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Abstract  
Methane jet flame simulations have been performed in order to evaluate conserved scalar chemistry (CSC) approach 
in modelling combustion process inside cylindrical burner. Two combustion regimes were included: non-premixed 
and premixed. For both of them it was necessary to generate look-up tables in pre-processing stage. For non-
premixed regime two combustion controlling parameter approaches were used: scalar dissipation rate and 
normalized reaction progress variable (nRPV) approach. For premixed regime only nRPV approach was used. As an 
addition to CSC module, discrete transfer radiation module (DTRM) radiation model was also included. Simulation 
results were compared with experimental data.  
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Introduction 
Conserved scalar chemistry model is based on pre-

tabulated chemistry (look-up tables). For fluid flow 
solver, AVL FIRE (v2008) was used. Look-up tables 
were generated in separate applications. Constraining 
values for interpolation from look-up tables were 
variables resolved from computational domain. Those 
are tracking scalars: mixture fraction mean (Z), mixture 
fraction variance (Zvar) and RPV (in case when tables 
were reparametrised with RPV). 

The non-premixed tables for diffusion flames were 
generated with stationary laminar flamelet model 
(SLFM) [6] in CSC solver [8]. These tables were then 
re-parametrised with properly selected (normalised) 
reacton progress variable (nRPV) in order to generate 
SLFM-RPV tables. This is known as presumed 
conditional moment (PCM) closure approach. 

Tables of freely propagating adiabatic premixed 
flames were generated with an adopted 1-D PREMIX 
solver [9]. These tables have also been re-parametrised 
with nRPV in PCM procedure and as a result one gets  
FPI-RPV tables. This is known as flame prolongation of 
intrisic low-dimensional manifold (FPI) [12] approach. 

In SLFM combustion controlling parameter is scalar 
dissipation rate which is resolved from flow field 
turbulence parameters k and ε. In both SLFM-RPV and 
FPI-RPV controlling parameter is RPV, which in this 
case was sum of CO2, CO and H2O, as suggested from 
[5]. CHEMKIN II libraries [10] were used for chemical 
kinetics and species properties evaluations. K-ε 
turbulence model was used and turbulence/chemistry 
interaction was accomplished via the presumed β-PDF. 
Interpolation from β-PDF tables was done via tracking 
(active) scalars resolved from computational domain: Z 
and Zvar. In case where RPV approach is used, nRPV is 
used as a parameter, otherwise scalar dissipation rate 
was used. In order to capture radiative heat transport 
discrete transfer radiation module (DTRM) [14,15] was 
used with wighted sum of grey gases model [16]. 

Numerical solution was compared with experimental 
results from published by Sandia National Laboratories. 

Comparison criteria was temperature and main species 
mass fractions in centerline axial and two radial 
directions. Fuel to air ratio is in this work described by 
mixture fraction Z, defined as: 
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where mF is mass flow rate on fuel, and mO on oxidizer 
side. 
 
Experimental configuration 

Experimental configuration consisted from a central 
fuel jet, a pilot jet and a co-flow air jet in a concentric 
annular arrangement (Figure 1).  

 

 
Figure 1. Methane flame configuration 
 

The fuel was composed of 25% methane (CH4) and 
75% air by volume and had temperature 294 K. The 
surrounding pilot had an equivalent equilibrium 
composition to methane/air at Z=0.27, with the 
temperature 1880 K. The co-flowing air was held at 291 
K. The flame operated at Re=22400 with a small degree 
of local extinction (Sandia flame D). The bulk velocities 
were 49.6 m/s for the fuel, 11.4 m/s for the pilot and 0.9 
m/s for the air. Velocity profiles are presented in Figure 
2. 
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Figure 2. Inlet velocity profiles 

 
Numerical set-up 

A computational mesh consisted of 338400 control 
volumes covering a cylindrical domain from x/d=0 to 
x/d=150 in axial direction and from r/d=0 to r/d=40 in 
radial direction. The mesh was denser towards the 
central axis and inlets (Figure 3). The mesh density was 
similar to those from the simulations reported in TNF 
proceedings [1]. No mesh sensitivity analysis was 
performed. 

 

 
Figure 3. Computational mesh 
 

The GRIMech 3.0 [2] chemical mechanism (53 
species and 325 reactions) was used for chemical pre-
tabulations.  

The DTRM used 48 (4 x 12) rays per boundary cell. 
WSGGM was used for the radiative properties 
evaluations. As the flame was unconfined, the domain 
boundaries were considered as black surfaces (εb = 1). 

The constant Cε2 in the transport equation for the 
dissipation rate of the turbulent kinetic energy was set to 
Cε2 = 1.8, as suggested in the TNF proceedings [1]. The 
inlet velocities were imposed according to experimental 
measurements (Figure 2). Turbulent kinetic energy at 
inlet boundaries was estimated from the experimental 
measurements of the Reynolds stresses. The dissipation 
rate of the turbulent kinetic energy was prescribed [3] 
as: 
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Constant ambient pressure conditions were imposed at 
all outlet boundary selections. Incompressible solver 
was used and calculation was stationary. Convergence 
criteria was that normalized residuals for all equations 
must fall under 10-6. The convection term in the 
continuity equation was discretized using the central 
differencing scheme (2nd order), while the same terms 
in the momentum equations were discretized using a 
hybrid between the central differences and the upwind 

scheme (blending factor 0.5). The convection terms in 
the scalar equations were discretized using the upwind 
scheme (1st order). As usually, diffusion terms in all 
equations were discretized using the central differences. 
Other numerical set-up was as default in the FIRE 
solver [4]. Since nRPV approach includes one 
additional transport equation for RPV, boundary 
conditions of RPV were introduced through reaction 
rate of RPV in cells adjacent to boundary faces. 
Reaction rates were interpolated from look-up tables 
with respect to given value of boundary condition of Z, 
Zvar and temperature. 
 
