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Abstract 

 

 Combustion modeling based on a 

multi-step global reaction mecha-

nism [1] is applied to CFD 

(Computational Fluid Dynamics) ana-

lysis of a scaled swirl-stabilized 
4th generation premixed DLE (Dry Low 

Emission) burner for gas turbines. 

The flexi-fuel burner consists of a 

MAIN premixed flame, a premixed 

PILOT flame and a confined RPL 

(Rich Pilot Lean) flame. Both 

steady-state RANS (Reynolds Aver-

aged Navier Stokes) and hybrid 

URANS/LES (Unsteady RANS/Large Eddy 

Simulation) results have been com-

puted. The results are compared 

with high quality experimental data 

in the form of emission data, PIV 

(Particle Image Velocimetry) data 

and OH-PLIF (Planar Laser Induced 

Fluorescence Imaging) from an 

atmospheric burner test rig at Lund 

University [2-3]. There is a good 

agreement between the CFD 

simulations and measurements of 

emissions, velocity field and flame 

visualization. 

 

Nomenclature 

 

CFD  Computational Fluid Dynamics 

CH4  Methane gas 

CO  Carbon monoxide 

CO2  Carbon dioxide 

DLE  Dry Low Emission 

EDM  Eddy Dissipation Model 

FRC  Finite Rate Chemistry 

LCV  Low Caloric Value 

LES  Large Eddy Simulation 

MFC  Mass Flow Controllers 

PIV  Particle Image Velocimetry 

PLIF  Planar Laser-Induced 

Fluorescence Imaging  

PSR  Perfectly Stirred Reactor 

RANS  Reynolds Averaged Navier 

Stokes 

RPL  Rich Pilot Lean 

SCADA Supervisory Control and Data 

Acquisition 

SAS  Scale Adaptive Simulation 

SIT  Siemens Industrial 

Turbomachinery 

SST  Shear Stress Transport  

URANS Unsteady Reynolds Averaged   

Navier Stokes 

 

Introduction 

 

 Combustion of fossil fuels will 

remain the dominating energy con-

version process for at least the 

next 50 years [4]. Improved com-

bustion technology in terms of 

efficiency and pollutant emissions 

is therefore crucial. During the 

last few years the development of 

combustor technology has followed a 

general trend towards fuel-

flexibility and increased use of 

bio fuels. This comes from the 
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increased pressure to reduce carbon 

dioxide emissions from fossil 

fuels.  

 

The premixed scaled 4th generation 

DLE burner is supplied by SIT 

(Siemens Industrial Turbomachin-

ery), which was developed, in part, 

to be fuel flexible. The high swirl 

flow in the SIT burner is extremely 

challenging from an aerodynamic and 

combustion point of view, 

especially since this combustors is 

comprised of a lean premixed MAIN 

part, a premixed PILOT and a RPL 

radical pool generator. These 

systems together create a complex 

geometry with many details 

included. Reliable and robust 

design of combustors depends on a 

good understanding of the chemical 

and physical properties of fuels. 

Prediction of combustor perfor-

mance, including efficiency, igni-

tion, flame stability and emissions 

characteristics, requires both 

detailed modeling and advanced 

measuring techniques. 

 

The chemistry of methane-air com-

bustion is here chosen for the 

simulations since methane as a fuel 

is included in the experimental 

part. Although methane-air com-

bustion is considerably simpler 

than that of higher hydrocarbons, a 

detailed mechanism still involves 

many elementary reactions and 

species. For this type of complex 

reaction scheme the computational 

time will be too large. To safe 

computational time the number of 

reactants and species has to be 

limited to a few global reactions. 

Several different reduced reaction 

mechanisms of methane-air mixture 

exist in the literature [5-11]. 

