failed” timespans, i.e. when there is a possibility, even with
recovery, that the debris may not be coolable. The reverse analysis using the ROAAM+
approach indicates that the current assumptions regarding available time for recovery needs to
be updated, since the successful states in the IDPSA indicates that the systems needs to be
activated earlier to ensure a successful cooling.

It can be noticed that the “safe” state in the decision tree is given by a threshold. The word
“Safe” means, in the ROAAM+ approach, that the conditional containment failure probability
for debris coolability is lower than 1E-3, which indicates, in the arbitrary scale of probability,
a “physically unreasonable” level of likelihood.

When likelihoods used in ROAAM+ are translated into PSA probabilities, the arbitrary scale
of probability should be applied in reverse in order to achieve the same meaning between
“physically unreasonable” level in ROAAM and screening frequency in PSA. The reason is
that a threshold should preferably be set so that the conditional probability would be
insignificant with regard to the target value (frequency of <1E-7) for releases. The target value
for PSA Level 1 is often set to 1E-5. A conditional failure probability for level 2 less than 1E-
4 would hence fulfil the condition to be insignificant (two orders of magnitude below the
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acceptable threshold). This means that all “safe” scenarios can be disregarded in the PSA if 1E-
4 is used as a threshold value in the analysis.

The studied example provides a possibility to identify how the scenario parameter “timing of
recoveriesy” affects the possibility to obtain coolability. The results can be used to improve
sequence definition by:
e Giveing more accurate and refined definition of available times for different operating
actions and thus provide a better basis material for the HRA.

¢ ldentifying the sequences where the debris may not be coolable after re-flooding.

e Provideing failure probabilities for the identified sequences. Coolability may need to be
modelled with a failure probability that is dependent on the timing of the sequence.
Time dependent failure probabilities can be considered since the plant damage states
are binned with time after initiating event as one factor. The binning of the plant damage
states may therefore be updated with regards to the findings from the deterministic
analysis.

The dynamic approach used in this project has provided interesting information regarding
scenario parameters that can be used to improve the sequence definitions and to reduce the
epistemic uncertainty. The inverse ROAAM+ approach has also provided very interesting
results for the treatment of phenomena in the sequence following melt through. An example of
how this information can be used to improve sequence definition is shown in the feasibility
study in section 5.3.

5.2.2 Estimation of Probabilities of Phenomena and Consequences

In addition to a better understanding of the sequences and their causes, it has to be recognized
that we will neither have full understanding nor the possibility to represent all possible realistic
situations in a risk analysis. Hence it will also be of vital importance that, in addition to a better
representation of the sequences, we improve our ability to estimate the probability that a certain
phenomenon with risk significant consequences can occur.

The analysis of physical phenomena requires extensive understanding of complex interactions
and feedbacks between scenarios of accident progression and phenomenological processes.
Physical phenomena are of high importance for the PSA level 2 results since they influence the
severity of the consequences.

The analysis includes identification of relevant phenomena, identification of relevant sequences
where phenomena can occur as well as estimating the probability on of iries. The available data
for phenomena is often based on scarce data, which typically leads to conservative assumptions.
Better support and basis material for the analysis of probabilities for phenomena, given scenario
conditions, would therefore substantially increase the level of accuracy and credibility.

The phenomena are often seen as independent in the PSA. The physical and intangible
parameters influencing the phenomena are therefore not taken fully into account. A dynamic
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approach to PSA can therefore provide valuable insights influencing the modeling of
phenomena.

The analysis with ROAAM+ provides insights regarding the conditions for which each
phenomenon is relevant. The backward analysis regarding steam explosion, for instance,
provides information regarding at what conditions a steam explosion can give consequences of
risk significance. The analysis provides a possibility to handle scenario, physical and intangible
parameters and identify the parameters of high importance. The scenario parameters can
thereby be improved and the epistemic uncertainty can be reduced. There are however still
epistemic uncertainty remaining through the physical parameters (which cannot be addressed
by improved scenario definition) and the intangible parameters. The dynamic analysis should
properly consider how the intangible and physical parameters affect the different phenomena.
Since the phenomena share parameters, the phenomena are dependent and thereby it is not
correct to estimate them separately.

An example of how a dynamic approach, considering both improvements in scenario
parameters and also considering the most important dependencies in physical and intangible
parameters, can influence the modelling of phenomena and the estimation of probabilities are
shown in the feasibility study of section 5.3.

5.2.3 Improved Knowledge of Timing in Sequences
From the PSA, cut set lists are produced (or rather minimal cut set (MCS) lists). Improvements
in timing in sequences could be implemented in different ways. Here we discuss two ways:
e Improved definition of scenario parameters including timing of systems.
e Improvements in mathematical models for inclusion of dynamic features into the cut set
list calculation.

These two ways are discussed below.

Improved definition of scenario parameters including timing of systems

Let us assume that we have an MCS list. This list will include basic events representing
phenomena (as well as component failures and human actions — but these are not of interest in
this context). These phenomena are treated as individual events — and there is no information
on timing. Now, let us assume that we have a decision tree describing the success and failure
cases (the scenario parameters).

The combination of the MCS list and the information in the decision tree could be merged.

Conceptually, this could be done in an automated way, but currently the information is needed
to inform the sequence definition — and allow for a refined set up of the sequence.
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Figure 5-2: The conceptual idea of having the decision tree as input for the quantification of
an MCS list. The figure is intended to illustrate that one event may have different failure
probability in different cases.

