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Abstract – Severe accident (SA) mitigation strategy in Nordic Boiling Water Reactors (BWRs) relies on drywell 
flooding for the ex-vessel scenario. In case of the reactor lower head failure and corium release, the drywell water 
pool is expected to provide conditions for corium jet fragmentation, quenching, and long-term coolability of the 
formed debris bed. Ultimately preventing containment failure and release of radioactive products into the 
environment. 
 
During corium fragmentation in water, a vapor film is formed around the melt preventing direct melt-water contact 
and limiting the heat transfer between the two liquids. In case of vapor film collapse (triggering) an explosive 
energy transfer from the melt to the volatile coolant may occur. The resulting pressure wave may propagate through 
the water-corium mixture, escalate and form a shock wave with the potential to challenge containment integrity. 
Fragmentation, triggering, propagation, and expansion (system relaxation) are the 4 phases of a safety-relevant 
phenomenon called steam explosion (SE). 
 
The ultimate goal of this work is to develop a numerical code SEMRA (Steam Explosion Modelling and Risk 
Analysis) for modelling melt-coolant interactions and assessment of the risk of containment failure. In this paper, 
we focus on the deterministic part of the code that utilizes improved numerical methods to assess steam explosions 
and their uncertainty.  
 
Specifically, we address the triggering and propagation of a shock wave generated in a SE scenario. We build a 
numerically stable code using WENO solver with AUSM+-up schemes to model pressure propagation in a 
multiphase domain. We compare the results of shock wave propagation obtained using SEMRA code with the 
experimental simulation from KROTOS facility and with TEXAS-V steam explosion calculations. We discuss the 
results and their contribution to the enhancement of triggering and propagation modelling in a SE code. 
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I. Introduction 
 

Steam explosion is a phenomenon of safety 
importance that arises from the interaction between 
superheated melt and a volatile liquid coolant. SE is 
taken into consideration in Nordic BWRs safety 
analysis, see Fig. 1. SE may occur after the failure of 
the reactor pressure vessel lower head when corium is 
released into the flooded drywell. A vapor film forms 
during the fragmentation process of the melt in water, 

which isolates the two fluids. If the vapor film 
collapses, in a process called triggering, the two fluids 
come in direct contact and an explosive transfer of 
energy may lead to the formation of a supersonic shock 
wave that propagates through the drywell pool causing 
significant mechanical loads on the containment 
structures and possible containment failure.  

 
Several codes were developed throughout the years to 
analyse both in-vessel and ex-vessel steam explosion. 
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Ex-vessel SE was extensively studied in our previous 
work [1]. TEXAS-V SE code is currently the main 
code being used to analyse the risk of SE by both the 
USNRC and for Nordic BWRs.  

 
Texas-V code being developed in the 90s is subject to 
numerical issues that affect calculations and are 
impossible to resolve without a complete code 
overhaul. This motivates the need for a new in-house 
numerically updated and a stable code, which is 
currently being developed at KTH. In this work, we 
compare the triggering and pressure propagation 
modules of the new under development Steam 
Explosion Modelling and Risk Analysis ‘SEMRA’ 
code with those in TEXAS-V and KROTOS 
experiment. 
 

 
Fig. 1: Nordic BWR Ex-Vessel steam explosion 

As a first step, a 1D single phase solver for pressure 
propagation is developed and compared with the 
trigger pressure propagation results from TEXAS-V 
SE code and KROTOS trigger test experiment. In 
section 2, we introduce the numerical methods used in 
SEMRA pressure propagation module. In section 3, we 
validate the pressure propagation code against a 
validation shock tube problem and in section 4, we 
compare SEMRA code against and KROTOS 
experiments results and TEXAS-V code. Conclusions 
and future work are provided in section 5. 
 
II. Numerical Method 

 
The need to estimate SE impulse propagation, in both 
low and high (supersonic) speeds, calls for the use of a 
fast, efficient, and a robust numerical scheme. In 
SEMRA code, AUSM+-up scheme is adopted to solve 

the 2D compressible Euler equation for a two-phase 
fluid interaction model. The Euler equation solved is 
written as follows [2]:  
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where Q is the conservative variable vector for fluid k, 
E and F are the inviscid flux vectors in x and y 
directions respectively, Pint is the fluid interface 
pressure and S is the source term.  
 
