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

 
 

1 
 

CHEMICAL EQILIBRIUM ANALYSIS OF DRY HYDROGEN 

COMBUSTION 

 
Aditya Karanam

a*
, Pavan K. Sharma

b
, Sunil Ganju

b
, R.K. Singh

b
 

 
a
K.S. Krishnan Research Associate, Reactor Safety Division, Bhabha Atomic Research Centre, Trombay, Mumbai–

400085, India, Email: adityakb@barc.gov.in 
b
Reactor Safety Division, Bhabha Atomic Research Centre, Trombay, Mumbai–400085, India 

*
Email of corresponding author: adityakb@barc.gov.in 

ABSTRACT 

The present work is based on a thermo-chemical equilibrium model for studying the effect of combustion 

of hydrogen during postulated accident scenarios in nuclear reactor containments. This model is based 

on the method of element potentials which seeks to minimize the free energy of the system. The condition 

on internal energy balance is imposed as a constraint during the minimization process. Another 

simplified model purely based on the internal energy balance has also been implemented to investigate 

the isolated impact of free energy and the conditions under which it becomes dominant. The two models 

have been used to extract final pressures for a wide range of initial conditions and mixture compositions 

that are typically found during accident scenarios. In the absence of hydrogen combustion experimental 

data, such models will become important for laying down a first estimate on the possible outcomes.   

Keywords: Hydrogen Combustion, Element Potential Method, Reactor Containments, Pressure Rise, 

Dissociation    

 

INTRODUCTION 

During the 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, under postulated Design Basis Accidents (DBAs)/ Beyond Design Basis 

Accidents (BDBAs), large amounts of hydrogen may be produced in the core due to zirconium-steam 

reaction. Hydrogen generated in the core will be released into the containment which is generally a 

concrete structure that separates the nuclear core from the surrounding atmosphere. An ignition event in 

such an environment can lead to a combustion wave propagating in the containment. Knowing the end 

state of the combustion process can help in evaluating design safety margins against the postulated 

accident sequences. Theoretically, the reacting system of hydrogen and air reaches a state of chemical 

equilibrium at the end of the combustion process. 

The traditional way of describing chemical equilibrium is through the method of equilibrium constants. 

Each elementary reaction in the mechanism contributes to one equation describing the relation between 

the equilibrium constant and the composition in terms of partial pressures. The equilibrium constant is in 

turn related to the standard state Gibbs energy of reaction at the temperature of the system. The 

combustion of hydrogen with air comprises of 19 to 27 elementary reactions leading to so many number 

of highly non-linear and coupled system of equations and hence warrants a fairly computationally 

intensive task of numerically solving these equations.  

An alternative technique first developed as early as the 1950s and gained more visibility after the report 

published by Reynolds, W.C [2] in 1986 and Gordon, S [3] in 1994, is the method of element potentials. 

The principal advantage of the element potential method is that it does not require a prior knowledge of 

the reactions involved but rather requires the knowledge of only the species involved therein. Also, the 
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number of equations to be solved is the number of distinct elements composing the reacting species which 

are far fewer than the reacting species or the number of elementary reactions involved in the mechanism. 

In this study we have presented a methodology based on equilibrium analysis and compared it with the 

theoretical Adiabatic Isochoric Complete Combustion (AICC) model. Specific focus has been placed on 

the profiles of minor species such as OH, HO2, H2O2, O and H radicals which may have a bearing on 

Flame Acceleration (FA) and Deflagration to Detonation Transition (DDT) [4]. Finally, the dynamic 

effect of initial mixture composition, temperature and pressure on the equilibrium state has been studied. 

 

MODELING DETAILS 

Equilibrium Model 

A description of the chemical equilibrium of a system consisting of reacting species requires an 

application of the first law of thermodynamics along with the principle of minimization of free energy. 

For constant volume systems, the relevant free energy is the Helmholtz free energy as defined in Eqn. 1. 

                                                                                                                                                           (1)                           

Here U, T, S, G, P and V are the extensive state properties of the system representing internal energy, 

temperature, entropy, Gibbs free energy, pressure and volume respectively. In the present study, the 

system being considered is an isolated and constant volume system; the process studied being the 

combustion of hydrogen with air (21% O2 & 79% N2). In many of the published literature [5, 6, 7], it has 

been ascertained that the species which are present in combustion of hydrogen with air are H2, OH, HO2, 

H2O2, H2O, H, O and O2. Nitrogen is considered as an inert.  All the reactions happen in the gaseous 

phase and the mixture of these species can be assumed to follow the ideal gas law.  

Consider an isolated constant volume system comprising of s number of species. Let l be the number of 

different elements composing these species. Let aij be the number of atoms of element i in species j.  The 

Helmholtz free energy of this system can be expressed as described in Eqn. 2.  