In [152] an example is given, presenting a decision tree where the ROAAM+ approach is used
to develop the timing information that should be considered when the failure domains for debris
coolability (with regard to restart of ECCS and activation of ADS) in a high pressure core
damage sequence is studied.

Improvements in mathematical models for inclusion of dynamic features into the cut set
list calculation

Large PSA studies analyze failure combinations or failure scenarios leading to failures in a
static way. Timed dependencies between systems are either disregarded or approximated by
discretization of time and convolution. The static character of PSA models offers no natural
way of modelling repairs either.

Certain scenarios in Level 2 (and Level 3) analyses for nuclear power plants require longer time
horizon, e.g., reaching a cooled and stable situation in a scenario with the core melt arrested in
the reactor pressure vessel, The Fukushima accident gives analyses of longer scenarios
additional importance.

As an example, the probability of each individual pump system failing in operation grows with
growing mission time for each pump. However, one does not need each pump to operate over
the entire time horizon.

For very small systems, it is possible to build Markov Chains to better represent timing.

However, for the problem size of PSA models of nuclear stations — it will not be feasible to
build a model as a Markov Chain.
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A recently developed formalism, Static and Dynamic FT, is presented in [348]. The method
improves the calculation of large PSA models, using the cut set list and using Continuous Time
Markov Chains (CTMCs) to include time into the calculation. The dependency between basic
events is defined by triggers, see figure below.
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Figure 5-3: Pump 2 mission time event is dependent on a trigger — failure of pump 1. This
allows for more realistic consideration of time in operation for pump 2.

The approach described in [348] develops a set of Markov Chains, using the MCS list and the
information about triggers from the PSA model.

This way of including time into a dynamic calculation is not addressing exactly the same type
of dynamic behavior as discussed in previous section — even though the approach definitely can
be used to improve the accuracy in the frequency of the scenarios. The improvement in this
algorithm is focusing on improved accuracy in the reliability calculation itself (and not the
appropriate setup of the scenario parameter).

5.3 Example of a Dynamic Approach in a Large Scale PSA Model

The dynamic approach to PSA can, as described in section 5.2, be used to enhance the PSA in
several aspects. A feasibility study is presented here as an example of how a dynamic approach
can be used in a large scale PSA. The feasibility study is aiming at studying, at a higher level
of detail, the attributes that are of interest for the core relocation, melt through of the reactor
pressure vessel (RPV) and the following effects on phenomena.

A generic PSA for Nordic BWR is used as reference case. In the reference model, each
phenomenon, for example steam explosion or debris bed coolability, is modelled with fixed
probabilities independent of the accident progression sequence in which they are used. The
reference case provides information to the deterministic analysis about which phenomena and
parameters that are currently analyzed and is used in the binning of sequences and consequences.

Two important phenomena occurring at or after reactor vessel melt-through are steam explosion
and debris bed coolability. To be able to study how these phenomena depend on different
parameters, a dynamic approach is used. The parameters that may influence the phenomena are
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physical parameters such as pressure, temperature and water depth in different parts of the plant,
scenario specific parameters such as size of the melt-through as well as intangible parameters.

5.3.1 Dynamic Approach

The ROAAM+ framework has been used to study the containment phenomena steam explosion
and debris bed coolability. The deterministic study has analyzed a large number of parameters
and the analysis shows that the probabilities for the studied phenomena are highly dependent
of the following parameters:

e The mass flow of core melt at reactor vessel melt through.

e The depth of the water pool under the reactor vessel.

e The temperature of the water pool.

In this feasibility study, a reference large scale PSA model is modified to consider the depth of
the water pool and the mass flow of corium at vessel melt through.

The information from the deterministic analysis is used to improve the sequence definition and
the estimation of probabilities of phenomena, thereby creating an enhanced PSA model with
updated containment event trees (CET) and scenario specific phenomena probabilities. The
study aims at indicating the effect of taking the enhanced information about phenomena into
account when calculating the large release frequency for transients and CCI for a selection of
PDS.

The analysis is performed for a few selected plant damage states (PDS) named HS2-TH1 and
HS2-TLA4, see Chapter 5.3.2 for description. The motivation for this selection is that these PDS
together contribute with around 70 % of the large releases in PSA level 2.

5.3.2 Description of Reference Case PSA model
The reference PSA model is a generic full scale PSA for a Nordic BWR.

In the reference PSA model the accident progression for PSA level 2 is modeled in a
containment event tree, CET. In the CET there is no explicit modeling of phenomena. Instead,
there is a function event where all the phenomena are treated in a common fault tree.
The probabilities for steam explosion resulting in containment failure are:

o 1E-3 for low pressure melt through.

o 3E-3 for high pressure melt through.

These values are always applied even if the lower drywell (LDW) flooding system fails. The
rationale for this modeling is that no positive credit should be taken for system failures.
Furthermore, there may be enough water for a steam explosion to occur but not enough to avoid
melt through of the penetrations in the LDW floor. The probabilities for melt through of the
penetrations in the LDW floor are:

o 1E-3 for successful LDW flooding.

e 10 for failure of the LDW flooding system.
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The studied PDS in this feasibility study are:

e HS2-THL1. This is a plant damage state where the initiating event is a transient or a
CCl, core cooling has failed and the reactor vessel pressure is still high (the automatic
depressurization system, ADS, has failed).

e HS2-TL4. This is a plant damage state where the initiating event is a transient or a
CCl, core cooling has failed and the reactor vessel pressure is low.