 

In this work, a 3-step optimized 

global reaction mechanism for 

methane-air mixture is applied and 

validated in subsequent CFD ana-

lysis. The 3-step optimized global 

reaction mechanism contains correc-

tion functions that depend on the 

equivalence ratio [1]. This 

mechanism is optimized against a 

detailed reference mechanism (GRI 

Mech 3.0 [12]) for PSR (Perfectly 

Stirred Reactor) calculations. The 

CANTERA software [13] has been used 

for the detailed mechanism 

simulations and an in-house PSR 

code was used for the global 

reaction mechanism. 

 

In swirl-stabilized flames the 

interactions between chemistry and 

turbulence is complex. The coupling 

between turbulence and combustion 

is modeled in the CFD code (Ansys 

CFX [15]) by the combined EDM (Eddy 

Dissipation Model) [16] and Finite 

Chemistry Model (FCM).  
 

The grid generation of the scaled 

4th generation DLE flexi-fuel burner 

required a lot of effort since only 

structured hexahedral (hex)-cells 

were used. The hex mesh is 

preferred over tetrahedral-mesh 

since the hex-cells gives lower 

numerical dissipation (the mesh 

cells are in line with the general 

flow direction) and lower cell 

count (a factor of 8 lower). It is 

extremely important to keep the 

cell count down since it is direct 

proportional to the simulation time 

needed for a converged solution. 

 

In support and verification of the 

CFD simulations, measurements were 

taken for various aspects of burner 

function. These measurements 

include emissions values at many 

burner operation points, including 

onset of lean blowout, and PIV in 

the combustor. Though not directly 

tracked in CFD, OH radical PLIF 

images have been recorded at the 

same operating point as the PIV 

measurements. 

 

The aim of the CFD investigation is 

to improve, validate and evaluate 

current industrial CFD tools and 

modeling procedures for a new type 

of flexi-fuel combustors, the 

scaled 4th generation DLE flexi-fuel 

burner, developed at SIT. 

 

 

 



 

Experiment  

 All experiments have been 

carried out using a 

generation DLE flexi-fuel

designed by SIT. 

 

A.  System description
The burner is composed of three 

concentric sectors each with 

discrete equivalence ratio control. 

The burner can be coupled to either 

a square or cylindrical combustion 

liner, which terminates in a 

conical contraction before dumping 

to exhaust. The square

liner is composed of a quartz lower 

portion and steel upper section 

with respective lengths of 260mm 

and 400mm, and cross section of 

105cm2. Additionally, a 700mm steel 

cylindrical combustion liner was 

used during emission measurem

with a cross section of 53

 

The three concentric regions from 

center to outermost are designated 

the MAIN, PILOT and RPL

Fuel to each of the three sectors 

is individually controlled by 

respective Alicat Scientific 

(Mass Flow Controllers

flow to the RPL is also controlled 

by an Alicat MFC, allowing 

independent control of the RPL 

sector. Air to the PILOT

sectors is supplied by two Rieschle 

SAP 300 blowers, which are 

controlled by a variable frequency 

AC driver. Flow meters at the 

blower outlet monitor air flow to 

the PILOT and MAIN sectors of the 

burner, whose design distributes 

21% of the air to the PILOT

to the MAIN sector. Blower control, 

flow monitoring and MFC's are all 

coupled to an in-house LabView 

control program. 

 

The total fuel and air flow during 

the measurements were 75 g/s. The 

flow through the RPL was 1.5 g/s. 

The RPL equivalence ratio was 1.2. 

The MAIN and PILOT 

ratios were set to the same value, 

equivalence ratio 0.39. The total 

equivalence ratio was 0.41, which 

corresponds to an adiabatic flame 
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All experiments have been 

carried out using a scaled 4th 

fuel burner 

System description 

The burner is composed of three 

concentric sectors each with 

discrete equivalence ratio control. 

The burner can be coupled to either 

or cylindrical combustion 

liner, which terminates in a 

conical contraction before dumping 

square combustion 

liner is composed of a quartz lower 

portion and steel upper section 

spective lengths of 260mm 

and 400mm, and cross section of 

. Additionally, a 700mm steel 

cylindrical combustion liner was 

used during emission measurements 

ss section of 53cm2.  