The parameters in the vectors are:  
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, (1.b) 

 
where α is the volume fraction, u and v are the velocity 
components, 𝜌𝜌 is the density, E is the total energy per 
unit mass, p is the pressure, pint is the interface 
pressure, H is the total enthalpy and gx and gy are the 
gravity components in x and y respectively. 
  
In this work, the results from a simplified 1D, single-
phase solver are shown as a first approximation of SE 
loads. Hence, above equations are adopted accordingly 
and the volume fraction is set to 1 depending on the 
phase considered.  

 
AUSM+-up scheme is used to calculate the flux term 
in Eq. (1). The numerical flux equation solved is 
shown in Eq.  (3). The full equations and details of 
AUSM+ scheme are available in [2]. The Courant-
Friedrichs-Lewy ‘CFL’ condition is limited to values 
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between 0.05-0.63 for stability with an optimal value 
of 0.5 used in most applications.  
 

𝐹𝐹1 2⁄ ,𝐿𝐿 𝑅𝑅⁄ =
𝑚̇𝑚1 2⁄ + �𝑚̇𝑚1 2⁄ �
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+𝛼𝛼1 2⁄ ,𝐿𝐿 𝑅𝑅⁄ 𝑃𝑃1 2⁄ 𝑁𝑁, (3) 

where L and R are left and right cells respectively, 𝛹𝛹 =
( 𝛼𝛼,𝛼𝛼𝛼𝛼,𝛼𝛼𝛼𝛼,𝛼𝛼𝛼𝛼) , 𝑁𝑁 = ( 0,𝑛𝑛𝑥𝑥, 0)  and 𝑚̇𝑚  is the mass 
flux. 
 
All cell interface variables are calculated using the 
Weighted Average Non-Oscillatory scheme of 5th 
order ‘WENO5’. Details of WENO5 are available in 
[3, 4]. 
 
Since in SE scenarios we are mostly dealing with 
rather strong supersonic shock waves, a 3rd order Total 
Variation Diminishing ‘TVD’ Runge-Kutta ‘RK’ time 
evolution scheme is used. Details of TVD RK scheme 
are available in [2]. 

 
Finally, since in this work we are simulating a liquid 
water single phase shock wave, a Modified version of 
the Nobel-Abel Stiffened Gas ‘MNASG’ equations of 
states are used following the equations available in [5]. 
 
III. SEMRA Code Pressure Validation Problems 
 
In the 1D single-phase version of SEMRA code, 
pressure propagation models are validated against 
RELAP-7 shock tube problems for gas-gas and liquid-
liquid domains. The shock tube parameters simulated 
in the validation problems are for an adiabatic 10m 
length pipe discretised with a uniform mesh. A 
“diaphragm” located at (L=5 m) midpoint separates 
the initial starting values. At t = 0 s the diaphragm is 
removed, and the two domains come in contact 
triggering the generation of three waves: a shock wave, 
a contact wave, and a rarefaction wave.  

 
The gas-gas shock-tube problem consist of two 
domains, one at a high pressure of 2 MPa and the other 
at a low pressure of 1 MPa. An initial temperature of 
297 K is set in both domains and an CFL of 0.5 is used 
with 800 nodes mesh and a total simulation time of    
10-2 s. 

 
In a liquid-liquid shock-tube problem, water is used in 
both domains. One domain with a high pressure of     
10 MPa and the other at a low pressure of 0.1 MPa. 

Same initial temperature of 300 K is applied in both 
domains and an CFL condition of 0.5 is used with 800 
nodes mesh and a total simulation time of 1.64∙10-3 s.  
 
Results of both validation problems are shown in Fig. 
2. SEMRA code is in good agreement with RELAP-7 
results with minor differences originating from the 
differences in the initial pressure and energy values 
resulting from using different equations of states [6]. 
WENO5 reconstruction is essential to catch sharp 
discontinuities when compared to AUSM+ standalone 
solution.  
 