5.3.3 Description of Enhanced PSA Model

5.3.3.1 Containment Event Tree

The containment event trees for the plant damage states HS2-TH1 and HS2-TL4 are here
modified to consider the depth of the water pool in lower drywell (LDW) and the mass flow of
corium at vessel melt through.

The water depth alternatives are:
e Deep water pool in LDW.
e Shallow water pool in LDW.
e No water in LDW.

The melt flow alternatives are:

e Dripping.
e Medium.
e Large.

For each combination of water depth and melt flow there are unique probabilities for steam
explosion and not coolable debris bed in LDW. This is explicitly modeled in the CET.

The water temperature in lower drywell is scenario specific and set to constant for the modelled
plant damage states. This has therefore no influence on the improvement of sequence definitions
in the CET.

Figure 5-4 shows the part of the CET influenced by the updated modelling. In the complete
CET there are also function events and sequences for isolation, long term residual heat removal
etc. As seen in Figure 5-4 there is one common function event for steam explosion and one
common function event for coolability. For each sequence, however there is a unique basic
event used for each phenomenon depending on the sequence (i.e. the combination of depth and
melt flow).
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Figure 5-4: Containment Event Tree with explicit modeling of steam explosion and
coolability.

5.3.3.2 Deterministic input
The deterministic analysis described in section 0 yields probability distributions for steam

explosion and coolability given a certain combination of temperature, water depth and melt
flow.

The melt flow is expressed as the corresponding diameter of the melt jet. The parameters vary
from:

e LDW water temperature
e LDW water depth
e Melt jet diameter

290 - 366 K,
2,21-8,8m,
0,07575 - 0,2945 m,

20 different values
20 different values
20 different values

For each phenomenon there are 4 different sets of data as described above.
For steam explosion there are data for containment fragility of:

e 6 kPa*s

o 20 kPa*s
o 50 kPa*s
o 80 kPa*s

For debris bed coolability there are data for different fractions of agglomeration:
o 20% agglomeration.

e 50% agglomeration.
e 70% agglomeration.
e 90% agglomeration.
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5.3.3.3 Assumptions and limitations

Temperature in LDW

The temperature is assumed to be 322 K for all cases. This is according to MAAP calculations
of HS2-TH1 and HS2-TL4 sequences. The LDW water temperature has been observed to
have only a minor effect on the phenomena studied here.

Fragility
e For steam explosion, the non-reinforced door (6 kPa*s) probabilities are used. This
gives the highest probabilities for the steam explosion damage of the containment
structures.
e For coolability, the debris is -assumed to be non-coolable if the agglomeration
fraction reaches 90 %. This gives the lowest probabilities for non-coolable debris bed.

Deep pool — 7.8 m

After successful automatic opening of the LDW flooding system it is assumed that the LDW
water level will be 7.8 m at reactor vessel melt through. This is according to MAAP calculations
of HS2-TH1 and HS2-TL4 sequences.

The probability for opening of LDW flooding is modelled in Risk Spectrum.

Shallow pool —3.9m
If automatic opening of LDW flooding fails, it is assumed that the operators can manually
take actions to fill the LDW. Possible actions are:

e Manual opening of LDW flooding.
e Manual start of the drywell spray system.
e Manual start of the independent spray system.

Successful manual start of LDW flooding is assumed to lead to shallow pool in LDW at reactor
vessel melt through. The level for shallow pool is assumed to be 3.9 m. The probability for
failure of manual flooding is assumed to be 0.1.

Failure of LDW flooding

If LDW flooding fails completely, the following probabilities are assumed:
e Steam explosion 0.0.
e Debris bed not coolable 1.0.

Melt flow at reactor vessel melt through
The melt flow at reactor vessel melt through is divided in dripping, medium and large. These
melt flow sizes are defined by the following diameters of the melt jet:

e diet<0.075m Dripping flow.
e 0,075<djet<0.150 m Medium Flow.
e djet>0.150 m Large Flow.
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In the deterministic input data, there are individual probability distributions for steam explosion
and coolability for 20 different melt flows ranging from 0.07575 m to 0.2945 m. In this case it
is assumed that djee = 0.7575 gives dripping flow. (Otherwise, there are no data for dripping
flow.)

e Dripping flow Based on djet = 0.7575.

e Medium flow Based on 6 different djet between 0.08725 and 0.14475.

e Large flow Based on 13 different djet between 0.15625 and 0.29425.

At present there are no probability distributions for the different melt flow sizes. Furthermore,
the correlation between steam explosion and non-coolable debris bed has not been taken into
account using the current data compilation from ROAAM-+. This is due to the fact that the
output from ROAAM-+ and the current test case model built in RiskSpectrum has not fully taken
all the data (the correlation) in consideration when the unacceptable release frequency is
estimated. When performing an uncertainty analysis, samples will be taken from the individual
probability distributions for steam explosion and coolability, disregarding any correlation
between the two. In order to correctly account for this effect, it is therefore necessary that the
data compilation from ROAAM+ is extended to include these correlation data. The possible
treatment of such data in RiskSpectrum is described further in section 5.3.3.5.

In the analyses presented earlier, the probabilities for dripping, medium and large melt flows
were set to 1/3 each with uniform distributions and the uncertainty analysis was performed
without taking the correlations described above into account. In the current analysis, the
uncertainty analysis is instead replaced by a study covering the following three cases:

e Bounding pessimistic, with probabilities for dripping/medium/large flow set to

0/0/100 %.

e Bounding optimistic, with probabilities for dripping /medium/large flow set to
100/0/0 %.

e A sensitivity study, with probabilities for dripping /medium/large flow set to
0/100/0 %.

