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Abstract 
This work is focused on modeling issues relevant to simulation of gas turbine 
combustors with catalytic pilot. A CFD model was developed to study the 
interaction between the stream coming from a catalytic pilot and the flow and 
scalar (temperature and chemical species concentration) fields inside a laboratory-
scale combustor. Analysis of numerical results has allowed the identification of 
conditions in which the reaction zone of the combustor can be schematized as a 
well-stirred reactor (WSR). For such conditions, a simplified model has been 
proposed that consists of a monolithic catalytic combustor followed by a WSR. 
Such a model can be coupled to detailed chemical reaction mechanisms for both 
heterogeneous and homogeneous kinetics. 
 
Introduction 
Lean premixed combustion for gas turbines is a valid technology to achieve low 
NOx emissions (~ 10 ppm). However, at lean conditions, flame instability issues 
arise (see, e.g., Di Benedetto et al., 2002; 2005; Di Sarli et al., 2007; 2008) which 
imply pressure and temperature oscillations. Such oscillations are undesired since 
they produce noise and compromise both the engine structural integrity and 
performance. 
To avoid flame instability in gas turbine combustors, diffusion pilot flames are 
used which allow combustion stabilization. However, due to the high temperatures 
of diffusion flames, NOx are produced (25 ppm is the lowest NOx emission value 
that can be achieved). 
Recently, Karim et al. (2003) proposed to replace the diffusion pilot flame in dry-
low-NOx (DLN) combustors with a catalytic combustor. Catalytic combustors 
work at relatively low temperatures (~ 1200 °C), thus ensuring NOx emissions 
lower than 3 ppm. In Figure 1, the sketch of the concept proposed by Karim et al. 
(2003) is shown. Fuel and air are mixed before entering the catalytic module under 
fuel rich conditions. A secondary air stream is mixed with fuel and fed directly to 
the homogeneous combustor. This stream and the gas exiting the catalytic module 
are then rapidly mixed, giving rise to a fuel lean mixture. 
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Figure 1. Sketch of the catalytic pilot concept for dry-low-NOx (DLN) combustors 

proposed by Karim et al. (2003). 
 
For this configuration, the thermal management is crucial. Indeed, the combustion 
reaction inside the homogeneous part of the reactor can be sustained only if the 
temperature level of the stream coming from the catalytic module is sufficiently 
high. Furthermore, efficient mixing is needed between the stream fed directly to the 
homogeneous combustor and the stream exiting the catalytic module. 
In order to get insights into both the nature of the interaction between the two 
streams and the stability features of the flame, modeling is a powerful tool. 
This work is focused on modeling issues relevant to simulation of gas turbine 
combustors with catalytic pilot. A CFD model was developed to study the 
interaction between the stream coming from a catalytic pilot and the flow and 
scalar (temperature and chemical species concentration) fields inside a laboratory-
scale combustor. Simulation results are used to evaluate the mixing degree 
obtained. Furthermore, a simplified model is proposed that can be coupled to 
detailed chemical reaction mechanisms for both heterogeneous and homogeneous 
kinetics. Such a model can be used to study ignition and stability features of the 
flame. 
 
The CFD Model 
An axisymmetric CFD model based on Large Eddy Simulation (LES) was 
developed. The LES model equations were obtained by filtering the governing 
equations (i.e., the Navier-Stokes equations for conservation of mass, momentum, 
energy and chemical species, joined to the constitutive and state equations) with a 
low-pass box filter in the physical space (Poinsot and Veynante, 2005) having a 
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width equal to the characteristic length of the grid cell. 
Due to the non-linear nature of the conservation equations, the filtering operation 
gives rise to unknown terms that have to be modeled at the sub-grid scale (sgs) 
level (Poinsot and Veynante, 2005). The unknown terms are the sgs stress tensor 
(momentum equation) and the sgs scalar (heat and chemical species) fluxes (energy 
and chemical species equations). The closure of the sgs stress tensor was achieved 
with the dynamic Smagorinsky-Lilly model (Lilly, 1992). The sgs scalar fluxes 
were modeled through the gradient hypothesis (Poinsot and Veynante, 2005) along 
with the sgs turbulent Prandtl and Schmidt numbers. 
Simulations were performed only for the homogeneous combustion chamber, 
assuming all properties of the stream coming from the catalytic reactor. A scheme 
of the computational domain with its grid is given in Figure 2. 
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Figure 2. Geometry and grid of the laboratory-scale homogeneous combustion 

chamber. 
 
Results and Discussion 
In Table 1, temperature, velocity and composition of the stream coming from the 
catalytic combustor (Stream 1) and of the stream fed directly to the homogeneous 
combustor (Stream 2) are given. 
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Table 1. Operating conditions adopted in the simulations. 

