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ABSTRACT 

In the present work, an open-source CFD based methodology has been presented to predict the pressure 

rise caused due to deflagration for dry hydrogen air mixtures. A systematic parametric study has been 

carried out to evaluate the impact of initial conditions such as hydrogen mol fraction and initial 

temperature in the containment. Based on the results obtained, a new acceptance criterion for the limiting 

hydrogen mol fraction has been proposed. Such a criterion can be used in conjunction with various 

hydrogen management schemes to limit the hydrogen concentration to within the specified limit during 

accident scenarios.   
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INTRODUCTION 

During the past (TMI, Chernobyl) and recent accident at Fukushima [1], the release of hydrogen and its 

subsequent ignition in one of the reactors substantially damaged the reactor systems and the surrounding 

containment structure. In most of the nuclear reactors, hydrogen can be produced in large quantities due 

to zirconium-steam reaction during Design Basis Accidents (DBA) such as Loss of Coolant Accident 

(LOCA) and Station Black Out (SBO) [2]. Smaller quantities of hydrogen can also be produced due to 

radiolysis of water.  In Beyond Design Basis Accident (BDBAs) hydrogen generation occurs due to the 

interaction of molten corium. Hydrogen generated in the core will be released into the containment which 

is a reinforced concrete structure that separates the nuclear core from the surrounding atmosphere. As 

hydrogen is a highly flammable gas, any small thermal energy source may lead to an ignition event. 

Depending on the local concentration, the result can be a deflagration, deflagration leading to a detonation 

or a direct detonation [3]. Any such event can lead to internal pressurization which causes very high loads 

on the structure. This can ultimately pose a risk to the integrity of the containment structure.  

In the present work, focus has been placed on evaluating the pressure rise induced due to hydrogen 

deflagration by implementing a hydrogen combustion model in an open-source CFD library. A parametric 

study including different hydrogen mol fractions and temperatures has been carried out. Based on the 

pressure profiles obtained, an upper limit for hydrogen content has been proposed for a safe operation of 

the reactor containment during accident scenarios   

 

MODELING DETAILS 

Core Solver Description 

For the present work, the open-source CFD library OpenFOAM (Open Field Operation and 

Manipulation) has been used for model development [4]. OpenFOAM core technology consists of C++ 

implementations of various numerical methods, linear system solvers, Ordinary Differential Equation 

(ODE) solvers and also parallel computing. It also provides various library functionalities such as 

turbulence models, transport models and thermo-physical models. These libraries can be combined along 
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with the OpenFOAM core technology to represent various systems of partial differential equations that 

are relevant to different types of fluid flow problems. Some solver capabilities include compressible 

flows, multiphase flows, reacting flows and buoyancy driven flows to name a few. Being free and open 

source, OpenFOAM supports extensive code customization and extension of its existing libraries. In 

addition to its solver capabilities, OpenFOAM also provides an extensive array of pre and post processing 

options.  

Combustion Modeling in OpenFOAM 

In premixed combustion, the fuel and air are mixed to the molecular level prior to ignition. Post ignition, 

a flame front forms and propagates in to the un-burnt gases. The speed at which this propagation occurs is 

called as flame speed. Flame speed is a fundamental property which depends on the initial mixture 

strength and the initial temperature and pressure. The effect of turbulence is to stretch and wrinkle the 

flame front thereby increasing the effective surface area and hence enhancing the flame speed. The large 

turbulent eddies tend to wrinkle and corrugate the flame sheet, while the small turbulent eddies, if they 

are smaller than the laminar flame thickness, may penetrate the flame sheet and modify the laminar flame 

structure. A basic parameter to characterize a premixed flame is the progress variable. In the un-burnt gas, 

the progress variable is set to zero. In the burned gas, it equals unity. Across the flame, the intermediate 

values describe the progress of the reaction. The definition of progress variable is given in Eqn. (1). 
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The transport equation for the instantaneous progress variable is given in Eqn. (2). 
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To include the effects of turbulence, Favre averaged equations are employed. The Favre averaged 

progress variable can be interpreted as the density weighted probability of finding burnt gas at a particular 

instant and spatial location. The transport equation of the Favre averaged progress variable is given in 

