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Abstract 
 
In case of severe accident in Nordic type BWRs core melt is fragmented in 
a deep water pool. There is uncertainty if formed bed if core debris will be 
coolable or if energetic steam explosion can threaten containment integ-
rity. The goal of the project is to reduce uncertainties in debris coolability 
and steam explosion impact. 
 
DECOSIM code has been developed for analysis of porous debris coola-
bility and further validated against COOLOCE data. Debris bed cooling in 
post-dryout regime was addressed. Analytical models for prediction of the 
maximum temperature of the debris and relative size of the dry zone as a 
function of overheating parameter is proposed and validated against DE-
COSIM simulations. DECOSIM code was extended to in-vessel coolability 
analysis. The parameter ranges corresponding to coolable and non-
coolable configurations were obtained for initially dry and quenched debris 
configuration. 
 
Scaling approach and universal semi-empirical closure have been devel-
oped for prediction of particulate debris spreading using PDS-C tests. The 
approach has been validated against experimental data with different par-
ticle mixtures. The model for prediction of particulate debris spreading was 
implemented in the DECOSIM code. 
 
An approach for analysis of steam explosion in Nordic BWR and sensitivity 
of steam explosion impulse to the uncertain modeling and scenario pa-
rameters has been proposed. TEXAS-V code is used for analysis. Ob-
tained database of impulses TEXAS is used for development of a compu-
tationally efficient surrogate model that can be used in extensive uncer-
tainty analysis. 
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where 𝜒 = 𝐻𝑝/𝐿𝑝 is the ratio of the pool dimensions. We use the following regression 

formula 

 

tan 𝜙 = 𝐹 (
𝑈𝑔,𝑠𝑓

𝑈𝑡
) ⋅ 𝐺 (

1

1 + 𝜒
), (37) 

 

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

the power law with proportionality constant 𝑐1 and exponents 𝑐2, 𝑐3: 

 

tan 𝜙 = 𝑐1 ⋅ (
𝑈𝑔,𝑠𝑓

𝑈𝑡
)

𝑐2

⋅ (
1

1 + 𝜒
)

𝑐3

. (38) 

 

To validate the approach given by Eq. (38), we analyzed the experimental data and assumed 

that the center of mass of the debris bed (31) can be used as the average lateral particle 

spreading distance (35), i.e. 𝑅𝑠𝑝𝑟 = 𝑅𝑐. By performing the regression analysis, we determined 

the unknown fit coefficients used in (38): 

 

𝑐1 = 1.0000, 𝑐2 = 0.4814, 𝑐3 = 0.8537. (39) 

 

Remarkably, the exponent 𝑐2 of the velocities ratio is close to the exponent of the gas flow 

rate in the empirical expression for the total void fraction of the pool (4.20), both values being 

very close to 0.5. The scaling expression (38) with the determined fit coefficients (39) is 

tested for prediction of the effects of particle density and size (see Figure 57 and Figure 58 

solid and dashed lines). It is in reasonable agreement with the available experimental data, 

though for larger values of tan 𝜙 > 0.8 (i.e. high gas flowrates in a pool having the depth 

relatively small with respect to the spreading distance) further experiments are necessary to 

evaluate the scaling formula performance. 
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Figure 57: Particle density effect: comparison 

of the average spreading angle of the 

corresponding experiments (symbols) 

performed at equal test conditions except for 

the density of the particles (glass versus 

stainless steel). The modelling data (lines) are 

also provided for comparison. 

 

 

Figure 58: Particle size effect: comparison of 

the average spreading angle of the 

corresponding experiments (symbols) 

performed at equal test conditions except for 

the size of the particles (1.5 mm versus 

3 mm). The modelling data (lines) are also 

provided for comparison. 

 

 

 

Figure 59: Validation of the scaling fit against experimental data. 

 

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

stainless steel particles having 1.5 and 3 mm diameter is predicted reasonably well by (38), 
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with coefficient of determination 𝑅𝑆𝑆1.5
2 = 0.93 and 𝑅𝑆𝑆3.0

2 = 0.96. However, for the glass 

particles (red squares in Figure 59) the resulting coefficient of determination is lower, 

𝑅𝐺𝐿3.0
2 = 0.87. This type of particles is spread on average better than Eq. (38) predicts. We 

observed in the experiments that glass particles residing in the pool can be entrained by the 

turbulent flow for a long time ranging from tens of seconds up to few minutes after particles 

delivery is stopped. Further analysis and tests are necessary in order to clarify this effect as 

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

 

4.4.1 Summary of PDS-C tests and scaling analysis 

 

A set of PDS-C experiments has been carried out with different types of stainless steel 

particles and their mixtures in order to quantify particle flow rate in debris bed self-leveling 

phenomenon. 

 

A scaling approach has been proposed for generalization of the experimental data on the non-

dimensional particulate debris spreading rate. Application of proposed scaling approach to 

different PDS-C tests results in dense clustering of the data from different tests suggesting 

that the most important physical phenomena are captured properly.  

 

Despite some remaining uncertainties, developed scaling method provides a viable approach 

to development of experimental closures universal for different types of particles, gas and 

coolant properties and flow characteristics.  

 

More tests will be carried out in the future with particles made of different materials, mixtures 

of particles with different sizes and irregular shapes, etc. in order to extend the database for 

validation of the proposed closures and scaling approaches. 

 

Obtained correlation has been used to predict evolution of the debris bed shape in time for 

reactor accident conditions. A comprehensive sensitivity and uncertainty analyses of the 

spreading efficiency is ongoing activity. 

 

4.4.2 Summary of PDS-P tests and preliminary analysis 

 

Experimental data and preliminary scaling approaches on particulate debris spreading driven 

by large scale turbulent flow in the pool are reported. The work is motivated by the need to 

provide separate effect validation data for the models which can assess effectiveness of the 

spreading of fragmented corium debris over the pool basemat in prototypic severe accident 

conditions. 
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The preliminary post-test analysis of the experimental data (in the case center-of-pool air 

injection) on particles spreading indicated that gas injection rate in the pool has strong 

influence on particle spreading and debris bed formation. The effectiveness of particle 

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

 

Post-test analysis of the experimental data (in the case of side-pool air injection) suggests that 

the gas injection rate, pool dimensions, and particle properties have strong influence on debris 

bed formation. A semi-empirical scaling for the generalization of the data has been proposed 

demonstrating fairly good agreement with experimental data.  

 

Further experimental work is required in order to develop a database of particle spreading in 

the pool with wider ranges of pool configuration, particle properties and debris release 

conditions. Improved scaling, such as inclusion of bubble-particle, turbulence-particle, 

particle-particle interactions into the scaling expression, might be helpful for further 

generalization of the data. The validation of the DECOSIM code for prediction of the 

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

Release of core melt from failed reactor vessel into a pool of water is adopted in several 

existing designs of light water reactors (LWRs) as an element of severe accident mitigation 

strategy. Corium melt is expected to fragment, solidify and form a debris bed coolable by 

natural circulation. However, energetic fuel-coolant interaction (steam explosion) can threaten 

containment integrity potentially leading to large early release of radioactive products to the 

environment. 