  ∑     
 
                                                                                                                                                          (2) 

Here, µj and nj are the chemical potential and the number of moles of the j
th
 species in the mixture. The 

chemical potential at the system temperature can be related to the standard state chemical potential 

  
 through the Eqn. 3. The standard conditions are obtained at 1bar pressure (10

5
 Pa). The term   

  and 

other thermodynamic functions at the standard state are typically functions of temperature. 

      
       (

   
  

 
)   (     )          

                                                                                                                       (3) 

The minimization of A is subjected to the additional atom balance constraints; Eqn. 4a, 4b. 

      
     (     )                                                                                                                                           (4a) 

   ∑        (       
   )                                                                                                                                     (4b) 

In the above equations, bi and bi
o
 are the number of atoms of element i in all the species at the equilibrium 

composition and at the initial reactants composition respectively. In other words this states that since 

atomic changes are not involved, the number of atoms of each of the elements must be conserved during 

the process. The method of lagrangian multipliers is commonly used for solving minimization problems 

subjected to equality constraints and has been used here as well. The lagrangian of A can be expressed as 

in Eqn. 5. 

 ( )    ∑   (     
 ) 

    ∑     
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    ∑     

  
                                                               (5) 
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Here,    are the lagrangian multipliers. The condition for equilibrium is then described by Eqn. 6. 

 ( ( ))   ∑ (    ∑      
 
   )     ∑ (∑      

 
       

 )   
 
      

                                                                                (6) 

The second term on the right hand side of Eqn. 6 is the constraint condition and is identically satisfied. 

Therefore we have Eqn. 7 for equilibrium.  

    ∑      
 
                                                                                                                                                                                               (7) 

The above equation relates the chemical potential    of the species to the atomic makeup of its molecule 

    and to a set of undetermined multipliers   . The multiplier    is called the element potential of the i
th
 

element. In addition, we have the constraint conditions, Eqn. 8a, 8b for the case of constant volume 

combustion for an isolated system: 

                                                                                                                                                                                                                      (8a) 

      ∑     
  

                                                                                                                                                                                            (8b) 

Here, Vo and Uo are known initial volume and internal energy of the system and   
  is the standard state 

molar internal energy of species j. The unknown parameters to be determined are the compositions 

variables    and the temperature T of the system. In addition, we have the unknown lagrangian multipliers 

   to be determined. The set of Eqn. 4a-4b, 7 and 8a-8b are sufficient to determine these unknown 

parameters. A solution methodology based on the generalized Newton-Raphson method is adopted. The 

correction variables are expressed in the form of their natural logarithms. 

A Taylor series expansion about         and subsequent Newton-Raphson linearization for the atom 

balance constraint, equilibrium condition and constant internal energy requirement results in Eqn. 9, Eqn. 

10 and Eqn. 11 respectively.  

∑      
 
    (    )    

  ∑      
 
    (     )                                                                                                                            (9) 
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                                                                                                                                   (11) 

The total number of equations now is l+s+1; l equations arising from the atom balance constraint 

conditions (Eqn. 9), s equation arising from the equilibrium condition (Eqn. 10) and one from the internal 

energy balance (Eqn. 11). The resulting number of equations can be significantly reduced by eliminating 

the correction factor for the species compositions  (    ). This leads to a more tractable l+1 number of 

equations where l is the number of elements in the system. The resulting equations after a change of index 

from i to k are described in Eqn. 12 and Eqn. 13.  

∑ ∑            ∑
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                                                                (13) 

Hence we have arrived at a smaller set of linear equations in the correction variables (Eqn. 12 and Eqn. 

13) from a larger set of non-linear equations for the primitive variables (Eqn. 9 – Eqn. 11). A 

simultaneous solution of Eqn. 12 and Eqn. 13 leads to determination of the correction variables    and 

 (   ). These can be substituted in the correction equation for the species composition, Eqn. 10 and the 

new values can be determined. 
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The equations described so far have been solved using the open-source software Cantera [8]. The problem 

is solved in an iterative manner. Starting from an initial estimate of the composition at the 0
th
 iterations, 

  
( )

, the successive compositions are determined using Eqn. 14. 

  
(   )

   
( )

  ( )   
( )

                                                                                                                                                   (14) 

The scalar quantity  ( ) is called the step-size parameter and can be used to control the jump from one 

iteration to the next. Cantera uses an algorithm which requires that the equilibrium condition be satisfied 

at each step and iterations be done to satisfy the constraints on atom balance. Also, Cantera uses a 

linearized analytical Jacobian instead of the numerically generated Jacobian; this ensures non-singularity 

even for poor initial estimate of the species mol compositions. The converged solution is obtained when 

the relative tolerance is obtained to within the default Cantera value of 1E-8 or when the number of 

iteration exceeds 1E+3.  