5.3.3.4 -Probabilities of phenomena
The individual probabilities for steam explosion and non-coolability are calculated as the
average value of different melt flows in each size respectively, given the depth and the
temperature described above. This results in the following probabilities for steam explosion and
non coolable debris bed in LDW:

Steam explosion Non-coolable

e Deep pool, dripping flow 0 3.61E-02
e Deep pool, medium flow 1.55E-02 2.83E-01
e Deep pool, large flow 6.36E-01 8.52E-01
e Shallow pool, dripping flow 0 1.0
e Shallow pool, medium flow 3.60E-04 1.0
e Shallow pool, large flow 3.78E-01 1.0
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5.3.3.5 Uncertainties of phenomena

In the deterministic analysis of the physical phenomena described in section 0, a set of
simulations are performed depending on a number of parameters. The output of the analysis is
probabilities for physical phenomena with associated uncertainty distributions. These
uncertainty distributions for the different phenomena are therefore not independent since the
underlying calculations are based on variations of the same deterministic and intangible
parameters. To be able to use this information correctly, a non-standard interface, allowing use
of externally developed simulation data, should be used in RiskSpectrum to enable the
uncertainty distribution for the phenomena to be consistently treated. Furthermore, the
simulations should not use a Monte-Carlo approach on the probabilistic distributions for each
phenomenon independently, but simulate on the deterministic and intangible parameters.

5.3.4 --Analysis and Comparison between Reference Case Model and Enhanced
Model

All transients and CCls leading to the plant damage states HS2-TH1 and HS2-TL4 are analyzed
for all analyzed level 2 release categories. Release categories leading to release frequencies
over 0.1% of the core inventory of an 1800 MW BWR are grouped as non-acceptable.
Furthermore, Iin the analyses presented in earlier phases of the SPARC project, the release
category “basemat meltthrough” was, according to industry standard, presented individually,
i.e. excluded from the group of non-acceptable releases. It can however be argued that basemat
meltthrough cases could represent large releases e.g. after the standard analysis period of 72 h.
To account for this possibility, the former non-acceptable release group is, in the current
analysis, merged with the basemat meltthrough group to form a group named “non-contained
release”.

The normalized results for non-contained release per type of initiating event are shown in
Figures 7-5 to 7-7 and Tables 7-1 to 7-3. The normalization is done with respect to the frequency
for non-contained release due to Loss of offsite power.

The analysis shows that the non-contained release frequency increases significantly in the
enhanced model, partly due to the inclusion of basemat meltthrough in the grouping, partly due
to the ROAAM+ methodology itself.

It can be noted that the initiating event group spurious M isolation is much more affected by
the enhanced modelling than the other initating event types studied. To explain the reason for
this, it can first be noted that the group of non-acceptable releases, for a BWR, to a relatively
large extent contains so-called bypass sequences, in which closure (isolation) of the
containment fails and the release path occurs through e.g. through open steamlines. Such
sequences will not be affected by the ROAAM+ approach since they are not created by the
studied containment rupture phenomena. M isolation, or IM isolation, refers to a specific
function of the reactor protection system, which initiates closing of isolation valves in the
feedwater lines. The effect of the initiating event is thereby at first sight similar to that of the
loss of feedwater transient. However, in the generic Nordic BWR plant design represented by
the PSA model used in this study, M isolation automatically activates another isolation function
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that initiates closure of the steam lines. This implies that for sequences starting with spurious
M isolation, bypass sequences through open steam lines are directly excluded (apart from cases
with mechanical errors in the MSIVs) and this category of initiating events becomes the only
category where the ROAAM+ methodology will influence all the resulting accident sequences.
In contrast, e.g. the loss of feedwater initiating event category has a relatively low frequency,
which implies that together with the event probabilities prescribed by the ROAAM+
methodology, sequences affected by ROAAM+ to a large extent end up below the cut-off
frequency of the PSA analysis, leaving almost only bypass sequences above it. In summary,
loss of feedwater sequences will in this model be minimally affected by ROAAM+ while the
inverse is true for spurious M-isolation sequences, thereby creating a large difference between
these seemingly similar initiating event families. When the results are adjusted for bypass cases,
the impact of the ROAAM+ approach increases and the differences between e.g. loss of
feedwater and spurious M isolation are reduced, even reversed as seen in Figures 7-8 and 7-9
and Tables 7-4 and 7-5.

It is clear from these results that the sensitivity of the non-contained release frequency to the
size of the vessel melt jet, and thereby to correlation between steam explosion and debris
coolability, is very large. The sensitivity analysis however shows identical results for 100 %
medium flow and 100 % dripping flow.
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Figure 5-5: Comparison of normalized frequencies for non-contained release between the
reference case and the enhanced model -using large flow at melt-through.

201



B Enhanced Model Medium m Reference Model

Turbine Trip

Spurious Scram

Spurious M Isolation

Spurious | Isolation

Loss of Feed Water

Loss of Offsite Power

CCl - Loss of busbar 400 V AC - DivB
CCI - Loss of busbar 110 V DC - Div D
CCl - Loss of busbar 110 V DC - Div C
CCl - Loss of busbar 110 V DC - DivB
CCl - Loss of busbar 110 V DC - Div A
CCl - Loss of sea water cooling

0.0E+00 5.0E-01 1.0E+00 1.5E+00 2.0E+00

Figure 5-6: Comparison of normalized non-contained release frequencies between the
reference case and the enhanced model using medium flow at melt-through.
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Figure 5-7: Comparison of normalized non-contained release frequencies between the
reference case and the enhanced model using dripping flow at melt-through.
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Table 5-1: Comparison of normalized frequencies for non-contained release between the

reference case and the enhanced model -using large flow at melt-through.