 

The goal of this work is to develop a numerical computationally efficient tool for assessment 

of ex-vessel steam explosion risk in Nordic BWRs. The outcome of such assessment is 

foreseen as a map that denotes conditional failure probability of the containment in terms of 

input scenario parameters. For the assessment of the conditional (i.e. scenario wise) 

containment failure probability due to ex-vessel steam explosion the SEIM (Steam Explosion 

Impact Map) framework is being developed. The framework links melt ejection and pool 

characteristics with resulting explosion loads and containment structural fragility. SEIM 

combines deterministic analysis with Monte Carlo based sampling to provide values of failure 

frequency which are then used to estimate conditional containment failure probabilities and 

failure domains as a function of model input parameters. 

 

SEIM utilizes the TEXAS-V code for prediction of steam explosion energetics and an impulse 

propagation method to calculate explosion loads at sensitive locations in the containment. 

Together TEXAS-V and impulse propagation model define what we call the Full Model 

(FM). 

 

Large number of calculations required by the framework makes direct application of the FM 

unfeasible. To improve numerical efficiency of the framework TEXAS-V code is substituted 

with a fast counterpart - Surrogate Model (SM) that reproduces TEXAS-V results. 

 

In this report we present (i) overview of the TEXAS-V code and choice of sub-models, (ii) 

implementation of the model for steam explosion study in the reference Nordic BWR, (iii) 

definition of the response function for the characterization of the steam explosion energetics; 

(iv) development of the surrogate model, (v) current approach to the calculation of the 

conditional failure probability and some examples of the mapping of the failure domain.   
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5.1 TEXAS-V code 

 

The Texas-V is a 1D 3-field transient code with Eulerian fields for gas and liquid and 

Lagrangian field for fuel particles. It comprises two modules: one for calculation of premixing 

and another one for calculation of steam explosion.  

 

The premixing model is based on conservation equations and two key constitutive models: 

the fragmentation model for mixing and the phase change model. All of them are applied in 

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

 

The fuel fragmentation is due to the following mechanisms:  

 Rayleigh-Tailor instability  

 Boundary layer stripping 

 Kelvin-Helmholtz instability 

 

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

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

 

The Rayleigh-Tailor instability model is thus the key constitutive relation in TEXAS 

describing fuel fragmentation. It was developed by Chu and Corradini [74] based on Pilch’s 

[47] original concept of a multi-step fragmentation theory for liquid particles.  The model 

considers the fuel particles to be deformed and dynamically fragmented into a discrete 

number of particles from its initial diameter to smaller sizes. The implemented equations are 

as follows: 
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where 𝑛 is time iteration index; 𝐷𝑓 is fuel particle diameter; Δ𝑇+ is dimensionless time step; 

𝑈𝑟𝑒𝑙 is relative velocity; 𝑡 is time; 𝜎𝑓 is fuel surface tension; 𝜌𝑓 , 𝜌𝑐 are densities of fuel and 

coolant respectively.  

 

The melt jet is represented in the form of discreet master particles that fall into water pool 

sequentially. It is further assumed that coherent fuel jet will not breakup until the fuel particle 

at the leading edge exposed to the oncoming coolant is fragmented (and swept away from the 

interface), that is only master particle at the leading edge of the jet can be subject to 

fragmentation. Two alternative mechanistic approaches are implemented in TEXAS-V as 

driving the onset of leading particle breakup: 

 Leading edge breakup. 

 Trailing edge breakup. 

 

The trailing edge algorithm forces leading master particle to fragment at the tail of the 

fragmented debris, i.e. at the beginning of the premixing region. Leading edge algorithm 

implies start of the leading master particle fragmentation at the leading front of the 

fragmented debris, i.e. at the end of the premixing region. The trailing edge regime provides 

very slow jet propagation (limited by sedimentation of fragmented particles) and high rate of 

primary breakup. It is intended to predict fragmentation rates of small jets prone to sinusoidal 

instability. Differences in the prediction of jet propagation and void generation (as an 

indicator of fragmentation rate) are provided in Figure 60. 

 

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

provide adequate prediction of jet breakup and propagation velocity; this is also in line with 

MC3D calculations of jet front propagation in water.  
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Figure 60: Trailing edge breakup vs leading edge breakup mechanisms. 

 

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

define: 

1. Heat loss from fuel particles 𝑞̇𝑓𝑢𝑒𝑙: 

 

−𝑞̇𝑓𝑢𝑒𝑙 = 𝜋𝐷𝑓
2ℎ𝑓𝑖𝑙𝑚(𝑇𝑓 − 𝑇𝑠𝑎𝑡) + 𝜋𝐷𝑓

2𝜎𝐹(𝑇𝑓
4 − 𝑇𝑠𝑎𝑡

4 ), 

 

where the first term (on the right hand side of the equation) describes convection heat 

transfer rate from fuel particle to the liquid vapor interface, and the second term is the 

radiation heat transfer rate from the fuel particle to the saturated liquid-vapor interface. 

Temperature profile inside a particle is solved in simplified way using steady state 

approach: it is assumed spatially constant in the bulk and linearly decreasing within a 

thin thermal layer 𝛿. 

 

The corresponding steam generation rate Ṁs,p is then deduced from: 

 

−𝑞̇𝑓𝑢𝑒𝑙 = 𝜋(𝐷𝑓 + 2𝛿𝑓𝑖𝑙𝑚)
2

ℎ𝑙𝑔(𝑇𝑓 − 𝑇𝑠𝑎𝑡) +  𝐶𝑟𝑎𝑑𝜋𝐷𝑓
2𝜎𝐹(𝑇𝑓

4 − 𝑇𝑠𝑎𝑡
4 ) + Ṁs,pℎ𝑓𝑔, 
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where the first term on the r.h.s. is convection heat transfer rate from the liquid-vapor 

interface around the fuel particle to bulk liquid field and the second term is the fraction  

𝐶𝑟𝑎𝑑 of radiation heat flux that is absorbed in the subcooled liquid; ℎ𝑓𝑔 is the latent 

heat of steam. 

 

2. Heat flux balance around steam bubbles and resulting steam generation rate Ṁs,b: 

 

𝐴𝑔𝐿𝐾𝑔

(𝑇𝑔 − 𝑇𝑠𝑎𝑡)

𝛿𝑔
= 𝐴𝑔𝐿ℎ𝐿.𝑠𝐿(𝑇𝑠𝑎𝑡 − 𝑇𝐿) + Ṁs,bℎ𝑓𝑔 

 

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

term on the r.h.s. is the bulk liquid-side heat transfer rate; 𝐴𝑔𝐿 is the surface area of the 

interface between the liquid field and the vapor field as determined from the vapor bubble 

radius and the flow regime. 