 
OUT form 

catalytic reactor 
(Stream 1)

IN combustion chamber 
(Stream 2) 

Temperature (K) 973 300
Axial velocity (m/s) 7.5 94.5

% CH4 (mol) 3 5.9
% O2 (mol) - 19.7
% N2 (mol) 43 74.4
% H2 (mol) 33.2 -
% CO (mol) 15.9 -
% H2O (mol) 2.9 -
% CO2 (mol) 2 -

 
In Figure 3, the computed maps of temperature and CH4 molar fraction are shown.  
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Figure 3. CH4 molar fraction and temperature (K) maps. 

 
The map of methane combustion rate was also computed and is shown in Figure 4. 
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Figure 4. Map of methane combustion rate. 
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At the conditions investigated, methane ignition is achieved and the reaction front 
is localized in the zones of maximum temperature and maximum CH4 molar 
fraction that are established thanks to the mixing between Stream 1 and Stream 2. 
In particular, the reaction zone is close to the inlet of Stream 1. It is also worth 
noting that the spatial distribution of both temperature and CH4 molar fraction in 
this zone is almost homogeneous. 
In Figure 5, simulation results are shown in terms of stream function. 
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Figure 5. Stream function (kg/s). 

 
When matching Figure 4 and Figure 5, it is possible to identify two main zones: a 
first zone where combustion takes place (reaction zone, Figure 4) and a second 
zone where post-combustion occurs (post-combustion zone, Figure 4).  
In the literature, approaches that schematize a complex combustor as a simplified 
network of ideal reactors have been widely used and validated (see, e.g., Lefebvre, 
1983). From the above-described results, a simplified rector network is derived that 
can be coupled to detailed chemical reaction mechanisms for both heterogeneous 
and homogeneous kinetics. In Figure 6, the scheme developed for describing the 
full configuration (monolithic catalytic combustor and homogeneous combustor) is 
shown. 
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Figure 6. Scheme of the simplified rector network for detailed kinetic modeling. 
 
According to this scheme, the monolithic reactor will be modeled as an array of 
plug flow reactors for which the energy and chemical species balance equations 
will be solved together with a detailed kinetic scheme for catalytic partial 
combustion of methane over Pt. The mixing zone and the reaction zone of the 
combustor will be modeled as perfectly mixed. For the reaction zone, the detailed 
kinetic scheme for methane homogeneous combustion Gri-Mech 3.0 
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(http://www.me.berkeley.edu/gri_mech/) will be implemented. The post-
combustion zone will be modeled as a plug flow reactor. 
Simulations with the scheme of Figure 6 will allow the evaluation of the full 
coupling between the catalytic combustor performances and the homogeneous 
combustor in terms of thermal management and kinetics. Results will allow the 
identification of conditions under which the full configuration is stable and also the 
quantification of NOx emissions. 
 
Conclusions 
In this work, with the aid of CFD simulations, a simplified scheme has been 
proposed to simulate gas turbine combustors with catalytic pilot. The scheme is a 
network of ideal reactors. It consists of an array of plug flow reactors for modeling 
the monolithic catalytic combustor (pilot), a continuous mixed reactor for modeling 
the reaction zone inside the homogeneous combustor and a plug flow reactor for 
modeling the post-combustion zone. This simplified scheme will allow the 
evaluation of the full coupling between the catalytic pilot performances and the 
homogeneous combustor in terms of thermal management and kinetics. 
 
Acknowledgement 
This research was performed within the framework of Accordo di Programma per 
l’Attività di Ricerca di Sistema MSE-CNR, Progetto: Biocombustibili. 
 
References 
[1] A. Di Benedetto, F.S. Marra, G. Russo, Spontaneous Oscillations in Lean 

Premixed Combustion. Combustion Science and Technology, 174 (2002) 1-18. 
[2] A. Di Benedetto, F.S. Marra, G. Russo, Bifurcation Analysis of Lean 

Premixed Combustion of Hydrogen/Propane Mixtures. Combustion Science 
and Technology, 177 (2005) 413-434. 

[3] V. Di Sarli, F.S. Marra, A. Di Benedetto, Spontaneous Oscillations in Lean 
Premixed Combustors: CFD Simulation. Combustion Science and 
Technology, 179 (2007) 2335-2359. 

[4] V. Di Sarli, A. Di Benedetto, F.S. Marra, Influence of System Parameters on 
the Dynamic Behavior of an LPM Combustor: Bifurcation Analysis through 
CFD Simulations. Combustion Theory and Modelling, 12 (2008) 1109-1124. 

[5] H. Karim, K. Lyle, S. Etemad, L.L. Smith, W.C. Pfefferle, P. Dutta, K. 
Smith, Advanced Catalytic Pilot for low NOx Industrial Gas Turbines. 
Journal of Engineering for Gas Turbines and Power, 125 (2003) 879-884. 

[6] D.K. Lilly, A Proposed Modification of the Germano Subgrid-Scale Closure 
Method. Physics of Fluids A, 4 (1992) 633-635. 

[7] T. Poinsot, D. Veynante, Theoretical and Numerical Combustion. R.T. 
Edwards, Philadelphia, 2005 (second edition). 

[8] A.H. Lefebvre, Gas Turbine Combustion. McGraw-Hill Inc., US, 1983. 
 
10.4405/34proci2011.II9 