Initiating event léggirence E/E)lzlilllced Difference
CCI - Loss of sea water cooling 5.9E-03- 1.2E-01- 1947%
CCI - Loss of busbar 110 VDC - Div A 8.4E-02- 1.7E-01- 104%
CCI - Loss of busbar 110 V DC - Div B 8.2E-02- 1.6E-01- 99%
CCI - Loss of busbar 110 V DC - Div C 8.6E-03- 1.5E-02- 79%
CCI - Loss of busbar 110 V DC - Div D 5.0E-03- 6.3E-03- 25%-
CCI - Loss of busbar 400 VAC - Div B 6.9E-02- 2.5E-01- 261%
Loss of Offsite Power 1.0E+00 1.8E+00 80%
Loss of Feed Water 1.7E-01- 3.5E-01- 107%
Spurious I Isolation 9.1E-04- 1.6E-02- 1615%
Spurious M Isolation 1.9E-01- 7.5E+00 3768%
Spurious Scram 3.4E-01- 5.8E-01- 73%
Turbine Trip 5.5E-02- 5.4E-01- 878%

Total result 2.0E+00 1.1E+01 471%

Table 5-2: Comparison of normalized frequencies for non-contained release between the
reference case and the enhanced model using medium flow at melt-through.

Enhanced

Initiating event Reference Case Model Difference
CCI - Loss of sea water cooling 5.9E-03 3.0E-02 410%
CCI - Loss of busbar 110 V DC - Div A 8.4E-02 9.7E-02 16%
CCI - Loss of busbar 110 V DC - Div B 8.2E-02 9.6E-02 17%
CCI - Loss of busbar 110 V DC - Div C 8.6E-03 4.4E-03 -49%
CCI - Loss of busbar 110 VDC - Div D 5.0E-03 1.1E-03 -78%
CCI - Loss of busbar 400 VAC - Div B 6.9E-02 9.7E-02 42%
Loss of Offsite Power 1.0E+00 1.1E+00 9%
Loss of Feed Water 1.7E-01 1.9E-01 11%
Spurious I Isolation 9.1E-04 1.6E-03 78%
Spurious M Isolation 1.9E-01 1.7E+00 762%
Spurious Scram 3.4E-01 3.4E-01 1%
Turbine Trip 5.5E-02 1.2E-01 116%

Total result 2.0E+00 3.7E+00 86%

Table 5-3: Comparison of normalized frequencies for non-contained release between the
reference case and the enhanced model using dripping flow at melt-through.

Initiating event Reference Case IE\:,II:)l:laelllced Difference
CCI - Loss of sea water cooling 5.9E-03 3.0E-02 410%
CCI - Loss of busbar 110 V DC - Div A 8.4E-02 9.7E-02 16%
CCI - Loss of busbar 110 V DC - Div B 8.2E-02 9.6E-02 17%
CCI - Loss of busbar 110 V DC - Div C 8.6E-03 4.4E-03 -49%
CCI - Loss of busbar 110 V DC - Div D 5.0E-03 1.1E-03 -78%
CCI - Loss of busbar 400 VAC - Div B 6.9E-02 9.7E-02 42%
Loss of Offsite Power 1.0E+00 1.1E+00 9%
Loss of Feed Water 1.7E-01 1.9E-01 11%
Spurious I Isolation 9.1E-04 1.6E-03 78%
Spurious M Isolation 1.9E-01 1.7E+00 762%
Spurious Scram 3.4E-01 3.4E-01 1%
Turbine Trip 5.5E-02 1.2E-01 116%

Total result 2.0E+00 3.7E+00 86%
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Figure 5-8: Comparison of normalized non-contained release frequencies excluding bypass
between the reference case and the enhanced model using large flow at melt-through.
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Figure 5-9: Comparison of normalized non-contained release frequencies excluding bypass
between the reference case and the enhanced model using medium flow at melt-through.
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Table 5-4: Comparison of normalized frequencies for non-contained release excluding bypass
between the reference case and the enhanced model using large flow at melt-through.

Initiating event Reference | Enhanced Difference
Case Model

CCI - Loss of sea water cooling 2.0E-02 4.4E-01 2055%
CCI - Loss of busbar 110 V DC - Div A 2.7E-02 3.3E-01 1158%
CCI - Loss of busbar 110 V DC - Div B 1.0E-02 3.0E-01 2926%
CCI - Loss of busbar 110 V DC - Div C 2.2E-02 3.8E-02 70%
CCI - Loss of busbar 110 V DC - Div D 1.8E-03 6.3E-03 245%
CCI - Loss of busbar 400 V AC - Div B 1.0E-02 6.6E-01 6346%
Loss of Offsite Power 1.0E+00 3.9E+00 290%
Loss of Feed Water 1.2E-02 6.7E-01 5243%
Spurious I Isolation 3.7E-03 5.6E-02 1445%
Spurious M Isolation 8.3E-01 2.7E+01 3141%
Spurious Scram 2.5E-01 1.1E+00 350%
Turbine Trip 2.2E-01 2.0E+00 774%

Total result| 2.4E+00 3.6E+01 1412%

Table 5-5: Comparison of normalized frequencies for non-contained release excluding bypass
between the reference case and the enhanced model using medium flow at melt-through.