 

The net rate of steam generation 𝑚̇𝑠 per unit volume is thus can be expressed in terms of the 

net heat flux 𝑞̇𝑛𝑒𝑡,𝑓 

𝑚̇𝑠 =
𝑞̇𝑛𝑒𝑡,𝑓

ℎ𝑓𝑔𝑉𝑐𝑒𝑙𝑙
 

𝑞̇𝑛𝑒𝑡,𝑓 = 𝑞̇𝑓𝑢𝑒𝑙 − 𝑞̇𝑙 − 𝑞̇𝑣 

where 𝑞̇𝑙 and 𝑞̇𝑣 are the heat received by coolant liquid and coolant vapor respectively, which 

becomes the internal energy of the coolant; and 𝑉𝑐𝑒𝑙𝑙 is cell volume.  

 

The dynamic fine fuel fragmentation (upon steam explosion) is due to the fragmentation 

model proposed by Tang and Corradini [63] which is largely based on the original Kim’s 

model [19].  It is a combination of thermal and hydrodynamic effects, which conceptually can 

be summarized as: 

1. Film boiling around a molten fuel particle 

2. Film collapse by external pressure pulse  

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

4. Rapid  coolant expansion and fragmentation of the fuel into droplets 

 

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

where fragmentation rate 𝑚̇𝑓 expressed as: 
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𝑚̇𝑓 = 𝐶𝑚𝑝 ∙ (
𝑃 − 𝑃𝑡ℎ

𝜌𝑐𝑅𝑝
2

)

0.5

𝐹(𝛼)𝑔(𝜏) 

 

where 𝑚𝑝 is mass of the initial particle; 𝑅𝑝 is radius of the initial particle; 𝑃𝑡ℎ is the threshold 

pressure necessary to cause film collapse; 𝑃 is ambient pressure; 𝐹(𝛼) is the compensation 

factor for coolant void fraction; and 𝑔(𝜏) is the factor for available fragmentation time. 

 

The factor 𝐹(𝛼) is introduced to keep the correlation consistent with mechanism of the model 

because film collapse and coolant jet impingement become less likely to occur as vapor 

fraction increases. The factor 𝐹(𝛼)  decrease from 1 to 0 at 𝛼 = 0.5. In the TEXAS input file 

this limit is named ALPHAS.  

 

The threshold pressure 𝑃𝑡ℎ is evaluated based on theoretical work by Kim and experimental 

data. At ambient pressure 1 Bar the threshold pressure is in the range from 2 to 4 Bars. As the 

ambient pressure increases threshold pressure also increases, however no definite quantitative 

values have been suggested. In the TEXAS input file this parameter is designated as POLD. 

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

 

The integral fragmentation mass depends on the duration of the fragmentation process which 

in case of the Kims model for a single droplet is of cyclic manner with sequential events of 

film collapse, fine fragmentation of drop surface, reestablishment of the vapor film followed 

again by film collapse etc. In reality due to concurrent fragmentation of many drops this 

process can continue only for a limited time. The factor 𝑔(𝜏) is introduced as empirical 

approach to account for the characteristic fragmentation time 𝜏 during which Kims 

mechanism is considered to be operative. The factor 𝑔(𝜏) decreases from 1 to 0 as this 

characteristic time is exceeded.  At ambient pressure (1Bar) the recommended value for it is 

4 ms but often values on the order of 10 ms have been used. It is indicated that as ambient 

pressure increases the fragmentation limit time decreases. In the TEXAS input file this 

parameter is designated as TFRAGLIMT; we optimize its value between 10 to 0 ms during 

explosion calculations to obtain maximum explosion impulse.  

 

The heat generated due to dynamic fine fragmentation is expressed in TEXAS as: 
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𝑞̇𝑓𝑟𝑎𝑔 = 𝑚̇𝑓 ∙ (𝐶𝑝𝑓 ∙ (𝑇𝑓 − 𝑇𝑠) + 𝑖𝑓) 

 

where 𝑖𝑓 is fuel latent heat; 𝑇𝑓 is fuel temperature; 𝑇𝑠 is saturation temperature of the coolant; 

𝐶𝑝𝑓 is specific heat for the fuel. Due to extremely fine fragmentation of the fuel the rate of 

heat transfer is so fast that it is assumed to generate steam only giving the following equation 

for steam generation rate 𝑚̇𝑠 per unit volume: 

 

𝑚̇𝑠 =
𝑞̇𝑛𝑒𝑡,𝑓 + 𝑞̇𝑓𝑟𝑎𝑔

ℎ𝑓𝑔𝑉𝑐𝑒𝑙𝑙
 

 

It is stated in the Tangs thesis that the current model reflects the key features of the "chain-

reaction" required for the rapid escalation and propagation of the vapor explosion, i.e.: 

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

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

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

propagation to neighboring fuel-coolant mixture regions. 

 

Further details on the implemented models in TEXAS can be found in the original thesis by 

Chu [74] for premixing model and by Tang [63] for propagation model.  

 

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

Lagrangian particles is also provided.  

 

All computational results reported hereafter were obtained using the leading edge breakup 

mechanism and the coherent jet release model. The model for hydrogen generation is not 

used: it is believed, though yet to be verified, that hydrogen generation model will decrease 

explosion impulses if activated. TEXAS-V does not model crust formation; consequently, 

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

 

5.2 Full Model (FM) 

 

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

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

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

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

 

The computational domain was vertically divided onto 26 

cells, each 0.5 m high with the same cross section area. 

The effect of the cell height on TEXAS-V calculations 

was separately studied. Results suggest that with the 

decrease of the cell height in the range from 0.2 to 0.4 m 

explosion impulses get weaker and the number of failed 

calculations increases; explosion impulses were not 

affected when mesh cell height was varied from 0.4 to 

0.6 m.  

 

The mesh cell cross section area has profound effect on 

the dynamic pressure and consequently on the explosion 

pressure impulse. A robust approach to defining the cell 

cross section area would require application of a 2D FCI 

code to determine the minimal radial extent of the 

premixing region where averaged 2D solution remains 

independent from the radial extent. This is a tedious and 

complex task. However, it was found that in TEXAS-V 

for the chosen ranges of input parameters the product of 

the pressure impulse and cell cross section area [m2] is 

practically independent from the cell cross-section area 

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

KROTOS experimental data, we set the ratio of the jet radius (Rjet) to cell radius (Rcell) 

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

has been used: 

 

Rcell  =  11.0 · Rjet  (5.1) 
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Reduced time steps were chosen to decrease the number of failed calculations, specifically, 

the time step for premixing calculations was set from 10-8 to 10-6 s and the time step for 

explosion was in the range between 10-8 and 5·10-7s. 