The three concentric regions from 

center to outermost are designated 

RPL sectors. 

Fuel to each of the three sectors 

is individually controlled by 

respective Alicat Scientific MFC 

ontrollers). The air 

low to the RPL is also controlled 

by an Alicat MFC, allowing 

independent control of the RPL 

PILOT and MAIN 

sectors is supplied by two Rieschle 

SAP 300 blowers, which are 

controlled by a variable frequency 

AC driver. Flow meters at the 

ower outlet monitor air flow to 

sectors of the 

burner, whose design distributes 

PILOT and 79% 

sector. Blower control, 

flow monitoring and MFC's are all 

house LabView 

The total fuel and air flow during 

the measurements were 75 g/s. The 

flow through the RPL was 1.5 g/s. 

The RPL equivalence ratio was 1.2. 

equivalence 

ratios were set to the same value, 

equivalence ratio 0.39. The total 

was 0.41, which 

corresponds to an adiabatic flame 

temperature of 1600K.

temperature was set to 

fuel was at room temperature 

(298K). 

 

B. Measurement s
Emissions measurements were made 

using the cylindrical steel com

bustion liner. An emission probe, 

located 75mm from the exit of the 

liner contraction (see 

sampled, simultaneously, several 

points across the exit flow 

obtain an average value. The CO 

measurements cited in this work 

were made with a Rosemount 

Analytical Binos

analyzer, and are an average of 30 

measurements taken for each 

equivalence ratio tested. 

Figure 1. Three sector experimental DLE 

burner, cylindrical liner shown as used in 

emissions measurements 

 

Optical measurements were made 

using the quartz and steel com

bustion liner and also without the 

liner present. A schematic of the 

confined type measurement setup 

shown in Figure 1 
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temperature of 1600K. The inlet air 
set to 650K and the 

fuel was at room temperature 

Measurement setup 

Emissions measurements were made 

using the cylindrical steel com-

. An emission probe, 

mm from the exit of the 

liner contraction (see Figure 1) 

sampled, simultaneously, several 

points across the exit flow to 

obtain an average value. The CO 

measurements cited in this work 

were made with a Rosemount 

Analytical Binos-100 CO/CO2 gas 

analyzer, and are an average of 30 

measurements taken for each 

equivalence ratio tested.  

 
e sector experimental DLE 

burner, cylindrical liner shown as used in 

 

Optical measurements were made 

using the quartz and steel com-

bustion liner and also without the 

liner present. A schematic of the 

confined type measurement setup is 

 and Figure 2. 



 

Figure 2. Experimental burner with a square 

liner used for the PIV measurements

 

The PIV system is sourced from 

LaVision, and features a pair of 

Brilliant-B Nd:YAG lasers, over

lapped in a "Twins" frequency 

doubling unit. The beam then passed 

through a diverging sheet

lens pack before passin

the square cross-section, quartz 

combustion liner. The laser sheet 

was focused outside of the 

combustion liner, resulting in a 

sheet thickness of approximately 

3mm; the sheet height was approxi

mately 130mm upon entrance to the 

liner. The camera used was a 

LaVision Imager Intense frame

transfer camera with resolution of 

1376x1040 pixels. The experimental 

setup can be seen in Figure 

well as PIV measurements, OH

measurements were taken. A Nd:YAG 

laser was used to pump a dye laser 

which, with doubling, was used to 

excite fluorescence from the OH 

radical, a combustion intermediate. 

The laser sheet is formed in the 

same plane as the PIV m

however, custom sheet optics 
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r used for the PIV measurements  

The PIV system is sourced from 

LaVision, and features a pair of 

B Nd:YAG lasers, over-

lapped in a "Twins" frequency 

doubling unit. The beam then passed 

through a diverging sheet-optics 

lens pack before passing through 

ection, quartz 

The laser sheet 

was focused outside of the 

combustion liner, resulting in a 

sheet thickness of approximately 

3mm; the sheet height was approxi-

mately 130mm upon entrance to the 

used was a 

LaVision Imager Intense frame 

ansfer camera with resolution of 

The experimental 

Figure 3. As 

as PIV measurements, OH-PLIF 

measurements were taken. A Nd:YAG 

laser was used to pump a dye laser 

which, with doubling, was used to 

excite fluorescence from the OH 

radical, a combustion intermediate. 