Pre-tabulated chemistry profiles 

Following figures represent mixture fractions of two  
representative reactive scalars: methane and water 
(vapor). 

The SLFM database (Figures 4, 5) was created for a 
range of the stoichiometric scalar dissipation rate 
parameters (14 profiles): χst = (0.01, 0.1,1, 2, 5,10, 20, 
50,100,150, 200, 300, 450, 575). The first flamelet (χst = 
0.01) has a near-equilibrium composition, while the last 
one (χst = 575) is nearly the last burning flamelet before 
extinction. The boundary species compositions and 
temperatures were imposed according to experimental 
data. The mixture fraction space was discretized into 50 
non-equally distributed points, with a denser point 
distribution near the stoichiometry (Zst ≈ 0.353).  

 
Figure 4. SLFM table for CH4 
 

 
Figure 5. SLFM table for H2O 

 
A linear combination of CO2, CO and H2O mass 

fractions was used as the reaction progress variable, i.e. 
Yc≡YCO2+YCO+YH2O as suggested by [5]. The 



 3

flammable range was approximately 0.1673 ≤ Z ≤ 
0.7968 (Figure 6).  
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Figure 6. Burnt gas temperature vs. equivalence ratio 

 
There were 29 premixed flames sets obtained within 

the flammability limits, while the remaining 21 sets 
were obtained by linear interpolation with boundary 
values. The mixture fraction discretization from the 
original SLFM database was retained. The FPI database 
is shown in Figures 7, 8.  

 
Figure 7.  FPI-RPV table for CH4 
 

 
Figure 8. FPI-RPV table for H2O 
 

Re-parameterised SLFM databases are shown in 
Figures 9 and 10.  

 
Figure 9 SLFM-RPV table for CH4 
 

 
Figure 10. SLFM-RPV table for H2O 
 
Results and Discussion 

Resulting profiles are displayed along (centerline) 
axial direction and two radial directions on two axial 
positions: x/d=30 and x/d=60. Temperature is presented 
first, followed by mass fractions of representative 
species: CH4, O2, H2O and NO. 
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Figure 11.Axial temperature profile 
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Figure 12. Axial profile of CH4 
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Figure 13. Axial profile of CO2 
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Figure 14. Axial profile of H2O 
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Figure 15. Axial profile of NO 

 
Both RPV approaches overpredict temperature in range 
between 0.28 to 0.45 m (combustion zone), while 
SLFM remains close to experimental data (Figure 11). 
Above 0.4 m (fuel-lean zone) SLFM overpredicts 
temperature, while RPV approaches underpredict it. 
Profiles of CH4 agrees well with experimental data 
along whole domain, except for slight underprediction 
in combustion zone (Figure 12). For both CO2 and H2O 
and for both RPV approaches concentrations are 
underpredicted in fuel-lean regions and slightly 
overpredicted in SLFM approach (Figure 13). NO is 
generally badly predicted by all models, but 
qualitatively RPV can show making and disappearing of 
NO in combustion zone. SLFM overpredicts NO in 
combustion and fuel-lean zone (Figure 14). 
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Figure 16. Radial temperature profile at x/d=30 
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Figure 17.  Radial profile of CH4 at x/d=30 
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Figure 18. Radial profile of CO2 at x/d=30 
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Figure 19. Radial profile of H2O at x/d=30 
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Figure 20. Radial profile of NO at x/d=30 
 
Temperature is  generally overpredicted (Figure 16) and 
CH4 is generally underpredicted (Figure 17) by all three 
approaches. CO2 and H2O are slightly overpredicted 
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along whole profile (Figures 18 and 19). NO is again 
only qualitatively predicted (Figure 20). 
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Figure 21. Radial temperature profile at x/d=30 
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Figure 22. Radial profile of CH4 at x/d=60 
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Figure 23. Radial profile of CO2 at x/d=60 
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Figure 24. Radial profile of H2O at x/d=60 
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Figure 25. Radial profile of NO at x/d=60 
 
All three models predict temperature well (Figure 21). 
CH4 (Figure 22) is very underpredicted along whole 
profile but CO2 and H2O are only slightly 
overpredicted (Figures 23 and 24). All three models 
predict NO very bad (Figure 25). 
 
Conclusions 

All three different combustion models (SLFM, 
SLFM-RPV and FPI-RPV) perform similar when 
considering major species, like CO2 and H2O, but show 
very bad prediction of NO. Temperature profiles can be 
predicted very good with all three approaches, but in 
order to get more accurate solution in species 
concentration one should take into account that all 
tables in pre-processing stage were done by assumption 
of adiabatic combustion, thus heat removal is not taken 
into account when generating species concentration 
tables. 
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