 

 

Two functions were derived from the TEXAS-V calculations: one for the characterization of 

the steam explosion, i.e. explosion impulse (𝐹𝑒𝑥𝑝𝑙); and one for the characterization of the 

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

 

Explosion impulse was integrated from the dynamic pressure history: 

 

𝐹𝑒𝑥𝑝𝑙 = max (∑(𝑃𝑖𝑗 − 𝑃0𝑗)𝛿𝑡𝑖

𝑖

) · 𝐴𝑐𝑒𝑙𝑙 ,  [𝑁 · 𝑠] (5.2) 

 

where 𝑃𝑖𝑗 is pressure in the cell 𝑗 at the time instance 𝑖; 𝑃0𝑗 is pressure in the cell 𝑗 at time 0; 

𝛿𝑡𝑖 is the time step at the time instance 𝑖, 𝐴𝑐𝑒𝑙𝑙 – mesh cell cross section area.  

 

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

 

𝐹𝑝𝑟𝑚𝑥 ∝ ∑ {
𝑛𝑘𝑅𝑘

2,  [𝑉𝑠𝑖(𝑘) < 0.5,   𝑇𝑘 > 𝑇𝑚𝑒𝑙𝑡]

0,   𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒                     
,

𝑘

 [𝑚2] (5.3) 

 

where 𝑘 is Lagrangian particle group number; 𝑅𝑘 is particle radius in the 𝑘 particle group; 𝑛𝑘 

is number of particles in 𝑘 particle group; 𝑇𝑘 is particle bulk temperature in the 𝑘 particle 

 

Figure 61: Effect of the mesh cell cross section area on the explosion impulse 
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group; 𝑇𝑚𝑒𝑙𝑡 is melting temperature of the fuel; 𝑉𝑠𝑖(𝑘) is steam fraction in the cell 𝑖 where 𝑘 

particle group is located. 

 

The explosion impulse in eq. (5.2) is in [N·s]. In order to make it meaningful for risk analysis 

one must refer it to a specific area (provide explosion pressure impulse [Pa·s]), and apply an 

appropriate impulse propagation method to estimate the explosion impulse at relevant 

locations in the containment.  

 

It is assumed that the explosion pressure impulse 𝐼 [Pa·s] (similar to pressure distribution in a 

propagating spherical shock wave) is a decaying function of distance 𝑟 from the center of the 

explosion: 

 

𝐼 = 𝑐̃ · 𝑟𝜈 , 𝜈 ≅ −1, 𝑐̃ = 𝑐𝑜𝑛𝑠𝑡 (5.4) 

 

The constant 𝑐̃ in eq.(5.4) can be estimated assuming explosion impulse 𝐹𝑒𝑥𝑝𝑙 to be 

distributed over the complete area of the containment base 𝐴𝑏 and considering the point 

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

 

𝐼𝑏 = 𝐹𝑒𝑥𝑝𝑙/𝐴𝑏 (5.5) 

𝐼𝑏 =
2

𝑟𝑏
2 ∫

𝑐̃

(ℎ𝑐
2 + 𝑟2)0.5

· 𝑟𝑑𝑟
𝑟𝑏

0

 (5.6) 

𝐼(𝑟) = 𝐼𝑏 ·
𝑟𝑏

2

2 · ((𝑟𝑏
2 + ℎ𝑐

2)0.5 − ℎ𝑐)
·

1

𝑟
 (5.7) 

 

where 𝑟𝑏 is the radius of the containment; ℎ𝑐 is elevation of the computational cell above the 

bottom of the domain. The impulse 𝐼0̅ at the center of the containment floor, i.e. at 𝑟 = ℎ𝑐, is 

then: 

 

𝐼0̅ =  𝐼𝑏 ·
𝑟𝑏

2

((𝑟𝑏
2 + ℎ𝑐

2)0.5 − ℎ𝑐)
·

1

2 · ℎ𝑐
 (5.8) 
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5.3 Response Function for steam explosion characterization 

 

The deterministic model of steam explosion must provide a well-posed characterization of the 

explosion energetics.  Above we have defined explosion impulse as the key characteristics of 

the explosion energetics. In the following we address the well-posedness of the explosion 

impulse. 

 

The time dependences of normalized premixing 𝐹𝑝𝑟𝑚𝑥 and explosion 𝐹𝑒𝑥𝑝𝑙 functions are 

provided in Figure 62. The data was obtained given fixed melt release conditions. The first 

~1.4s of melt release correspond to the jet propagation above the water pool. The following 

~300 ms of melt-water interaction occur with no apparent correlation between the two 

functions. Then the two response functions develop correlated and periodic behavior. The 

latter is most likely driven by the periodic arrival of jet particles and the competing nature of 

the secondary fragmentation rate and rate of fine particles solidification. Note that if the 

premixing function was defined as liquid melt volume / mass, i.e. taken proportional to 

∑ 𝑛𝑘𝑅𝑘
3 the corresponding curve in Figure 62 would be monotonously rising.  

 

Figure 62 demonstrates that small variations in the triggering time lead to large changes in the 

explosion energetics. For example, between 1.90 and 2.01 s, i.e. within 110 ms time window, 

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

 

 

Figure 62: Dependence of premixing and explosion criterions on the triggering time 

(release of oxidic corium melt with jet Ø300 mm into a 7 m deep water pool) 
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High sensitivity of the explosion impulse to the triggering time has far-reaching consequences 

which are not necessarily TEXAS specific. First, it demonstrates physical ill-posedness of 

FCI codes, i.e. chaotic nature of the steam explosion impulse with respect to the discreet 

triggering time. If triggering time is reluctantly treated, interpretation of FCI code results and 

code parametric studies becomes a subject of considerable uncertainty.  

 

 

Second, from the risk perspective, the choice of the triggering time given specific conditions 

of melt release can alter containment failure from physically unreasonable to physically 

unavoidable. In this sense choice of the triggering time should be driven by probabilistic or 

statistic considerations and should not be leveled by conservative or best estimate arguments.  

 

Third, in FCI experiments the chaotic nature of steam explosion is expected to manifest in a 

stochastic way. The reason is the aleatory variability of the triggering time and melt release 

conditions that are not controlled or measured. Considering impulse ranges in Figure 62, the 

expected magnitude of the aleatory uncertainty in the experimental steam explosion impulses 

can potentially exceed the effect of other parameters controlled or intentionally varied in 

experiments. 

 

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

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

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

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

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

characterized in probabilistic terms: 

– Probability of explosion impulse to exceed 80 kPa·s is 0.25% (or the confidence that 

explosion impulse will not exceed 80 kPa·s is 99.75%). 