The laser sheet is formed in the 

same plane as the PIV measurements; 

however, custom sheet optics was 

used, resulting in a significantly 

smaller sheet than was used for 

PIV. 

Figure 3. Experimental setup/ Lasers/

and camera. PIV and OH

coincident in their path thr

though optics were changed depending on 

measurement 

 

Laser, camera control and PIV 

vector processing were all handled 

by the DaVis 7.2.2 software 

package. PIV settings are summa

rized in Table 1. PIV vector fields 

from confined and unconfined 

conditions are shown in 

and Figure 5 respectively. For the 

confined case, vector measurements 

could not be made at the edge of 

the confinement due to reflections 

at the front and rear windows.

Notably is the reflections from the 

rear window. These reflections, 

specially close to the quarl, 

influence the PIV measurements 

giving cause to bad vectors. This 

can clearly be seen in 

axial positions 0-
 

Table 1  PIV parameters

Interrogation 

window 

Pixel size 

Image processing 

Optical window 

Laser power 

Camera CCD 

Seeding particles 

Optical filter 

Camera lens 

Pulse separation 

4

used, resulting in a significantly 

smaller sheet than was used for 

 
Experimental setup/ Lasers/ Optics 

and camera. PIV and OH-PLIF lasers are 

coincident in their path through the burner, 

though optics were changed depending on 

Laser, camera control and PIV 

vector processing were all handled 

by the DaVis 7.2.2 software 

package. PIV settings are summa-

able 1. PIV vector fields 

from confined and unconfined 

conditions are shown in Figure 4 

respectively. For the 

confined case, vector measurements 

could not be made at the edge of 

the confinement due to reflections 

at the front and rear windows. 
Notably is the reflections from the 

ow. These reflections, 

specially close to the quarl, 

influence the PIV measurements 

giving cause to bad vectors. This 

can clearly be seen in Figure 17, 

-60mm. 

Table 1  PIV parameters 

32x32 pixels 

118 um 

Crosscorrelation 

50% overlap 

~120 x ~160 mm 

~100 mJ/pulse 

1376x1040 pixels 

 Aerosil-200 

532 nm 

interference  

Nikkor 60 mm 

15 µs 
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Figure 4. Post processed PIV velocity field 

with the square quartz liner 
 

 

 
Figure 5. Post processed PIV velocity field 

without liner 

 

 

 

 

 

 

 

Kinetic Modeling 

 The optimized 3-step global 

reaction mechanism consists of the 

reactions seen in Table 2. The 

first reaction is the oxidation of 

methane into CO and H2O and the 

second reaction is the oxidation of 

CO into CO2. Table 2 also shows the 

optimized Arrhenius coefficients 

(activation energy, pre-exponential 

factor and temperature coefficient) 

that are used in the 3-step global 

reaction mechanism. 

 
   Reaction A Ea 

[J/kmol] 
� 

2CH4+3O2→ 2CO+4H2O 1.398762e10 1.16712"8 −0.062 
2CO+O2 ↔ 2CO2 7.381123e11 7.65969"7 0.215 

 

Table 2. Activation energy Ea, pre-expon-

ential factor A and temperature coefficient 

β used for the optimized scheme 

 

The backward rate for the second 

reaction is based on an equilibrium 

assumption and the reaction rates 

for the forward reactions are the 

following: 

 

&&' =  )'*∅,-./0'"123/
45 [678]9.:[;<]'.9== 1. 

 

&&< =  )<*∅,-.>0<"123>
45 [6;]<[;<]'   2.  