AICC Model 

To ascertain the significance of the relatively complicated equilibrium model, a much simplified model 

has also been evaluated. The simplifications employed are to neglect dissociation (and hence reverse 

reactions) and also neglect presence of any minor species (OH, HO2, H2O2, H, and O). Therefore the 

species considered are only the major species H2, O2 and H2O in addition to the inert species N2. The 

reaction being considered for 1 mol of the fuel is: 

   
 

  
(         )                   

Here   is the equivalence ratio. The product coefficients for the different cases are shown below: 

             

a       0 0 

b 0 0          

c     1 1 

d                      

 

Since minor species and dissociation are absent, only Eqn. 8a, 8b suffice for obtaining the final solution. 

In both the approaches (Equilibrium and AICC), the various thermodynamic properties are temperature 

dependant and have been evaluated using the JANAF thermodynamic database [9].  

The hydrogen mol% considered in this study is in the range of 6% to 70% which is well within the 

flammability limits. A sensitivity of the resulting thermodynamic state on the initial temperature and 

pressure has also been considered. Two initial temperatures, 293K and 453K and two initial pressures 

1atm and 2atm have been considered. An elevated temperature and pressure can result in an NPP 

containment due to release of superheated steam which along with hydrogen and air. However, the results 

presented in this paper are only for dry hydrogen-air mixtures.    
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RESULTS AND DISCUSSION 

Major Species Profiles 

Figure 1 shows a plot of the final H2O mol 

fractions for a range of initial mol fractions of 

hydrogen at initial temperature and pressure of 

293k, 1atm.  For rich mixtures, the hydrogen gets 

completely consumed and for lean mixtures, 

oxygen gets completely consumed. Therefore, the 

product (H2O) formation peaks at the 

stoichiometric phi ~ 1. More importantly, Fig. 1 

indicates that for mixtures which are either very 

lean (phi > 2) or very rich (phi < 0.5), the final 

concentrations of the major species in the system 

are identical between the AICC and equilibrium 

models. However, in the regions close to 

stoichiometric (phi ~ 1), a non negligible deviation 

can be observed between the two models. This has 

been highlighted by the boxed region in Fig. 1. At 

the stoichiometric composition, the AICC model 

predicts 34.7% mol fraction of the products while 

the equilibrium model predicts a lower value of 

30.8%. Figures 2, 3 show the variation of 

equilibrium hydrogen and oxygen mol fractions 

respectively. Again, the equilibrium compositions 

are different from the AICC compositions for near 

stoichiometric mixtures. At phi~1, the equilibrium 

H2 mol fraction is 2.2% and the equilibrium O2 mol 

fraction is 0.8%. As the initial mixture reaches 

stoichiometric proportions, higher amount of 

energy is released due to combustion and causes 

the flame temperatures to reach values up to 

~2750K. At such high temperatures, reverse 

reactions also play a prominent role thereby leading 

to non–zero mol fractions of the fuel (H2) and 

oxidizer (O2). However, for either lean or rich 

mixtures, such high temperatures are not reached. 

Therefore the difference between equilibrium and 

AICC composition is also very small.  

 

 

Fig.1: Final H2O mol fraction 

 

Fig.2: Final H2 mol fraction 

 

Fig.3: Final O2 mol fraction 
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Minor Species Profiles 

Figure. 4 shows the equilibrium mol fractions of the different 

minor species for various initial mixture strengths at 293K and 

1atm. As it can be clearly seen, the predominant minor species 

in the system are OH, H and O radicals. The HO2 and H2O2 

radicals are also present but in less than 10 ppm concentrations. 

It can also be observed that the OH and O radicals stabilize at 

nearly stoichiometric mixtures and reduce drastically for either 

lean or rich mixtures. However, the H radical stabilizes at 

slightly rich initial mixture composition. As indicated earlier, 

formation and stabilization of minor species occurs only for 

near stoichiometric mixtures due to the high flame temperatures 

that can be attained for such mixtures. 

 

Fig.4: Minor species profiles 

Figure. 5 shows the equilibrium mol fraction of the hydroxyl 

radical at different initial temperatures and pressures. Initially 

the ambient condition of 293K, 1atm has been evaluated. Next, 

temperature has been elevated to 453K at a constant pressure of 

1atm. Finally, the pressure has been elevated to 2atm at a 

constant temperature of 453K. Figure 5 clearly indicates that a 

higher temperature causes the equilibrium to shift in the 

direction of higher hydroxyl radicals whereas a higher pressure 

causes the equilibrium to shift in the direction of lower 

hydroxyl radicals. Similar trend has been observed for all the 

minor species involved in the system. 