– Probability of explosion impulse to exceed 50 kPa·s is 5.0% (or the confidence that 

explosion impulse will not exceed 50 kPa·s is 95.0%) 

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

explosion impulse will not exceed 25 kPa·s is 86.0%) 
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a b 

Figure 63: Evolution of the explosion impulse as a function of triggering (a) and respective 

exposion impulse distribution (b) 
 

For simplicity we estimate mean 𝐹̅𝑒𝑥𝑝𝑙 and standard deviation 𝐹̅𝑠𝑡𝑑 of the explosion impulses 

obtained varying the triggering time:   

 

𝐹̅𝑒𝑥𝑝𝑙 =
1

𝑁
∑ 𝐹𝑒𝑥𝑝𝑙𝑚

𝑁

𝑚=1

 (9) 

𝐹̅𝑠𝑡𝑑 = [
1

𝑁
∑ (𝐹𝑒𝑥𝑝𝑙𝑚

− 𝐹̅𝑒𝑥𝑝𝑙)
2

𝑁

𝑚=1

]

1
2

 (10) 

 

where 𝑚 is index for the discreet triggering time 𝑡𝑡𝑟𝑖𝑔 = 𝑡0 + 𝑑𝑡𝑡𝑟𝑖𝑔 · 𝑚. 

 

It can be demonstrated that the group {𝐹̅𝑒𝑥𝑝𝑙, 𝐹̅𝑠𝑡𝑑} is well-posed and therefore can be used for 

implementation in the SEIM framework.   Formulation of the response function as a 

combination of mean and standard deviation allows interpretation of loads in terms of 

confidence intervals and confidence levels.  

 

Note that in general aleatory variability of the explosion impulse is not normally distributed 

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

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

5.4 Surrogate Model (SM) 

 

Development of the SEIM Surrogate Model (SM) requires extended sampling of the Full 

Model (FM) to generate a high fidelity database of FM solutions. Minimization of the number 

of varied FM input parameters is necessary to make computational costs affordable. The 

complete set of tasks includes: 

 definition of the list of important input parameters of TEXAS-V, i.e. FM sensitivity 

study followed by a screening exercise;  

 generation of the database of TEXAS-V solutions in the space of important input 

parameters and verification of its physical consistency;  

 choice of a method for development of the SM; 

 implementation and validation of the SM.  

 

Out of about 160 TEXAS-V input parameters 23 were selected for the sensitivity study. The 

complete list is provided in Table 16. Ranges of parameters used in the sensitivity study 

address scenario of oxidic melt release and were partially affected by TEXAS-V numerical 

stability. Parameters not mentioned in the Table 16 were set either in accord with TEXAS-V 

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

Parameter Units Range Description 

PO Pa 1÷4 E05 Initial pressure 

TLO K 288-366 Water temperature 

XPW m 3.2-8.2 Water level in the containment 

TGO K TLO Cover gas temperature 

TWO K TLO Wall temperature 

RPARN m 0.07 Fuel injection radius 

0.15 

CP J/kg·K 400÷570 Fuel capacity 

RHOP kg/m3 7600-8600 Fuel density 

PHEAT J/kg 260÷360 E03 Fuel latent heat 

TMELT K 2850 Fuel melting temperature 

TPIN K 2850÷3150 Fuel injection temperature 

UPIN m/sec 1.5÷2.5 Fuel injection velocity 

KFUEL W/m·K 2÷11 Fuel thermal conductivity 

C(32) J/m2 0.4÷0.6 Fuel surface tension 

C(18) - 0.6÷0.9 Fuel emissivity 

DXI m 0.5 Cell height 

ARIY m2 0.7÷1.8 Cell cross-section area 

3.8÷8 

TMAX sec - Premixing time 

CFR - 2.0÷2.7 E-03 constant for rate of fuel fine fragmentation  

RFRAG m 8÷1.2 E05 Initial size of fragmented particles 

POLD Pa 2×PO Threshold pressure for film collapse 

TFRAGLIMT s 0.0005÷0.0030 Fuel fragmentation time interval 

PTRIG Pa 3E05 Trigger pressure 

 

The sensitivity study was performed using Morris method [46], [50] and addressed 16 input 

parameters (written in bold in the Table 17). The mean pressure impulse (𝐹̅𝑒𝑥𝑝𝑙/𝐴𝑐𝑒𝑙𝑙, [Pa·s]) has 

been used as the response function. The results in Figure 65 are provided for 140 mm jet diameter. 

The elements in the legend are sorted in descending order of Morris 𝜇 value. The error bars 

demonstrate the spread of the results established in 3 consecutive sensitivity studies that used slightly 

different number of trajectories.  
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Figure 65: Morris diagrams for mean pressure impulse 

(a – Ø140 mm jet; b - Ø300 mm jet) 
 

Discrepancies in the two diagrams are due to TEXAS-V numerical failures which are more frequent in 

the case of Ø300 mm jet.  Given rather high values of Morris 𝜎 we could justifiably screen out only 

three parameters: RFRAG, C(18) and ARIY. 

 

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

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

releases, specifically extended ranges for melt superheat and thermal properties were applied.  
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In order to evaluate the data for consistency of physical behavior and identify possible 

numerical ill-posedness the database has been extensively studied. 

In the Figure 66 we provide Spearman correlation coefficients to three SRQs: explosion 

impulse (Ix), liquid melt surface area (LMSA), explosion runtime (ER).  

 

 

Table 17: Ranges of input parameters used for generation of the database of FM solutions  

# Parameter Units Range Explanation 

min max  

1 XPW m 5 9 Water level 

2 PO Bar 1 4 System pressure 

3 TLO K 288 368 Water temperature 

4 RPARN m 0.035 0.3 Initial jet radius 

5 CP J/kg·K 350 650 Fuel heat capacity 

6 RHOP kg/m3 7500 8500 Fuel density 

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

8 TMELT K 1600 2800 Fuel melting point 

9 TPIN K 1620 3150 Melt superheat 

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

11 KFUEL W/m·K 2 42 Fuel thermal conductivity 

12 CFR - 0.002 0.0027 Proportionality constant of fine 

fragmentation rate 

13 TFRAGLIMT ms 0.5 2.5 Fragmentation time 

 

Figure 66: Spearman ranking of FM input parameters to three SRQs: Explosion Impulse 

[N·s], Liquid Melt Surface Area (LMSA), Explosion Runtime (ER)  
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We further derive Morris sensitivity measures for the same SRQs; those are demonstrated in 

the respective Morris diagrams in Figure 67-Figure 69. 

 

Note that the database is obtained assuming linear correlation between cell cross section 

radius and jet radius, for that reason the two parameters have similar sensitivity measures. Jet 

diameter is influential input parameter and this is artificially reflected on the cell cross section 

area. 

 

As it follows from provided diagrams the explosion impulse is most strongly correlated and is 

most sensitive to jet radius (RPARN/Rj), liquid melt surface area (LMSA), explosion run time 

(ER) and fine fragmentation time (TFRAGLIMT). (Pronounced correlation of cell elevation 

(Hc) with explosion impulse (Ix) is not yet clear, but that parameter is not in the list of actual 

FM input.) The liquid melt surface area is an inherent characteristic of the premixture 

development and therefore positive correlation is not surprising. Effect of jet radius 

(RPARN/Rj), also agrees with our expectations since it is proportional to the total amount of 

energy available for energetic interaction. The same argument applier for parameter 

TFRAGLIMT that defines the duration the energy is extracted from the melt during 

explosion. Interestingly, among three parameters: melt temperature, melt solidification point 

and melt superheat, melt temperature is the most influential towards explosion impulse.  

