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INTRODUCTION 
The goal of this research is the development of a 

numerical model which can be used as a design tool for a 
ultra rich combustion (partial oxidation) reactor. The 
operating conditions for the partial oxidation process are 
characterized by turbulent flow and a high fuel to 
oxidizer ratio, far beyond the stoichiometric ratio. In this 
research the turbulent rich combustion process is 
numerically investigated in the situation that natural gas 
and oxidizer are perfectly premixed.  

The investigation of the process is carried out by 
application of well developed methods of combustion 
modeling. The gaseous chemistry is described by a 
reaction progress variable based combustion model with 
detailed chemistry. The numerical model predicts the 
flow field, gaseous species, temperature and heat loss. 

MODELING 
In this section the modeling of the rich combusting 

flow field is discussed. The combustion model principles 
are discussed and its transport equations are shown. 

The CFI model 
The most accurate way of describing combustion is to 

solve the transport equation for the total enthalpy and the 
transport equations for each species. The species 
transport equations can be solved with the use of a 
reaction mechanism consisting of a collection of 
elementary reactions and temperature, pressure and 
species concentration dependent reaction rates. There are 
several reaction mechanisms for specific types of 
combustion. The more detailed mechanisms often consist 
of hundreds of species and reactions. A downside of a 
detailed mechanism is however that the number of 
species transport equations that have to be solved is high 
and thus computationally very expensive. Furthermore, 
the chemical system consists of fast and slow timescales 
which can vary up to several orders of magnitude. This 
makes the system stiff and thus difficult to solve. 
Therefore the number of species transport equations has 
to be reduced. 

The CFI combustion model, developed at the 
Laboratory of Thermal Engineering of the University of 
Twente, is capable of modeling the mixing of fuel, 
detailed chemistry and heat loss in turbulent combustors 
accurately with a limited number of transport equations. 
The backbone of the CFI model consists of three 
dimensionless scalars: c, f and i. The reaction progress 
variable c is a measure to what extent a mixture of gases 

is in equilibrium. The CFI model allows the existence of 
a general number of reaction progress variables, so that c 
becomes a Sx1 vector with S reaction progress variables. 
Mixing and heat loss are taken into account through the 
use of respectively a mixture fraction scalar f and an 
enthalpy scalar i. 

The CFI model uses a reduced mechanism in order to 
reduce the stiffness and the number of species transport 
equations. Creating a reduced mechanism can be 
manually as well as automatically. Manual reduction of 
larger mechanism is very complex, therefore in the CFI 
model a more general approach is applied. The CFI 
model uses the Computational Singular Perturbation 
(CSP) method [1] to automatically generate the reduced 
mechanism. 

Definition c, f and i 
The mixture fraction scalar f is defined as: 
 

! ! ! !! ! !!
!"!

!!!"! ! !!!"!
 

(1) 

YE is the element mass fraction of an element E, in1 
and in2 indicate the element mass fraction on inlet 1 and 
inlet 2. If it is assumed that the diffusivities are equal, the 
mixing problem is greatly simplified. The mixture 
fraction f is then independent of the choice of the element 
E in equation 1 [2]. A property of element mass fractions 
is that they can only be changed by mixing. Therefore 
also f is created nor destroyed in chemical reactions and 
thus a conserved scalar. The mixture fraction moves 
between 0 (composition inlet 2) and 1 (composition inlet 
1). 

The reaction progress variable c is defined as: 
 

! ! ! ! ! !
!"
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! ! !!"
!  

(2) 

In this definition ! is a composed species based on 
the species mass fractions (i = 1,...,N): 

 
! ! !! ! !! 

(3) 

!!" and !!" indicate the composed species of the 
mixture  in respectively unburnt and equilibrium state. 
The values of !! are the result of the CSP method on the 
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basis of a premixed laminar flame calculation. The 
reaction progress variable attains values between 0 (the 
unburnt mixed only state) and 1 (the equilibrium state). 

The enthalpy scalar i is defined as:    
 

! ! ! ! ! !
!"#

!!" ! !!"# !
! ! !!"#

!  

(4) 

!!"# and !!" indicate respectively the minimum and 
adiabatic enthalpy of the mixture. The enthalpy scalar 
moves between 0 (complete heat loss) and 1 (fully 
adiabatic). 

Transport equations c, f and i 
In order to use the CFI model in CFD simulations, 

transport equations for the variables c, f and i have to be 
set up and Favre averaged.  

If the CFI model is used for a simulation, each scalar 
in the problem is a function of the variables c, f and i. the 
ensemble Favre average of a scalar ! is defined as: 
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(5) 

The scalars c, f and i are assumed to be statistically 
independent, therefore the composed probability density 
function (!"#) ! !! !! !  can be simplified to: 

 
! !! !! ! ! ! ! ! ! ! !  