 
Fig. 2: SEMRA Pressure Propagation Validation against 

RELAP-7 Shock-Tube problem. 

 
IV. Trigger Pressure Propagation Validation 

 
SEMRA Trigger pressure propagation is validated 
against KROTOS experimental results. KROTOS test 
section and pressure transducers k0-k6 locations are 
shown in Fig. 3.  Sensor k0 is at -50 mm and sensor k1 
is at 195 mm with 200 mm spacing between each 
sensor until k6 at 1195 mm). In the triggering test 
experiment, the water level was increased to immerse 
k6 transducer having a full water domain for pressure 
propagation with a total length of 1.2 m. The initial 
temperature of the water was set to 333 K. In KROTOS 
trigger test, a 30 cm3 Argon gas chamber of 15 MPa is 
used. More information about KROTOS facility and 
the exact experimental setup is available in SERENA 
Integrated report [7].  
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Fig. 3: KROTOS test section showing the positions of the 

dynamic pressure transducers k0-k6 [7]. 

Since TEXAS-V code is limited to only liquid trigger 
cells, this work only compares the trigger pressure 
propagation resulting from using a liquid water trigger 
cell (replacing the gas chamber trigger in KROTOS 
experiments). This was done in both SEMRA and 
TEXAS-V codes.  
 
TEXAS-V code is a steam explosion modelling tool 
based on a 1D 3-field transient code (Lagrange field 
for fuel particles and Eulerian field for gas and liquid). 
The code has two modules, a premixing module that 
sets the initial conditions for the explosion module. 
Details about TEXAS-V code can be found in [8, 9] 
and TEXAS-V manual [10]. 
 
Results of trigger pressure propagation of KROTOS 
trigger test vs both SEMRA and TEXAS-V codes are 
shown in Fig. 4. As seen, SEMRA code can apply a 
continuous trigger pressure in the liquid domain which 
resembles the effect of a gas trigger cell in KROTOS 
test section.  
On the other hand, TEXAS-V is limited to a water cell 
discrete single trigger pressure, thus limiting the 
capabilities of the code in reproducing KROTOS 
trigger test and only showing a dampening propagation 
of an initial pressure wave. 
  
SEMRA code calculations of KROTOS trigger test 
predict dynamic pressures values for sensors k1-k6 

that match KROTOS results in maximum peak 
pressures and pressure evolution trends.  
 
The total time required for the initial shock wave to 
dissipate through the test section traveling from the 
bottom sensor (k1) reaching the pressure sensor at the 
top of the test section (k6) is 0.6 ms. This shows that 
the updated numerical scheme can estimate the shock 
wave propagation parameters (Energy, pressure, and 
speed of sound) accurately matching those parameters 
in KROTOS trigger test experiment.  
 
A convergence check was conducted by varying both 
the CFL number and the number of nodes. A CFL 
number exceeding 0.8 led to solution divergence. 
Therefore, this study presents results using the 
recommended CFL value of 0.5 recommended for an 
explicit AUSM+ solver.  
 
Regarding the number of nodes, SEMRA code 
effectively captured the sharp pressure increase at the 
sensor’s locations using 400 and 800 nodes, with a 
slight difference between the two, indicating a 
satisfactory level of convergence. 
 

 

 
Fig. 4: Trigger Pressure Propagation, KROTOS (Top) [7], 
TEXAS-V (Middle) and SEMRA (Bottom). 
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V. Conclusions and Future Work 
 
The objective of this work is to validate a single-phase 
solver for a new SE code SEMRA. Development of the 
new code is motivated by the need to improve 
numerical stability and resulting risk calculations for 
Nordic BWRs as well as to develop in-house 
modelling capability that takes into account recent 
experimental and analytical findings, e.g., SE in 
stratified configuration, and chaotic nature of 
triggering. 
 
SEMRA code, with its 1D single-phase solver, was 
shown to reproduce KROTOS SE trigger test results 
with good accuracy. 
 
Further work will be focused on expanding SEMRA 
code to include a 2D, two-phase solver for both 
explosion pressure propagation and in the premixing 
and fragmentation module. 
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