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Abstract. The determination of pollutant emissions from gas turbine combustors is a crucial problem which cannot be 
fully tackled experimentally, since a study of all possible operation conditions is economically unfeasible. As direct 
numerical simulation (DNS) of industrial combustors is also beyond reach of the foreseeable computational resources, 
models must be used for the analysis of such issue. This work presents the results obtained for an industrial gas turbine 
combustion chamber using computational fluid dynamics (CFD). The model used contains an ad-hoc parameter for 
which a new formulation is proposed. The influence of this new formulation is examined both in terms of the flowfield 
structure and the combustion stabilization mechanism. 
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1. INTRODUCTION  

 
The accurate determination of pollutant emission from gas turbine combustors is a crucial problem in situations 

when such equipment is subject to long periods of operation away from the design point. In such operating conditions, 
the flowfield structure may also drastically differ from the design point one, leading to the presence of undesirable hot 
spots or combustion instabilities, for instance. A priori experiments on all possible operation conditions is economically 
unfeasible, therefore, models that allow for the prediction of combustion behavior in the full operation range could be 
used to instruct power plant operators on the best strategies to be adopted. Since the direct numerical simulation of 
industrial combustors is beyond reach of the foreseeable computational resources, simplified models should be used for 
such purpose. 

This works presents the results of the application to an industrial gas turbine combustion chamber of the CFD 
technique to the prediction of the reactive flowfield. This is the first step on the coupling of reactive CFD results with 
detailed chemical kinetics modeling using chemical reactor networks (Huapaya et al. 2010, Orbegoso et al. 2009) 
toward the goal of accurately predicting pollutant emissions. The CFD model considers the detailed geometrical 
information of such a combustion chamber and uses actual operating conditions, calibrated via an overall gas turbine 
thermodynamicall simulation, as boundary conditions (Orbegoso et al., 2009). This model retains the basic information 
on combustion staging, which occurs both in diffusion and lean premixed modes. 

The turbulence has been modeled using the SST-CC model (Menter, 1994), which is characterized by a well 
established regime of accurate predictive capability. Combustion and turbulence interaction is accounted for by using 
the Zimont et al. (2001) model, which makes use of on empirical expression for the turbulent combustion velocity for 
the closure of the progress variable transport equation. A high resolution scheme is used to solve the advection terms of 
the momentum equation. Numerical results of turbulent partially premixed combustion in gas turbine combustion 
chamber operating at full load conditions are discussed. The following presentation is divided in three main parts. First, 
the mathematical formulation is briefly introduced, with emphasis on the combustion model parameters and boundary 
conditions used. Then, the structure of the reactive flow field is discussed in terms of the scalar fields characteristic of 
the combustion process. Finally, the results are examined in order to unveil the underlying flame brush stabilization 
mechanism.  
 
 
2. MATHEMATICAL FORMULATION AND BOUNDARY CONDITIONS 
 
2.1. Zimont Model  
 

With the purpose of describing the flowfield resulting from the turbulent combustion process that arises within the 
combustion chamber, the classical Reynolds Averaged Navier Stokes transport equations are solved for momentum 
transport (Poinsot and Veynante, 2005; Pope, 2000). Even if the modeled flowfield will be shown to be characterized by 
large scale structures and strong rotation, turbulence in modeled by the eddy-viscosity based SST-CC model (Menter, 
1994). This is justified on the basis of the known model deficiencies, such as the inability to describe turbulence 
increase through a flame brush, but also on the well proven capacity to reasonably describe turbulent transport. These 
equations are solved using the standard options of the ANSYS CFX 12.1 computer code (CFX, A. 2009). Combustion 
is modeled using a partially premix model, which is standard in this code, and is based on the Zimont et al. (1977) 
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premixed combustion model. Since this model exhibits empirical constants which value is subject to a parametrical 
study herein, its main ideas will be presented here.   

This model solves an equation for the reaction progress variable, c the reaction progress variable,  
 

ρc)/ t + (ρũjc)/ xj = [(ρD+µt/σc) c/xj]/ xj + ST |c/xj|,                                                   (1) 
 

where the µt turbulent viscosity, and σc  is Schmidt number, c represents a non dimensional temperature (Borghi e 
Champion, 2000), ρ is the density, ũj velocity component (j =1,2,3) and D is the molecular turbulent diffusion 
coefficient. 