Eqn. (3). 
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OpenFOAM provides libraries to model the regress variable b which is defined in Eqn. (4): 

                                                                                                                                                          (4) 

A central problem of numerical turbulent combustion modeling consists of closing the source term  ̅̇ 

appearing in Eqn. (3). Numerous models have been proposed in the literature to close this source term. In 

the present work, we have used the Zimont model [5] described in Eqn. (5) to represent the source term. 

 ̅̇    ̅̅ ̅  |  ̃|                                                                                                                                              (5) 

The turbulent flame speed sT is modeled as a product of the laminar flame speed sL and the flame 

wrinkling factor χ as shown in Eqn. (6). 

                                                                                                                                                            (6) 

The flame wrinkling factor can be modeled either as an algebraic expression or a separate transport 

equation can be solved. OpenFOAM provides libraries for both of these options. In the present work we 

have evaluated χ by solving a separate transport equation as described in Eqn. (7).  
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The flame speeds at different temperatures and pressures are obtained from the standard state flame speed 

according to Eqn. (8).  
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The CHEMKIN [6] database has been used to obtain material properties. Molecular transport coefficients 

have been calculated using the Sutherlands correlation [7]. Pressure-velocity coupling has been done 

based on the PISO algorithm. It is to be noted that this algorithm is applicable only for very low Mach 

number flows (Ma < 0.1) which is true for combustion in the deflagrative regime. The Favre averaged 

progress variable transport equation is coupled with mass, momentum and energy conservation equations 

along with the turbulence equations to obtain the final solution. 

Model Setup 

Combustion in a single compartment has been studied. The single compartment has been modeled as a 

cubical domain with a side of 1m. The objective of using such a simplified domain is to determine the 

validity of the combustion model which has been implemented in the solver. This is achieved by 

comparing the predicted pressure from CFD with an analytically determined pressure rise. The validation 

has been carried out for a range of hydrogen mol fractions from 6% to 15% at an initial temperature of 

293K and pressure of 1atm. The remaining is a standard air with 21% oxygen and 79% nitrogen. The 

mixture of hydrogen and air is uniformly mixed. Typical containment environments also contain some 

amount of steam. Steam has an effect of lowering the temperature and pressure rise due to combustion. 

Therefore, to obtain a more conservative estimate on the pressure rise from CFD calculations, the 

presence of steam has been neglected. Ignition has been modeled by patching a small spherical region 

with temperature equal to the adiabatic flame temperature and a unit progress variable at the center of the 

compartment. Figure 1 shows the initial progress variable used in the model along with the ignition patch.  

              

 

Figure 1: Progress variable is patched to 1 at the center of the domain to model ignition 

The boundary conditions are described as adiabatic no-slip walls. Turbulence is modeled using the k-w sst 

model which is known for its good performance for both free stream flows and wall bounded flows. The 

grid uses a uniform spacing of 2cm. The pressure time history did not change when a grid size lower than 

2cm was used. However, when grid size of higher than 2cm was used, the progress variable became 

negative which is not physically feasible. Therefore, all the studies were conducted with a uniform grid 

size of 2cm. It is to be noted that this is a relatively coarse grid size compared to the grid size 

requirements for flame and turbulence resolving models. Since the main objective is to get the pressure 

transients, even this coarse grid is suitable. The time step was calculated during the solution based on the 
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maximum courant number in the domain to ensure stable progress of the solution with time. This resulted 

in a time step of ~0.1ms. 