                             

where A is the pre-exponential 

factor, Ea is the activation energy, 

R is the gas constant, T is the 

temperature and f1 and f2 are the 

correction functions. The aim of 

these correction functions is to 

ensure good agreement for rich 

conditions. Franzelli at al. [14] 

optimized similar correction func-

tions, but for kerosene fuel and 

therefore one expect to see some 

differences in the shape of these 

functions for methane air-mixture, 

which can be seen in Figure 6. In a 

comparison of the optimized 3-step 

global reaction mechanism with the 

reference detailed reaction mech-

anism, GRI Mech 3.0, the results 

show that the gas temperature and 

emissions are reasonably well pre-

dicted for lean and rich conditions 

[1]. Figure 7 shows the temperature 

predictions at different equiva-

lence ratios.  
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Figure 6. Plot showing the correction 

functions f1 and f2 between Franzelli at al. 

[14] (for kerosene fuel) and Abou-Taouk et 

al. [1] (methane-air mixture) 

 

 

 
Figure 7. Plot showing temperature com-

parisons of a detailed mechanism (Gri Mech 

3.0) and optimized 3-step global mechanism 

for methane-air gas mixture at equivalence 

ratios of 0.7, 0.9 and 1.2, Tin=295K 

 

TURBULENCE-Chemistry interaction  

 The combined turbulence-

chemistry interaction model, the 

Finite Rate Chemistry/Eddy 

Dissipation Model, in Ansys CFX 

[14-15], was chosen for all CFD 

analyses. The FRC model computes 

the reaction rates &' and &< by the 
following expressions:  

 
&' = )'*∅,?'[678]9.:[;<]'.9==      3. 

 

&< = )<*∅,?<[6;]<[;<]' − @<[6;<]<      4. 

 

where the forward and backward rate 

constants assume the following 

expressions: 

 

?' = 0'-./"123/
45             5. 

 

?< = 0<-.>"123>
45             6. 

 

@< = A>
BC

             7. 

 

where 0D is pre-exponential factor,  
�D is the temperature exponent, ED is 
the activation energy and FG the 

equilibrium constant. The FRC model 

computes one reaction rate 

respectively for each reaction in 

the optimized global reaction 

mechanism. 

 

In the EDM model, the reaction rate 

of reaction k, is computed as: 

 

&D =  0 H
D IJK L [M]

NOPQ R    8. 

 

where 0 is a constant, 
H
D is the 

turbulent mixing rate, [I] is the 

molar concentration of component I 

and SDMT  represent the reaction order 
of component I in the reaction k. 

The EDM model computes one reaction 

rate respectively for each reaction 

in the optimized global reaction 

mechanism. The EDM model is based 

on the work of Magnussen and 

Hjertager [16]. 

 

The combined FRC-EDM model thus 

gives two different reaction rates 

for each reaction, one from the EDM 

model and one from the FRC model. 

The minimum rate for each reaction 

is then chosen. 

 

CFD modeling 

 Both steady-state RANS and 

time-averaged hybrid unsteady 

RANS/LES simulations were performed 

to predict flow and combustion 

dynamics. Three different models 

were investigated, one with cir-

cular liner (Figure 8), one with a 

square liner (Figure 9) and one 

with an “open” liner (unconfined 

flame, Figure 10).  

 



 

Computational model and boundary 

conditions 

 The numerical prediction of the 

complex 3D swirling flow and the 

combustion process is computation

ally expensive and therefore is the 

boundary layer unresolved. 

different computational models are 

modeled in this paper, see

- Figure 10. The circular 

been used for comparisons with

emission data. The other two have 

been used for comparison with PIV 

measurements and OH-PLIF images

The simulations were performed

360o model since there is no 

periodic condition in the model

Figure 8. Computational domain

cular liner 

 
Figure 9. Computational domain

liner 
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Computational model and boundary 

The numerical prediction of the 

complex 3D swirling flow and the 

combustion process is computation-

and therefore is the 

resolved. Three 

nal models are 

modeled in this paper, see Figure 8 

cular liner has 

been used for comparisons with the 

emission data. The other two have 

been used for comparison with PIV 

PLIF images. 

performed on a 

model since there is no 

periodic condition in the models. 

 
domain with a cir-

 

domain with a square 

Figure 10. Computational 

“open liner” (unconfined flame)

 

The CFD simulations contain all the 

complex 3D geometry from the 

experimental set-

vanes for MAIN and RPL systems, air 

and fuel cavities, cooling holes 

and ribs, etc.  