For turbulent  flow, the effective or turbulent burning velocity sT differs from the laminar flame speed, sL.. Typically 
turbulence will increase the burning velocity, because wrinkling of the flame front results in an increased effective 
flame surface (Driscoll 2008, Zimont et al. 1977). At very high turbulence, the opposite effect may occur, leading to a 
decrease in the effective burning velocity because of local extinction. A model is thus required to describe the turbulent 
burning relative to the unburnt fluid. The clousure  developed  by Zimont et al. (1998), is used for the turbulent burning 
velocity: 

 
ST= G A u’3/4 Da1/4 ,                                                                                                                              (2) 

 
where G is a stretching factor, A, is a modeling coefficient that has the “universal” value A=0.5, the local turbulent 
velocity intensity is u’, and  Da is the Damköhler number. The stretching factor, G, accounts for reduction of the flame 
velocity due to large strain rate (large dissipation rate of the turbulent kinetic energy). This effect is modeled in terms of 
the probability for turbulence eddy dissipation, ε, being larger than a critical value εcr. For ε> εcr, flamelet extinction 
takes place, while for ε<εcr, the stretching effect is ignored completely. Assuming a lognormal distribution for ε, the 
stretching factor is given by: 

 
G = (1/2)erfc [(-1/√(2σ))(ln(εcr/ε)+(σ/2)],                                                               (3)    

 
where erfc denotes the complementary error function and σ = μstr ln(Re3/4) is the standard deviation of the distribution of  
ε, with μstr being an empirical model coefficient (µstr=0.28). 

The critical dissipation rate, εcr, is computed from a prescribed critical extinction factor, gcr and the kinematic 
viscosity of the fluid, ν, (Zimont , 1998), (Zimont, 1999) and (Zimont, 2001) according to: 

 
εcr = 15 ν gcr

2.                                                                                           (4) 
 

In this model the Damköhler number is related to speed the freely propagating laminar flame speed, sL, (Zimont, 
1998), which may be determined from by experiments or calculations. In this work SL was determined as a function of 
equivalence ratio, temperature and pressure using the premix code (Kee et al. 1985, 1989) together with a detailed 
description of the combustion chemistry using GRI 3.0 mechanism (Smith, 1999) for methane and air mixtures. The 
results of such a computations are given in figure 1.  

 

 
 

Figure 1: Laminar flame speed and reaction zone thickness as a function of equivalent ratio, corresponding to 
different turbine loads; 60% load (T=661 K, p=1.1 Mpa); 98% load (T=661 K, p=1.4 Mpa). 
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The determination of the critical extinction factor is less obvious. An original methodology is proposed here for its 
determination in which the structure of the laminar premixed flame is considered as a function of the equivalence ratio 
of the mixture and for different values of pressure and temperature upstream to the flame. 

It is assumed that flame extinction occurs once the reaction zone has been sufficiently disturbed by turbulence, thus,  
 

gcr=CgS1
L/δR,                                                                                                                                              (5) 

 
where δR is the thickness of the reaction zone and S1

L is the flame speed with respect to the burned gases, S1
L=SLρ0/ρ1; 

Cg is a model constant which influence on the results will be investigated. The definition of δR used is based on the 
detailed computations results of premixed flames, such as those shown in figure 1.      

Figure 2 which shows the rate of heat release by the flame as a function of distance for three values of equivalence 
ratio, allows to verify that the maximum value of heat release, Qmax, occurs at the vicinity of the burned gases. 

 

 
 

Figure 2: Evolution of temperature and rate of heat release on laminar premixed flames for three values of equivalence 
ratio, 0.6; 1; 1.4 . 

 
This, the thickness of the zone of reaction is defined as  
 

δR= x2(Qmax/2)-x1(Qmax/2),                                                                         (6) 
 

which is sketched in figure 2, the evolution of δR with equivalence ratio is given in figure 1. 
The computed dependency of the critical extinction factor with the equivalence ratio is shown in figure 3. This 

figure suggests that smaller values of gcr are required to extinguish flames in either lean or rich mixtures, when 
compared to stoichiometric ones. Note, also, the large variation of gcr, which allows to understand the range of values 
recommended by Zimont (2001), between 10,000 and 100,000.   
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Figure 3: Relation between the critical extinction factor the equivalent ratio of the mixture for two gas turbine loads. 
 

2.2. Combustion Chamber Layout 
 

Figure 4 shows a cross sectional view of the gas turbine combustion chamber considered in this work. In this figure 
the air flows from right to left at the outside of the chamber where it is mixed with 7% of fuel (natural gas) in “stage c”. 
Then, the mixture turns 180° and, upon passing different swirling vanes, enters the combustion chamber where the fuel 
is injected. 