 

RESULTS AND DISCUSSION 

Figure 2 shows a variation of the pressure 

magnification (ratio of final pressure to initial 

pressure) with hydrogen mol fraction at two different 

initial temperatures. As the hydrogen mol fraction 

increases, a larger amount of chemical energy is 

released on oxidation with air thereby leading to a 

higher pressure rise. Also, at a given hydrogen mol 

fraction, a higher initial temperature leads to a lower 

pressure magnification. This is consistent with a 

constant volume adiabatic heat release process where 

pressure and temperature are inversely proportional. 

Finally, it can be observed that the pressure 

magnification drops linearly with hydrogen mol 

fraction up to 7% after which the drop is much 

steeper. This ultimately leads to a nearly identical 

pressure magnification factors of 2.10 at 293K and 

2.11 at 453K at the hydrogen mol fraction of 6%. 

Further insight can be drawn by observing the trends 

in the Extent of Combustion (EoC).  In CFD, the EoC 

has been calculated as the volume weighted average 

of the progress variable and represents the fraction of 

hydrogen which has burnt. Figure 3 shows a variation 

of EoC at the same initial temperatures considered 

previously. Clearly, as the hydrogen mol fraction is 

increased, the EoC tends to unity indicating complete 

combustion. Also, a higher initial temperature leads 

to a higher extent of combustion. However, 

irrespective of the initial temperature of the mixture, 

a hydrogen mol fraction of 9.5% leads to an EoC of 

~97% (nearly complete combustion).  

Figures 2 and 3 bring about the relative importance of 

two opposing effects. At the lower initial temperature 

of 293K, pressure magnification decreases as the 

hydrogen mol fraction decreases. At a higher initial 

temperature of 453K, similar trend is observed but 

the rate of decrease of pressure magnification with 

mol fraction is lower. Therefore, a balance between 

the hydrogen mol fraction, EoC and the initial 

temperature establishes the final pressure 

magnification. This balance is better represented in 

Figure 4 which shows the pressure-temperature 

region for different hydrogen mol fractions. 

 

 

 

 

Figure 2: Variation of pressure magnification 

with hydrogen mol fraction  

 

 

 

Figure 3: Variation of Extent of Combustion with 

hydrogen mol fraction  

0

1

2

3

4

5

6

4% 6% 8% 10% 12% 14% 16%

P
re

ss
u

re
 M

ag
n

if
ic

at
io

n

Hydrogen Mol Fraction

Initial Temperature: 293K

Initial Temperature: 453K

50%

60%

70%

80%

90%

100%

4% 6% 8% 10% 12% 14% 16%

Eo
C

Hydrogen Mol Fraction

Initial Temperature: 293K

Initial Temperature: 453K



Thorium Energy Conference 2015 (ThEC15) 
October 12-15, 2015, Mumbai, India 

 
 

5 
 

Figure 4 indicates that for mol fractions higher than 

6%, a decrease in the initial temperature leads to an 

increase in the pressure magnification. However, at 

6% the pressure magnification becomes independent 

of the initial temperature in the domain. Thus a 

balance between the opposing effects of EoC and 

initial temperature is attained at a mol fraction of 6%. 

Yielding to the fact that 6% hydrogen mol fraction 

leads to the lowest pressure magnification of about 2 

and it also independent of the initial temperature in 

the domain, we recommend that the limiting 

hydrogen concentration should correspond to ~6% of 

mol fraction. This criterion is more conservative than 

the international regulatory requirement of ~10%. 

 

Figure 4: Pressure-temperature region for 

different hydrogen mol fractions 

 

CONCLUSIONS 

A premixed combustion model has been implemented in this study for studying pressure rise 

characteristics in single and multi-compartment geometries. For single compartment enclosures it was 

established that a higher mol fraction of hydrogen leads to a higher pressure magnification. It has also 

been established that the extent of combustion is nearly 100% for mixtures with hydrogen mol fraction 

higher than 9.5% while it drops drastically for lower hydrogen mol fractions. The effects of initial 

conditions in the mixture have been clearly highlighted. Considering the combined effect of all the 

factors, a criterion of maintaining the hydrogen mol fraction to ~6% has been proposed. 
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