 

 

Figure 67: Morris diagram for Explosion Impulse [N·s]  
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According to the Morris diagram for the liquid melt surface area (see Figure 68), 3 most 

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

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

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

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

subcooling, its low influence suggests that the FM predicts rather low void fractions.  

 

 

Figure 68: Morris diagram for Liquid Melt Surface Area (LMSA)  

 

Above consideration confirm physical well-posedness of the generated database. However, 

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

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

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

time is less than user defined 50 ms.   
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Figure 69: Morris diagram for Explosion Runtime  

 

 

Figure 70: CDF of explosion runtime  

 

The Morris diagram in the Figure 69 suggests that the higher the development of the 

premixing (LMSA) the higher is possibility of code failure during calculations of the 

explosion phase; that is further demonstrated in the Figure 71d. The most influential input 

parameters (driving LMSA) are melt superheat, jet radius and melt release velocity. Their 

effect is shown in Figure 71a-c. Limiting the ranges of melt superheat and release velocity 

could be beneficial to decrease the number of failed explosion calculations.  
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In order to provide FM solutions database that is not affected by failed explosion calculations 

we developed the following two step approach: 

1. Premixing set, i.e. set of explosion cases that differ only in the triggering time, is 

removed from the database if number of cases with runtime below 40 ms exceeds 

20%. 

2. Estimation of the mean and standard deviation of the explosion impulse from the 

remaining premixing sets is performed excluding those cases that have explosion 

runtime below 10 ms, i.e. cases that most likely have produced zero or close to zero 

impulses due to failure of the calculation. 

482 premixing sets have been removed from the original data set of 1500 premixing cases. 

The issue of filtering is that frequency of failed calculations grows with potential 

“explosivity” of the premixture. This makes filtering “selective” towards premixing sets with 

potentially high energetics and thus can undermine explosively of an input subspace.  

 

  

a b 

  

c d 

Figure 71: Distributions of the explosion runtime as a function of melt superheat (a), melt 

release velocity (b), jet radius (c) and LMSA (d) 
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The surrogate model has been developed using Artificial Neural Networks (ANNs) and 

filtered FM solution database. The ANN is trained to predict the mean and standard deviation 

of the impulse at the center of the containment floor and the containment wall (i.e. 3 m away 

from the explosion location) given 13 TEXAS-V parameters in the input: XPW, PO, TLO, 

RPARN, CP, RHOP, PHEAT, TMELT, TPIN, UPIN, KFUEL, CFR, and TFRAGLIMT.  

 

The parity plots provided in the Figure 72and Figure 73 demonstrate good agreement between 

SM predictions and FM calculations. Though, extension of the current database of FM 

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

 

5.5  Comparison of SM and FM 

Comparison of CDFs of explosion impulse at the pedestal wall and at the base of the 

containment for two inputs: (i) training set, filtered from numerically failed cases, and (ii) 

prediction set obtained with random sampling are shown in the Figure 20. There is a good 

agreement between TEXAS and SM for the same training input dataset. However, for a 

randomly generated input data the SM predicts on average higher impulses. This is attributed 

to the combined effect of slightly larger mean values of the three most influential parameters 

in the random dataset: jet radius, melt superheat and melt release velocity (see Table 18).  
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In order to further verify that developed SM has properly captured physical behavior of the 

full model we provide a comparison of dependences of predicted impulses on separate 

parameters (Figure 21). The SM demonstrates a physically sensible response to the changes in 

the input parameters. Remarkably, the SM has captured the expected dependence between 

melt superheat (TPIN-TMELT) and explosion impulse in the ranges of parameters which 

were only sparsely covered in the filtered training data set. 

 

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

Parameter Units Training dataset Random 

before filtering after filtering 

RPARN m 167.4 157.9 167.5 

TPIN-TMELT ºC 475.1 343.1 475.5 

UPIN m/s 4.498 4.183 4.496 

 

 

  

a b 

Figure 20: CDFs of explosion pressure impulse at wall (a) and at containment base (b) by 

TEXAS, SM with the training input and SM with a random input 
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Figure 21: Parametric comparison of SM and FM predicted impulses at the wall 

(blue – SM with random input; red – SM with training input; black – TEXAS with training 

input) 
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5.6 Approach to risk assessment: definition of failure domains 
and their interpretation 

The risk is defined as a triplet [16]: scenario, its frequency and probability of failure. The 

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

(scenario frequency) uncertainties.  

 

 

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

 

For each plant damage state {𝐷𝑖} there is a set of respective scenarios {𝑠𝑖𝑗} characterized by 

frequencies (𝑓𝑖𝑗). For the sake of brevity, in the future we will omit second index when 

referring to scenarios (𝑠𝑖) and their probabilities (𝑓𝑖) considering them as a whole set of all 

scenarios relevant to all initial damage states. Scenarios (𝑠𝑖) introduce specific combinations 

of initial and boundary conditions for causal relationships (CRk) and structure of the 

probabilistic framework (Figure 74). A set of surrogate models (SMk) is used to approximate 

the CRk. In the multistage framework output of 𝐶𝑅𝑘 is determined as multidimensional 

probability density function pdf(𝑝𝑘𝑖) that provides initial input parameters for the next model 

𝐶𝑅𝑘+1. Timing is explicitly included as one of the 𝑝𝑘𝑖 parameters. Epistemic uncertainty in 

prediction of the failure probability is introduced by multidimensional probability density 

function pdf(𝑑𝑘𝑖, 𝑖𝑘𝑖) of intangible (𝑖𝑘𝑖) and deterministic (𝑑𝑘𝑖) modeling parameters. These 

distributions determine the probability of containment failure (𝑃𝐹𝑖) for scenario (𝑠𝑖). 

 

Steam explosion model is the last model in the framework (𝐶𝑅𝑁) and has input parameters 

that are determined by  

(i) modelling at the previous stages of the accident progression (𝑝𝑁−1,𝑖) (e.g. melt 

release conditions such as jet diameter, release velocity, melt temperature etc., 

melt properties: density, thermal conductivity, solidification temperature), or  

(ii) stochastic accident scenarios (𝑠𝑖) (e.g. water pool depth, temperature, system 

pressure etc. at the time of melt release).  

(iii) Internal model parameters (that are determined neither by the previous models nor 

by accident scenarios) and are referred as deterministic (𝑑𝑁𝑖) parameters if 
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information about probability distribution is available and intangible (𝑖𝑁𝑖) 

parameters, if such information is not available. In case of the steam explosion 

model the intangible parameters are: time of fine fragmentation and coefficient of 

proportionality in the equation for the melt fine fragmentation rate.  