Initiating event Reference Case Enhanced Difference
Model

CCI - Loss of sea water cooling 2.0E-02 1.1E-01 439%
CCI - Loss of busbar 110 V DC - Div A 2.7E-02 7.0E-02 164%
CCI - Loss of busbar 110 V DC - Div B 1.0E-02 6.0E-02 497%
CCI - Loss of busbar 110 V DC - Div C 2.2E-02 1.1E-02 -50%
CCI - Loss of busbar 110 V DC - Div D 1.8E-03 2.4E-04 -113%
CCI - Loss of busbar 400 VAC - DivB 1.0E-02 1.2E-01 1056%
Loss of Offsite Power 1.0E+00 1.4E+00 42%
Loss of Feed Water 1.2E-02 1.1E-01 766%
Spurious I Isolation 3.7E-03 5.7E-03 55%
Spurious M Isolation 8.3E-01 6.0E+00 622%
Spurious Scram 2.5E-01 3.1E-01 24%
Turbine Trip 2.2E-01 4.3E-01 93%

Total result 2.4E+00 8.7E+00 259%
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5.3.5 Uncertainty analysis

Due to the reasons explained in section 5.3.3.3, no new uncertainty analysis of PSA level 2
results has been performed in the current phase of the SPARC project. The uncertainty analysis
performed in the previous project phase (i.e. not taking correlation between phenomena into
account) is repeated below for easy reference.

The -results of the uncertainty analysis for non-acceptable release (excluding basemat
meltthrough) are shown in Table 5-6. The results show that the uncertainty ranges from roughly
half the point estimate frequency up to about 1.5 of the point estimate frequency. This is a
reasonably narrow interval, which is positive — as the uncertainty is an important factor in PSA-
L2. It could be relevant to further study the cases where the uncertainty range is greater — to
understand if the uncertainty can be reduced.

Table 5-6: Uncertainty analysis for non-acceptable release (All the median values are

normalized.)
Initiating event 5% median 95%
CCI - Loss of sea water cooling 56% 100% 158%
CCI - Loss of busbar 110 V DC - Div A 91% 100% 112%
CCI - Loss of busbar 110 V DC - Div B 91% 100% 112%
CCI - Loss of busbar 110 V DC - Div C 95% 100% 107%
CCI - Loss of busbar 110 V DC - Div D 100% 100% 100%
CCI - Loss of busbar 400 VAC - Div B 84% 100% 123%
Loss of Offsite Power 93% 100% 109%
Loss of Feed Water 91% 100% 112%
Spurious I Isolation 58% 100% 163%
Spurious M Isolation 54% 100% 161%
Spurious Scram 95% 100% 107%
Turbine Trip 66% 100% 147%

5.3.6 Influence of Limitations in Enhanced PSA model

There are a number of assumptions and limitations in the implementation in the enhance PSA
model that influence the result. Some comments regarding the importance of different
parameters and modeling aspects are:

e Melt jet diameter - dripping, medium, large: This parameter is crucial for the results
since steam explosion at dripping melt flow has a probability of zero. A more realistic
modeling needs to take physical properties into account when determining the
probabilities of the melt jet diameter.

e Failure criteria: The data from ROAAM+ for steam explosion and debris bed non-
coolability are obtained according to different failure criteria. For both parameters the
criteria yielding the highest phenomena probabilities were chosen. For steam explosion
this is realistic since the doors are not yet reinforced. For debris bed non-coolability it
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Is optimistic since we assume that debris is non-coolable when agglomeration fraction
reaches 0.9.

o Water depth for deep/shallow pool: The water depth at “deep pool” is related to system
functionality and can be calculated with MAAP or even with simple hand calculations.
If the LDW flooding system works, there will always be about 8 m of water in LDW.
The water depth for shallow pool is much more uncertain since this completely depends
on the sequence. A more realistic modeling could take different water depth for shallow
pool in different sequences.

e Water temp in LDW at vessel melt through: This parameter is not very uncertain. The
temperature is assumed to be 322 K for all cases (This is according to MAAP
calculations of HS2-TH1 and HS2-TL4 sequences.) It is also seen in the data from
ROAAM+ that the LDW water temperature has a small effect on the phenomena studied
here.

There is a need to make the feasibility study more realistic regarding some of the related
parameters discussed above. The quantitative results should therefore be seen as indicative.

5.4 Discussion - Dynamic Approach to PSA

A dynamic approach to PSA can, as discussed in section 5.2 and shown in section 5.3, influence
the analysis is several ways. The feasibility study has shown an example of a dynamic
approach where the PSA is used as a basis to select important initiating events and sequences
in the severe accident progression. These scenarios are then analyzed with a dynamic
deterministic model yielding information about which parameters that are of high importance
for the development of the accident progression. The results from the deterministic analysis are
used in the PSA to improve sequence definition as well as improve the estimation of phenomena
depending on the sequence and the varied parameters.

The dynamic approach used in the project requires extensive work regarding building the
deterministic model. Once built, this model can however be modified to evaluate different
initiating events and sequences. The changes in the enhanced PSA-model on the other hand are
limited and easy to implement.

The integrated approach requires improvement in especially scenario definition, which
practically leads to more plant damage states. The PDS should consider all necessary scenario
parameters, that may affect the calculation of phenomena and hence consider also the system
availability normally represented within CETs.