(6) 

For the reaction progress variable c and the mixture 
fraction f a ! ! !"# is assumed. The parameters that 
determine the shape of a ! ! !"# are the mean and the 
variance of the scalar to which the ! ! !"# is applied. A 
single ! ! !"#, which is only characterized by the mean, 
will be used for the enthalpy scalar i. It is assumed that 
the enthalpy scalar is not much influenced by turbulent 
fluctuations (variances), unlike the reaction progress 
variable and mixture fraction, therefore a ! ! !"# is 
sufficient. 

The transport equations for c, f and i can be derived 
by rewriting equations 2-4 and inserting them in the 
species and total enthalpy equations for a combusting 
flow field. After several assumptions and Favre 
averaging, the transport equations for the means of c 
(eq.9), f (eq.7) and i (eq.8): 
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Subscripted variables between parentheses in 
equations 7-9, for example ! !! , indicate differencing 
towards those variables. 

In case of a fully premixed problem, which is the case 
in the experimental setup of this research, the transport 
equation for the means of c and i simplify to: 
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(10) 
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(11) 

Chemical source term fitting 
In figure 3 the source term of the progress variable c, 

!! in equation 9, as calculated by the CFI model is 
depicted next to the results obtained on basis of detailed 
chemistry in a laminar flame calculation in Chemkin 
Premix. It can be observed that both the source term 
calculated by the CFI model and the detailed chemistry 
near equilibrium vanishes in equilibrium condition, c=1.  
Unfortunately the source term is severely under predicted 
by the CFI model in the range c=0.35-0.5 and severely 
over predicted for c=0.1-0.3. For c=0.0-0.1 the CFI 
model source term is set to 0 in order to prevent blowup 
and to bring it into the range of the detailed chemistry 
source term. This insufficient prediction of the source 
term by the CFI model will lead to errors in the predicted 
evolution of the flame, and cannot be accepted. In order 
to remedy this, the source term for the reaction progress 
variable is obtained by fitting a parameterized expression 
for the chemical source term on basis of the source term 
as calculated for the premixed laminar flame at 
stoichiometric condition. These data are available 
anyway, as they are necessary for the optimization of the 
weight factors of the progress variable, !! in equation 3, 
by the CSP method. For the chemical source term of the 
reaction progress variable the following parametric 
expression is used: 

 
!! !! ! ! ! ! ! !! ! ! ! ! ! 

(12) 
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This expression satisfies the condition that the 
chemical source term of the progress variable vanishes at 
the unburnt (c=0) and the equilibrium (c=1) situation. 
The expression is always positive in this range of c and 
has one maximum value. The parameters a, b and A have 
been optimized for the best fit with the source term based 
on detailed chemistry in the premixed stochiometric 
flame. The following values are found for this particular 
situation: a = 7.0261, b = 11.179 and A = 38250000. It 
must be noted that these values are dependent on the 
flame stoichiometry. 
In figure 4 a comparison is made between the chemical 
source term of the reaction progress variable [kg m-3 s-1] 
from the original CFI model, the Chemkin Premix 
laminar flame calculation and the analytic fit are shown. 
It can be seen that the analytic fit does not follow the 
Chemkin Premix source term perfectly, but it is a 
significant improvement over the original CFI model 
source term.  

The most sensitive and important of the analytic fit is 
the value of A, which determines the magnitude of the 
maximum value of the source. This magnitude decreases 
fast with a deviation of the fuel to air ratio from 
stoichiometric. It is however not efficient to perform this 

  

 
Figure 1. Chemical source term as calculated by CFI 

model and Chemkin Premix as function of the reaction 
progress progress variable c for a certain mixture fraction. 

 

 
Figure 2. Chemical source term as calculated by CFI 

model and Chemkin Premix and fitted source term as 
function of the reaction progress progress variable c for a 

certain mixture fraction. 
 

fitting operation for a large number of different fuel to 
air ratios of laminar flames with detailed chemistry. 
These computations would require a large computational 
effort, which is next to that difficult to do without manual 
interference. Therefore use is made of an empirical 
correlation for the stoichiometric dependence of the 
maximum magnitude of the chemical source term. It is 
assumed that the laminar flame speed scales similarly as 
the chemical source term with the fuel to air ratio. In that 
case the empirical data on laminar flame velocity can be 
used.  A correlation well matching these data for laminar 
flame velocity depending on equivalence ratio, initial 
temperature and pressure is the Metghalchi and Keck 
expression. This expression gives the dependenceof the 
laminar burning velocity at reference condition !!! 
as a function of the equivalence ratio: 
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(13) 

Where: 
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(14) 
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(15) 

In above equations 13-15 the terms !!!"#, !!"#, 
!!"#$!! and !!"#$!! are dependent on fuel. For application 
at other conditions than the reference conditions there is 
also a correlation available for the effect of initial 
temperature and pressure: 

!! ! !!!
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!
 

(16) 

In equation 20 ! and ! are dependent on the 
equivalence ratio with an empirically determined second 
order polynomial expression. 

CONCLUSIONS 
Fitting of the Chemkin Premix chemical source term 

of the reaction progress variable is a significant 
improvement over the source term calculated by the CFI 
model. 
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