 

The specified mass flow is used as 

the boundary condition for the six 

inlets, see Figure 

temperature for the fuel and RPL 

air is set to 300K. The 

PILOT air systems are preheated to 

650K. The outlet boundary condition 

is set to atmospheric pressure, and 

all the walls are set to no

adiabatic walls.  

the open liner features a co

surrounding the burner. 

 

 
Figure 11. Configuration of the combustor 

inlets 
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. Computational domain with an 

(unconfined flame) 

The CFD simulations contain all the 

complex 3D geometry from the 

-up, i.e. guide 

and RPL systems, air 

and fuel cavities, cooling holes 

The specified mass flow is used as 

the boundary condition for the six 

Figure 11. The total 

temperature for the fuel and RPL 

air is set to 300K. The MAIN and 

air systems are preheated to 

650K. The outlet boundary condition 

is set to atmospheric pressure, and 

walls are set to no-slip 

adiabatic walls.  The geometry with 

the open liner features a co-flow 

surrounding the burner.   

 

. Configuration of the combustor 
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A. Numerical method 
The Ansys CFX commercial software 

package [15] was used to perform 

the CFD simulations. The kω-SST 2-

equation turbulence model (Shear 

Stress Transport model) [17] was 

selected for the steady-state 

simulations.  

 

The SAS-SST (Scale Adaptive Simula-

tion) turbulence model is used for 

the transient simulations. The 

model is based on the introduction 

of the von Karman length scale into 

the turbulence scale equation. The 

information provided by the von 

Karman length scale allows the SAS 

model to adjust in order to resolve 

structures in a URANS simulation, 

which results in LES-like behavior 

in unsteady regions of the flow 

field. At the same time, the model 

provides standard RANS behavior in 

regions of stable flow [18].  

 

The benefits with the SAS-SST model 

compared to the LES simulation is 

the higher time step that one can 

use. The courant number can be up 

to 10 in the SAS-SST model, while 

in the LES the courant number needs 

to be below 1. Also, the SAS-SST 

model does not need as high a mesh 

resolution as the LES simulation. 

 

B. Computational mesh 
A grid independence study has been 

done for the burner [1]. The chosen 

fine mesh is a multi-block struc-

tured mesh containing approximately 

10 million hexahedral cells. Figure 

12 shows the structured grid of the 

scaled swirl-stabilized 4th 

generation premixed DLE burner. The 

ICEM CFD commercial software [19] 

has been used for the meshing. 

 
Figure 12. Structured hexahedral mesh, aft 

view 

 

C. Convergence 
Conservation checks were made for 

mass, momentum, energy and major 

species (CO2, CO, CH4). The mass was 

within ±0.1%, energy within ±0.4%, 

momentum within ±0.04% and major 

species within ±2%. Ten monitor 

points were also positioned at 

different locations in the burner 

to check that convergence had been 

obtained in the burner with respect 

to temperature, pressure and 

species concentrations. 

 
Results and discussion 

 This section is divided in two 

parts, emission data and flow 

field.   

 

A. Emission data 
The geometry used here for 

comparisons is the cylindrical 

liner, see Figure 8. The data is 

published by Sigfrid et al. [1-2]. 

 

Figure 13 and Figure 14 show CO and 

O2 mass fractions extracted from the 

averaged transient CFD (SAS-SST) 

compared to the experimental data 

close to the MAIN exit. Different 

values of the RPL equivalence 

ratios (0.8-1.6) have been used in 

the experiment. The equivalence 

ratio for the MAIN and PILOT 

systems is equal and adjusted to 

have the total equivalence ratio 

shown in Figure 13 and Figure 14. 