The implementation of the dynamic approach in the feasibility study in a large scale PSA model
shows that the integration of the ROAAM+ results and the PSA model is not only feasible, but
could potentially lead to a considerable change of the frequency for non-acceptable release. The
results show that the parameters indicated by the dynamic approach as being of high importance
to the results are indeed of high importance to the quantitative results. It also emphasizes the

207



need to distinguish between different probabilities of phenomena depending on different
scenario, physical and intangible parameters.

The integrated approach will also have the ability to give a more comprehensive estimation of
the uncertainty compared to the standard approach. The uncertainty related to phenomena will
consider the interdependency between phenomena (all the way back to relevant intangible and
physical parameters, and of course scenario parameters).
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Chapter 6. Conclusions and Suggestions

This report presents research progress towards development of risk oriented accident analysis
frameworks for quantifying conditional threats to containment integrity for a reference plant
design of Nordic type BWRs. Further extension of the Risk Oriented Accident Analysis
Methodology (ROAAM+) has been proposed and implemented in order to address the
challenges presented by the Nordic BWR severe accident management strategy for risk analysis.
Namely, the importance of uncertainty in both scenarios and phenomena and the complex
multistage accident progression.

The key element of ROAAM+ is a two-level coarse-fine adaptive iterative refinement process
of the development of risk assessment framework and necessary knowledge. The top level of
the risk assessment framework is based on computationally efficient surrogate models (SMs)
that can be used for extensive sensitivity and uncertainty analysis in order to guide identification
of the main sources of uncertainty, failure domains in the space of uncertain scenarios and
modeling parameters, and ultimate risk assessment. The bottom layer of the framework consists
of detailed computationally expensive full models (FMs) and databases of their solutions as
well as experimental data and evidences, which are used in the development of the SMs.

In this project detailed mechanistic full models (FM) have been further developed for
deterministic analysis of steam explosion and coolability phenomena. When necessary and
feasible, new experimental data was produced in order to create new models or reduce
uncertainty in existing models. Databases of the full model solutions were obtained. A set of
computationally efficient surrogate models (SM) has been developed using the databases of FM
solutions. The SMs were used in extensive sensitivity and uncertainty analysis implemented in
the ROAAM+ framework. The reverse analysis in the ROAAM+ helped to identify failure
domains in the space of the accident scenario parameters. Uncertainty in the containment failure
probability has been quantified according to the state-of-the-art knowledge using the forward
analysis. An approach has been developed and demonstrated for using obtained in ROPAAM+
data on the failure probability for different combinations of scenario parameters in a large scale
PSA model. Results of the pilot study show clear benefits for PSA improvement in more
realistic understanding and modeling of the risks.

Main highlights and findings from the development of ROAAM+ methodology, full and
surrogate models for different stages of the accident progression and phenomena are
summarized below.

ROAAM-+ methodology: Methodological guidelines and approaches to development of the full
surrogate models, supporting experiments and risk assessment frameworks have been
developed, implemented and demonstrated. Advanced methods for quantification of
uncertainty in the assessment of the overall failure probability and identification of failure
domains in the space of scenario parameters have been proven crucial for adequate
representation of uncertainty. A framework has been implemented as a set of customizable tools
and interfaces using MATLAB. Approaches to consideration of the FM and SM uncertainty in
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the risk assessment have been implemented. Connection of the ROAAM+ data to different
decision making approaches and tools including PSA have been suggested. ROAAM+ provides
a variety of techniques, including expensive sensitivity analysis, that enable identification of
the major contributors to uncertainty bot for risk assessment and for guiding research programs
that aim to reduce the uncertainty in assessment of effectiveness of a severe accident
management strategy. Extensive analysis for quantification of risks of steam explosion and
formation of non-coolable debris has been carried out. It has been shown that the major source
of uncertainty is the melt release conditions. Results suggest that the failure of containment due
to steam explosion or formation of non-coolable debris can be considered as physically
unreasonable only if the melt is released in a dripping mode by a small size (<100 mm) jet. It
has been also demonstrated that system resilience with respect to steam explosion threat can be
significantly improved by reinforcing the week elements of the containment (e.g. hatch doors)
by increasing their fragility levels up to ~50 kPa*s. The major negative factor for formation of
non-coolable debris bed is agglomeration, which can be mitigated by decreasing melt jet size
below 100 mm.

Core degradation and relocation to the lower head: Extensive study of the scenarios of core
degradation and relocation to the reactor vessel lower head has been undertaken. The goals were
to quantify the properties of debris in the lower head and characteristics of the vessel failure
and melt release as an input to analysis of the ex-vessel accident progression. Different version
of the MELCOR code (1,.86, 2.1, 2.2) were employed. Sensitivity analysis suggests importance
of the modeling uncertainty (between different codes that use different models and in the same
code using different values for the model closure parameters). An effort to quantify the
uncertainty due to modeling and scenario factors has been made and a large database of
MELCOR simulations (~thousands scenarios) has been generated. Two major modes of core
degradation were observed depending on the timing of recovery of the core cooling system: (1)
retention of debris in the damaged core region with only small (up to ~20 tons) relocation of
mostly metallic debris to the lower head; (i1) relocation of large faction of the core (>150 tons).
Significant effect of delay of vessel depressurization on the properties of the debris in the lower
plenum was identified. Vessel failure and melt release analysis was carried out using different
assumptions (e.g. about possibility of ejection of solid/liquid debris upon vessel failure). The
results suggest that neither dripping nor massive release conditions cannot be positively
excluded. A possibility of release of highly superheated metallic melt (up to ~1200 K) was
observed in significant fraction of scenarios. Failure of penetrations was observed on average
earlier than vessel wall.