 

 

   

 

 

 

 

 

 

 

 

 

 
Figure 4: Cut-off view of the combustion chamber. 

 
Within the chamber, fuel injection is performed by a central mast (dubbed pilot stage), which comprises eight (2 

mm diameter) orifices inclined with respect to the chamber central axis, and by eight peripheral masts, each with four 
orifices (3 mm diameter) that inject fuel normal to the flow direction, and are reffered to as stages A&B.  The pilot 
stage, which is responsible for combustion stabilization, is separated from stages A&B by a conical surface. 

The swirling vanes of stages A&B impart a mild rotation movement to the flow, whereas the orientation of the pilot 
stage swirling vanes is such that a strong flow rotation results. 

The combustion chamber thermal protection is partly guaranteed by four series of cooling air orifices, which are 
arranged in recesses of the combustion chamber wall and that lead to the formation of an adjacent fresh air film. 
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2.3. Boundary Conditions  
 

The present study considers the operation of the combustion chamber at base load conditions (98% load). These 
conditions correspond to a total mass flow rate of fuel and air of 163 g/s and 5.152kg/s, respectively. Air and fuel enter 
the computational domain at temperatures of  661K and 411 K, respectively, the pressure at the combustion chamber is 
1.4 MPa. The fuel flow is distributed as follows: 10% is premixed with air in stage C upstream to the swirling vanes, 
8.5% is evenly distributed by the eight pilot stage orifices, the remainder is injected via each of the four orifices of the 
eight stage A&B masts. Note that previous studies (Orbegoso et al. 2009) have indicated that 9% of the total air mass 
flow rate is used downstream to the combustion chamber for dilution purposes. The mass flow rates in the different 
injection stages are prescribed according to table 1. 

The nonreactive case turbulent field was used as initial condition for the case with combustion details of the 
computational mesh may be found elsewhere. (Huapaya et al. 2010).  All boundary conditions are classical, i.e., walls 
are adiabatic, no slip surfaces, temperature, composition, mass flow rate and turbulent quantities are imposed at the 
inflow boundaries and pressure is extrapolated at the exit boundary. Symmetry conditions are used in the faces of the ¼-
sector of the combustion chamber used in the computations.  

 
Table 1. Conditions of reactant supply of the stages at 98% load. 

 
 
 
 
 
 
 
 
 

. 
 
 
 

 
 

3. STRUCTURE OF THE REACTIVE FLOW 
 
In this section the influence of the model constant Cg [Eq. (5)] on the structure of the reactive flow field will be 
examined in terms of the evolution of the equivalence ratio and the reaction progress variable, which are the transported 
parameters of the combustion model.  
 
3.1. Equivalence ratio field  
 

In order to characterize fuel/air mixing the equivalence ratio field is shown in figure 5 for different values of Cg = 1, 
10 and 100. Note that, since this combustion chamber is expected to operate mostly in the lean premixed mode, only 
lean values of equivalence ratio are shown. Concerning the flowfield downstream to the pilot stage at the central portion 
of the combustion chamber, the influence of Cg is not perceptible. On the other hand, the mixing flowfield downstream 
to stages A&B is somewhat influenced by the choice of Cg immediately downstream to the fuel injection masts. Indeed, 
as Cg is increased a larger segregation between fuel and air is observed. This indicates that the combustion process at 
the stages A&B influences the scalar mixing field.  

In order to further characterize the mixing field, figure 6 depicts the stoichiometric iso-surface in the case where 
Cg=100. These iso-surfaces, which have been coloured by temperature, show that, at the peripheral stages, mixing 
proceeds without reaction until stoichiometric conditions are attained. On the other hand, in the pilot stage, the intense 
turbulent stirring leads to mixing between combustion products and reactants, thus indicating that stirred reactor 
conditions prevail.   

 
 
 
 

Pressure (kPa) 
 

1446 

Fuel 

StageA&B(kg/s) 0.132 
Pilot Stage (kg/s) 0.014 

Stage C (kg/s) 0.017 
Temperature (K) 411 

Air Plenum (kg/s) 5.152 
Temperature (K) 661 
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Figure 5: Equivalence ratio distribution in a longitudinal cross-section of the combustion chamber for: Cg = 1, 10 
and 100 (top to bottom). 

 
 

 
 
 

Figure 6: Isosurface of stoichiometric mixture fraction coloured by temperature for the case with Cg = 100. 
 