 

Note that separation of parameters into scenario (𝑠𝑖), initial input parameters (𝑝𝑘,𝑖), 

deterministic (𝑑𝑘𝑖) and intangible (𝑖𝑘𝑖) modelling parameters, depends on the formulation of 

the problem and respective structure of the framework. Some parameters, for example, water 

level, can be treated as a scenario parameter (i.e. conditional failure probability will be 

estimated for given water level in specific scenario), modelling parameter (e.g. obtained by a 

containment code and characterised by a range and a distribution), deterministic modelling 

parameter (defined by range and distribution) or intangible parameter (defined only by its 

range). 

 

The calculation of the conditional failure probability is performed in the space of the scenario 

parameters. For each distribution of the input parameters, output distribution of the steam 

explosion load is produced. Containment fragility is currently taken as a fixed value. 

Juxtaposition of the load and fragility allows estimation of the conditional failure probability. 

Note that arbitrary scale of probability is employed in ROAAM [65]. If the conditional failure 

probability exceeds 0.001, then the failure cannot be excluded as physically unreasonable and 

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

 

Probability distribution of an intangible parameter is not known. In order to demonstrate both 

(i) the effectiveness of the mitigation strategy and (ii) the effect of the distributions of 

deterministic and intangible parameters we apply the following approach. For every point in 

the space of initial input and scenario parameters we estimate failure probability for different 

possible distributions of deterministic and intangible parameters. We introduce additional 

parameters that define those distributions. In such way for every point in the space of initial 

input and scenario parameters we estimate a distribution of the conditional failure probability. 

If conditional failure probability is above/below the user defined threshold only for a small 

fraction of possible distributions, e.g. 5%, we consider that such scenario belongs to the 

failure/safe domain respectively and is not sensitive to the distributions. If percentile of the 

distributions becomes larger, conclusions about success or failure of the mitigation strategy 

are sensitive to the knowledge about the distributions.  
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Failure domain maps are plotted in the space of initial input and scenario parameters. Failure 

and success domains are colored in red and green respectively. Example of the failure domain 

and complimentary cumulative distribution functions (CCDFs) of the conditional failure 

probability are provided in the Figure 75. In-depth discussion of the ROAAM+ methodology 

for risk analysis is provided in [31]. 

 

5.7 Failure Domain in SEIM SM Input Parameters 

Results of SEIM reverse analysis are provided in Figure 76 for three different modes of 

containment failure and two groups of scenario parameters. The data confirms the results of 

the sensitivity analysis that jet radius is the most influential parameter dominating failure 

domain boundaries; other parameters such as water pool depth (XPW) and water temperature 

(TLO) demonstrate much smaller effect on the failure domain. 

 

Comparison of the failure domain for 20 and 50 kPa*s suggest that reinforcement of the 

hatch-door has significant positive effect on the failure domain. Safe domain estimated for the 

containment base is smaller than that for the pedestal wall, even though assumed fragility 

limit for the containment base is higher (80 kPa*s). This is due to the fact that statistically the 

  

A b 

Figure 75: Example of the CCDFs of failure probability (a) taken from the first vertical line 

in failure domain map (b). 
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magnitude of the explosion impulses at the containment base is higher than at the pedestal 

wall. 

 

As it follows from the obtained results the “safe region” does not exceed about 1/3 of the 

failure domain map.  In case of 20 kPa*s fragility limit (assumed to be an order of magnitude 

for a non-reinforced hatch-door) the safe domain is negligible. This means that unless there is 

a mechanism which can limit the size of the jet dimeter to  

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

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

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

it is not possible to demonstrate that fragility limits in case of containments with non-

reinforced door will not be exceeded (given uncertainties in the steam explosion impulse 

estimations). 

 

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

previous stages of the accident progression. 
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a (20 kPa*s) f (20 kPa*s) 

  

b (50 kPa*s) g (50 kPa*s) 

 
 

c (80 kPa*s) h (80 kPa*s) 

Figure 76. SEIM Failure domains for two groups of scenario parameters RPARN vs XPW 

(a-c) and RPARN vs TLO (f-h) and different fragility limits: on the wall (a,b,f,g) and at the 

base (c,h). 
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5.8 Summary and Outlook 

 

The goal of this work was development of a fast numerical tool (surrogate model) that can be 

used for the assessment of the risk of containment failure in Nordic type BWR due to steam 

explosion. Three primary tasks have been accomplished: (i) development of the Full Model, 

(ii) generation of the Full Model solution database, and (iii) development of the surrogate 

model.  

 

We utilized TEXAS-V to build the Full Model (FM) for the assessment of the steam 

explosion energetics in Nordic type BWRs and combine it with a simplified impulse 

propagation approach.  

 

Extensive simulations using the TEXAS-V revealed that explosion impulse is a chaotic 

function of the triggering time – phenomena that has an important impact on both risk 

analysis and interpretation of experimental results. Specifically, it was found that explosion 

impulse can change 50 times within just a 110 ms time window. It is instructive to note that in 

the steam explosion experiments the aleatory uncertainty due to the influence of the triggering 

time is also expected to be significant. Proper statistical treatment with multiple repletion of 

the tests at the same melt release conditions is necessary in order to measure the effects of the 

other experimental parameters.  

 

We have further, implemented an approach to encompass the chaotic nature of the explosion 

impulse by characterizing its statistical distribution. The objective is double fold, first it 

imposes well-posedness on the response function and second allows characterization of the 

explosion impulse in terms of confidence intervals and confidence levels – approach highly 

beneficial for risk assessment.  

 

After ensuring model physical well-posedness we proceed with detailed sensitivity study 

followed by parameter screening leaving 13 most important parameters. The model was then 

sampled to generate a large database of solutions (1500 premixing sets comprised of 455K of 

premixing/explosion calculations). Numerically failed calculations were filtered from the 

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

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

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

 

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

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

door there are high chances of containment failure even for small jet release diameters (Ø0.08 

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

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

jet release diameter is below 0.2 m.  

 

Future tasks include: 

 Melt releases with multiple jets. 

 Multiple consecutive steam explosions. 

 Effect of crust formation around melt particles on the energetics of the steam 

explosions.  

 Generation of non-condensable gases during premixing. 

 Validation of the explosion propagation model. 

 Improvement and verification of the impulse propagation model.  

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

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

This work is motivated by the severe accident management strategy adopted in Nordic type 

BWRs. The goal of the project is to reduce uncertainties in assessment of (i) debris bed 

properties and coolability, (ii) steam explosion impact. In the experimental part of the project 

we investigate key physical phenomena of the debris bed formation and coolability, and 

producing experimental data for validation of simulation tools. Analytical approaches are 

employed to assess the uncertainties in modelling of debris bed coolability and steam 

explosion impact. 