In Vessel Debris Coolability and Vessel Failure: DECOSIM code was further developed in order
to address in-vessel coolability phenomena in case when debris bed is porous. Extensive
parametric studies suggested that it is not possible to exclude neither formation of a large melt
pool (when water present in the vessel can temporary protect vessel wall and penetration, in
scenarios with relatively large (> 2mm) debris size) neither early failure of the penetrations and
melt release in the dripping mode (in case when a dry hot zone is located near the vessel wall,
in scenarios with relatively small size of debris <1.5 mm).
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Melt release: A set of models has been developed to study potential limiting mechanisms in the
melt release, breach ablation and plugging phenomena. Importance of the multicomponent
debris remelting phenomena and respective possibility of melt accumulation have been
demonstrated. Domains of melt release parameter were plugging and ablation are expected have
been quantified. It is demonstrated that neither plugging (leading to formation of a melt pool)
nor ablation (leading to increase of the jet diameter and melt mass flow rate) cannot be
positively excluded. Release of the melt in the dripping mode (without plugging or significant
ablation) cannot be excluded either according to the analysis results, however the range of melt
release parameters where whole core can be released in a dripping mode is relatively narrow.

Ex-vessel debris bed formation and coolability: A comprehensive research program has been
carried out to address major phenomena that can affect formation of a non-coolable debris bed.
Full (SDECOSIM) and surrogate model have been developed for prediction of dryout and pot-
dryout debris bed behavior. Particulate debris spreading and bed self-leveling phenomena have
been studied experimental and a set of analytical models have been developed and validated. It
has been shown that the debris bed spreading mechanisms are quite effective in prevention of
formation of a tall non-coolable debris bed. Further validation of the codes and models would
be necessary on order to reduce uncertainty on predictions and extend the domain of model
applicability.

Debris agglomeration is currently the major factor that can lead to formation of non-coolable
debris bed. Full and surrogate models have been developed in order to quantify the phenomena
of agglomeration and the impact of these phenomena on the coolability. DECOSIM model was
further developed in order to adequately represent domains in the bed with variable mass
fraction of agglomerated debris. The DECOSIM simulations were carried out using data on
spatial distribution of agglomerates using the surrogate model for agglomeration. Results
suggest that coolability can be significantly impaired when fraction of agglomerated
reaches >20~50% (depending on the particle size). This corresponds top jet diameters
of >100 mm. Further model development and validation would be necessary in order to reduce
and quantify associated phenomenological uncertainty.

Steam explosion: A surrogate model has been developed using the database of TEXAS-V code
(FM) simulations (in total 455000 cases of premixing/explosion calculations) for Nordic type
BWRs. A statistical treatment for the chaotic response of the explosion impulse to small
variations in the triggering time has been proposed. Most important parameters where identified
using sensitivity analysis. The surrogate model was implemented using different artificial
neural network (ANN) approaches. An approach for quantification of the SM uncertainty was
implemented. We found that uncertainty in the containment failure is still dominated by the
enthalpy rate of the jet and jet diameter even if the SM uncertainty can be relatively large for
single comparisons of SM vs FM predictions. Consideration of SM uncertainty lead to
increased size of the failure domain. New approaches are currently under development for
improved SM for reduced error and faster performance. For more comprehensive risk
assessment there are several issues that can be addressed in the future such as melt releases with
multiple jets; multiple consecutive steam explosions; effect of crust formation around melt
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particles on the energetics of the steam explosions; generation of non-condensable gases during
premixing etc.

Pilot application of the ROAAM+ generated data for improvement of a large scale PSA model
provided following insights. The feasibility study has shown an example of coupling PSA with
ROAAM-+. The results from the deterministic analysis are used in the PSA to improve sequence
definition as well as improve the estimation of frequency of unacceptable release due to
phenomena depending on the sequence. The changes in the enhanced PSA-model are limited
and easy to implement.

ROAAM+ results can be used to refine and improve the PSA in several ways. The integrated
approach requires improvement in scenario definition, which practically leads to larger number
of plant damage states (PDS). The PDS should consider all necessary scenario parameters, that
may affect the calculation of phenomena and hence consider also the system availability
normally represented within containment event trees (CETs). One example is the analysis of
recovery of core cooling, where ROAAM+ has provided usable information regarding the
timing and possibility of core coolability (re-flooding). This information can be used as a basis
material for the HRA, to re-define the binning of plant damage states as well as provide
probabilities for failure of coolability.

The implementation in a large scale PSA model shows that the integration of the ROAAM+
results and the PSA model is not only feasible, but could potentially lead to a considerable
change of the frequency for non-acceptable release. The results show that the parameters
indicated by the ROAAM+ approach as being of high importance to the quantitative results. It
also emphasizes the need to distinguish between different probabilities of phenomena
depending on different scenario, physical and intangible parameters.

The approach has demonstrated that the vision, to develop the sequence from core melting, and
to understand what are the important factors, is possible to meet. The integrated approach will
have the ability to give a more comprehensive estimation of the uncertainty compared to the
standard approach. The uncertainty related to phenomena will consider the interdependency
between phenomena (all the way back to relevant intangible and physical parameters, and of
course scenario parameters).
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