 
3.2. Progress variable field 
 

This progress variable field is expected to be strongly influenced by the value of Cg. This is indeed the case, as may 
be verified in figure 7, which shows c fields for different values of Cg. Note that the value of c is directly linked to the 
temperature, c=0 represents the fresh unburned gases and c=1 the fully burned state.   
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Figure 7: Progress variable distribution in a longitudinal cross-sectional plane to the combustion chamber for Cg = 1; 
10 and 100 (top to bottom). 

 
This figure shows the cross-sectional extension of the burned region increases significantly with the increase of Cg from 
1 to 10. In particular, when Cg = 1, combustion of the stages A&B mixture is found to begin near the exit of the 
combustion chamber, downstream to the cooling orifices, which is evidently incorrect. Furthermore, incomplete 
combustion downstream to the pilot stage is calculated which, again, is not reasonable for the present full load operating 
condition. When Cg = 10 and 100 the lean premixed flame front is stabilized inside the combustor basket, as it could be 
expected.  
Note, however, that the use of a single cross-section plane to analyze the obtained results does not allow to observe the 
computed 3D large scale wrinkling effect of the flame brush. Indeed, figure 8, which shows the field of c at the exit of 
the combustion chamber, clearly shows that the amount of burned gases increase with Cg. 

 
 

 
Figure 8: Fields of c in a transversal cross-sectional plane at the exit of the combustion chamber for Cg = 10 and 100 

(left to right). 
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4. FLAME STABILIZATION MECHANISM  
 

In order to examine the outcome of the flame stabilization mechanism embedded within the Zimont model, figures 9 
and 10 depict, for different values of Cg, the turbulent flame speed ST and the ratio ε/εcr. The first of this quantities 
express the possibility of the flame brush to propagate with a given speed which must equilibrate the local flow velocity 
for a stable flame to be possible. For the sake of completeness, figure 11 shows the modulus of the velocity in the case 
Cg = 1; 10 and 100.  

 
 

                                  

 

 
 

Figure 9: Ratio ε/εcr, in a longitudinal cross-sectional plane to the combustion chamber for Cg = 1; 10 and 100 (top 
to bottom).  

 
The ε/εcr ratio actually controls the quenching of the flame, which occurs when ε/εcr>1. Therefore, if ũ  ST a flame 

brush may be stabilized, but its existence is warranted only if, simultaneously, ε/εcr<1. 
Indeed, figure 10 shows that for Cg = 1 small values of ST exist at the periphery of the combustion chamber and  

downstream to the pilot stage, when compared to those computed for Cg = 10 or 100. Based on this figure, it may be 
concluded that it is more likely for a turbulent flame to be found in cases where Cg = 10 or 100 than that of Cg = 1. The 
velocity values depicted in figure 11 indicate that, at the periphery of the combustion chamber, ũ  ST, which could lead 
to the presence of a flame brush inclined with respect to the flow only. 

Examining now figure 10, the extreme influence of the choice of Cg on ε/εcr may be verified. Indeed, when Cg = 100, 
the turbulent flame could be stabilized almost anywhere within the combustion chamber, since ε/εcr<1 regions prevails. 
In this situation, the flame position is the result of a pure kinematic balance of flame versus flow velocity. The opposite 
trend is observed for Cg = 1, again, note that a representation based on this cross-section only does not allow for a 
complete picture of the flow field. The case of Cg = 10 is an intermediate situation where the flow field alters quenching 
and stabilizing regions.  
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Figure 10: Turbulent flame velocity distribution in a longitudinal cross-sectional plane to the combustion chamber 
for Cg = 1; 10 and 100 (top to bottom). 

 
 
 
 

 

 

 
 
 

Figure 11: Modulus of the velocity in a longitudinal cross-sectional plane to the combustion chamber for Cg = 1; 10 
and 100 (top to bottom). 
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5. FINAL REMARKS 

 
This work presented the results of a parametrical analysis of the influence of the choice of a turbulent combustion 

model parameter on the computed flowfield of a gas turbine combustion chamber. A new functional expression for such 
a model parameter, which represents extinction of the flame brush by turbulent eddies, was proposed based on laminar 
flames computed with detailed chemistry. Since this expression involves an ad-hoc constant, the parametrical analysis 
performed involved varying its value by three orders of magnitude.   

The computed results allow to examine the averaged flowfield within the combustion chamber, which indicates that 
a plausible value for such a constant is Cg = 10. The exact value should be determine by comparing the model results to 
will characterized experiments representative of premixed and partially premixed combustion, such as those of Besson 
et al. (2000).   
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