 

Fig.5: Hydroxyl radical profiles at 

different initial conditions 

 

Equilibrium Pressure 

Figures 6 shows a comparison between the final 

pressures obtained using the Equilibrium and the 

AICC models for initial temperature and pressure 

of 293K, 1atm. Similar to the trends obtained for 

the H2O profile (Fig. 1), there is considerable 

difference near the stoichiometric region. Due to 

the endothermic dissociation effects in the 

equilibrium model, lower amount of heat is 

released causing the temperature and hence the 

pressure to be lower than the AICC model. 

However, for lean and rich mixtures, dissociation 

effects are small and hence there is better match 

between the two models for such mixtures. 

 

 

 

Fig. 6: AICC vs. Equilibrium pressure 
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Figures 7 and 8 shows the equilibrium temperature 

and pressures at the different sets of initial 

conditions considered in the study. From Fig. 7, it 

can be deduced that the equilibrium temperature 

does not show significant dependence on both the 

initial temperature and pressure. On the other hand, 

equilibrium pressure (Fig. 8) shows marked 

differences. An increase in the initial temperature 

reduced the pressure whereas an increase in initial 

pressure increases the final pressure also. Since the 

equilibrium temperature is fairly independent of the 

initial conditions, the trends shown by pressure are 

consistent with the ideal gas law which requires 

that the pressure and temperature be inversely 

dependant.    

 

Fig. 7: Equilibrium temperature at different initial 

conditions 

 

Fig. 8: Equilibrium pressure at different initial 

 

CONCLUSIONS 

A thermo-chemical equilibrium model based on minimization of the free energy of the system with atom 

balance and energy balance has been used to evaluate the state of the system after combustion of 

hydrogen with air. The calculations have been performed for a wide range of hydrogen mol fractions, 

initial temperatures and pressures which are typically found in containments during accident scenarios. 

Another simplified model which neglects the effects of dissociation and minor species stabilization has 

also been developed for comparison with the equilibrium model. Important parameters such as final 

pressures have been computed using these models. In addition, the trends on equilibrium temperature and 

major and minor species profiles have also been extracted. An important finding is that as the mixture 

composition reaches the stoichiometric proportions, the pressure magnifies by up to 8 times at ambient 

conditions. This provides the worst case scenario against which the safety margins can be established. It 

has also been established that as the initial temperatures increases, the final pressure drops. One the other 

hand, as the initial pressure increases, the initial pressure also increases proportionally. The predominant 

minor species is the hydroxyl radical whose concentration peaks at the stoichiometric composition. Other 

minor species of importance are the H and O atoms. Due to the endothermic effect of dissociation, the 

equilibrium model predicts lower pressure magnifications compared to the AICC model especially at 

stoichiometric composition.    



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

 
 

8 
 

REFERENCES 

[1] The Fukushima Nuclear Accident Independent Investigation commission: 

https://www.nirs.org/fukushima/naiic_report.pdf (2012) 

[2] Reynolds, W. C: The element potential method for chemical equilibrium analysis: implementation in 

the interactive program STANJAN. Technical report, Stanford University (1986) 

[3] Gordon, S; McBride, B. J: Computer program for calculations of complex chemical equilibrium 

compositions, rocket performances, incident and reflected shocks, and Chapman-Jouguet detonations. 

Technical report, NASA Reference Publication 1311 (1994) 

[4] Boivin, P; Dauptain, A; Jiménez, C; Cuenot, B: Simulation of a supersonic hydrogen–air autoignition-

stabilized flame using reduced chemistry. Combustion and Flame Volume 159(4) (2012) 1779 

[5] Ó Conaire, M; Curran, H. J; Simmie, J. M; Pitz, W. J; Westbrook, C. K: A comprehensive modeling 

study of hydrogen oxidation. International Journal of Chemical Kinetics Volume 36(11) (2004) 603 

[6] Hong, Z; Davidson, D. F; Hanson, R. K: An improved H2/O2 mechanism based on recent shock 

tube/laser absorption measurements. Combustion and Flame Volume 158(4) (2011) 633 

[7] Burke, M. P; Marcos, C; Yiguang, J; Dryer, F. L; Klippenstein, S. J: Comprehensive H2/O2 kinetic 

model for high-pressure combustion. International Journal of Chemical Kinetics Volume 44(7) (2012) 

444 

[8] Goodwin, D. G: Cantera User’s Guide. California Institute of Technology, Pasadena, CA (2001) 

[9] Chase, M. W: NIST-JANAF Thermochemical Tables, 4th Edition. Thermochemical Tables 2 Volume-

Set (Journal of Physical and Chemical Reference Data Monographs) (1998) 

 

 