 

Analysis of debris bed coolability 

In this work we further develop DECOSIM code to address (i) debris bed coolability in post-

dryout regime; (ii) particulate debris spreading with possible feedbacks between dryout and 

spreading effectiveness. An analytical model is proposed based on the analysis of DECOSIM 

calculations for prediction of the maximum temperature of the debris if the size of the dry 

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

 

The DECOSIM was validated against new COOLOCE data for different spatial 

configurations: (i) cylindrical debris bed with open side walls (COOLOCE-10), (ii) conical 

bed on a cylindrical base (COOLOCE-12). The dependence of DHF on system pressure from 

COOLOCE experiments can be reproduced quite accurately if either the effective particle 

diameter or debris bed porosity is increased, which is consistent with MEWA simulation 

results reported in [59]. It is interesting to note that, despite the difficulty in predicting the 

absolute values of dryout heat flux due to high sensitivity of results to the values of debris bed 

porosity and particle diameter, the relative improvement of debris bed coolability for conical 

debris bed in comparison with flat (or cylindrical, behaving effectively as a flat) debris bed is 

captured quite well in the simulations. Further work would be necessary in order to utilize 

recently produced COOLOCE data for validation of the DECOSIM. 

 

An analytical model based on observations of the solutions for the structure of the dry zone 

has been proposed in order to predict the maximum temperature reached at the top boundary 

of the debris bed. Comparison of the DECOSIM simulations carried out for conical and 

mound-shaped debris beds suggest that the analytical formula predicts quite well the 

maximum temperature rise in the debris bed. Importantly, the results are practically 
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independent of debris bed shape and involve only few parameters, which reduce the 

uncertainties in the estimation of post-dryout behavior of debris beds. Further development 

and verification of the computationally efficient and sufficiently accurate simplified 

(surrogate) models would be necessary in order to employ the models in the uncertainty and 

risk analysis for different plant accident scenario conditions. 

 

Empirical closures obtained in PDS-C experiments were implemented in DECOSIM in order 

to enable simulations of debris beds with evolving (due to particle spreading) geometry. 

Implementation of particle spreading algorithm in DECOSIM was verified against the 1D 

numerical model which solves the equation for debris bed height which is, essentially, a 

debris mass conservation equation. Good agreement between the maximum debris bed heights 

as functions of time calculated by DECOSIM and that from 1D model was demonstrated, as 

well as the shapes of debris bed at selected times were found to practically coincide. Few 

preliminary fully coupled DECOSIM simulations of debris bed were performed in which the 

superficial gas velocity and gas parameters involved in the correlation for the lateral particle 

flux were obtained from the two-phase flow model. Simulations were carried out and 

maximum temperatures of solid material were compared in the cases with and without particle 

spreading. Results suggest that spreading can enhance coolability for particles larger than 

1.5 mm. Further studies are necessary in order to quantify the effect of the dry zone on debris 

bed spreading and coolability. 

 

Investigation of particulate debris spreading 

Boiling and two-phase flow inside the bed is a source of mechanical energy which can help to 

spread the debris bed by so called “self-leveling” phenomenon. The goal of this work is to 

quantify time scale for particulate debris spreading. Experimental studies have been carried 

out in PDS-C facility with air injection from the bottom of the debris bed. Based on the 

experimental data an analytical approach is developed by KTH to simulate particulate debris 

spreading. 

 

Previously exploratory tests were carried out in PDS facilities in order to identify governing 

phenomena of particulate debris spreading. Also we addressed potential effect of the mockups 

of the COOLOCE heaters and TCs on the particle self-leveling process. Results suggested 

that there is no significant influence on the self-leveling for the considered ranges of the air 

injection velocities [38]. 
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In this work a set of PDS-C experiments has been carried out with different stainless steel 

particles in order to quantify particle flow rate in debris bed self-levelling phenomenon. A 

scaling approach for particulate debris spreading has been proposed. Application of proposed 

scaling approach to generalization of the PDS-C tests results in dense clustering of the non-

dimensional data suggesting that the most important physical phenomena are captured 

properly in the approach.  Based on the scaling and on the PDS-C experimental data a 

universal semi-empirical closure has been developed for prediction of the debris mass flux as 

a function of local slope angle, gas flowrate, and debris bed properties. More tests would be 

necessary with particles made of different material, mixtures of particles with different sizes 

and irregular shapes, etc. in order to extend empirical database for validation of the proposed 

closure. 

 

Analysis of steam explosion in a Nordic BWR containment 

In this work we develop an approach for analysis of steam explosion sensitivity to the 

modeling and scenario parameters using TEXAS code. The approach is based on sampling of 

the input parameters within selected ranges in order to obtain statistical characteristics of the 

model response. Preliminary analysis helps to identify the most and the least important 

parameters. Obtained database of solutions for the impulse and pressure as a function of the 

TEXAS input parameters is used for development of a computationally efficient surrogate 

model. Further work is necessary for (i) selection and justification of the parameter ranges and 

clarification of their potential inter-dependencies; (ii) continuation of the sensitivity study in 

order to cover remaining cases of melt ejection scenarios; (iii) refinement and generalization 

of the surrogate model; (iv) development of robust approach to demonstrate failure domain in 

a multidimensional space of input parameters; (v) development of methodology for grouping 

and classification of failure scenarios considering the failure domain and interdependences 

between scenario and input modelled parameters. 
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7 Nomenclature 
 

𝐴𝑟𝑙𝑔 Air phase Archimedes number with 

liquid-buoyed solids, [-] 

𝑑𝑝 Equivolume sphere diameter, [mm] 

𝐹𝐵 Buoyancy force, [N] 

𝐹𝐷 Aerodynamic drag force, [N] 

𝐹𝐹𝑟 Inter-particle friction force, [N] 

𝐹𝐺  Gravity force, [N] 

𝑘𝐹𝑟 Friction coefficient [-] 

𝐿 Facility total length, [mm] 

𝑄𝑔 Non-dimensional superficial gas 

velocity, [-] 

𝑄𝑝 Particle mass flow per unit width, 

[kg/(m ⋅ s)] 

𝑄𝑝
∗  Non-dimensional normalized 𝑄𝑝, [-] 

𝑅𝑒𝑔𝑚𝑓 Air Reynolds number at minimum 3-

phase Fluidization, [-] 

𝑈𝑔 Superficial gas velocity, [m/s] 

𝑈𝑚𝑓 Superficial gas velocity at minimum 

3-phase fluidization, [m/s] 

Greek letters 

𝜀 Bed porosity, [-] 

𝜇𝑔 Air viscosity, [Pa s] 

𝜌𝑔 Air density, [kg/m3] 

𝜌𝑙 Liquid density, [kg/m3] 

𝜌𝑝 Solid particle density, [kg/m3] 

𝜃𝑟𝑒𝑝 Repose angle, [degree] 

𝜙 Heap slope angle, [degree] 

𝛷 Normalized slope angle [-] 
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