 

The agreement between the experi

mental data and the 3-

reaction mechanism is very good. 

The optimized mechanism gives a 

good prediction of the CO at rich 

conditions in the RPL. For 

equivalence ratio equal to 

the RPL, the lean blow out

defined by an increase in CO 

emissions was not reached. The 

reason for this is 

combustion instabilities cau

flame to extinguish before the 

limit could be reached. 
 

Figure 13. CO mass fraction plotted at 

different equivalence ratios for the RPL 

compared to the experimental data

 

Figure 14. O2 mass fraction plotted at 

different equivalence ratios for the RPL 

compared to the experimental data

 

B. Flow field 
The equivalence ratio for the 

experimental point is set to 1.2 in 

the RPL system and to 

MAIN and PILOT systems.

equivalence ratio is 0.41

burner. The same settings have been 

used for the quadratic and open 

liner.  
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The agreement between the experi-

-step global 

reaction mechanism is very good. 

anism gives a 

good prediction of the CO at rich 

conditions in the RPL. For 

equal to 0.8 in 

the lean blow out limit 

defined by an increase in CO 

emissions was not reached. The 

reason for this is due to 

combustion instabilities caused the 

flame to extinguish before the 

  

 
raction plotted at 

different equivalence ratios for the RPL 

pared to the experimental data 

 
raction plotted at 

different equivalence ratios for the RPL 

pared to the experimental data 

equivalence ratio for the 

experimental point is set to 1.2 in 

0.39 in the 

systems. The total 

equivalence ratio is 0.41 in the 

The same settings have been 

used for the quadratic and open 

i. Quadratic liner 
Figure 16 - Figure 

from the steady-state RANS and 

transient SAS-SST

three different 

Figure 15, compared to the PIV 

measurements.  

Figure 15. Different axial lines located at 

different Z coordinates

 

RANS fails in prediction of the 

size of the recirculation zone

Z=-0.034m and at center line

SAS-SST model predicts the recircu

lation zone at these two positions

well and the position and magnitude 

of the highest velocity 

At Z=0.034m both R

models predicts poorly the upstream 

axial velocity. The explanation of 

this can be due to 

are strongly affected by 

reflections in axial position 0

0.06m. The RANS model under

the highest absolute 

at all locations. 
 

    
Figure 16. Axial velocity [m/s] computed at 

the center line for steady state and 

transient CFD-simulations com

experimental data 

9

Quadratic liner  

Figure 18 show results 

state RANS and the 

SST simulation at 

axial lines, see 

, compared to the PIV 

 
. Different axial lines located at 

different Z coordinates 

fails in prediction of the 

the recirculation zone at 

and at center line. The 

SST model predicts the recircu-

at these two positions 

the position and magnitude 

of the highest velocity quite well. 

both RANS and SAS-SST 

models predicts poorly the upstream 

The explanation of 

this can be due to the measurements 

are strongly affected by 

reflections in axial position 0-

The RANS model underpredicts 

absolute axial velocity 

all locations.   

Axial velocity [m/s] computed at 

the center line for steady state and 

simulations compared to the 



 

  
Figure 17. Axial velocity [m/s] computed 

a line located at Z=0.034m for steady state 

and transient CFD-simulations co

the experimental data, the measurements are 
strongly affected by reflections in axial 

position 0-0.06m 

 

  
Figure 18. Axial velocity [m/s] computed 

a line located at Z=-0.034m for steady state 

and transient CFD-simulations com

the experimental data 

 

Figure 19 and Figure 20

velocity vector field from the PIV 

measurements and transient averaged 

CFD. The CFD over-predicts slightly 

the size of the recirculation zone. 

In general, the CFD capture

locations of the recirculation 

zones well. 

10 

. Axial velocity [m/s] computed on 

a line located at Z=0.034m for steady state 

simulations compared to 

the measurements are 

strongly affected by reflections in axial 

. Axial velocity [m/s] computed on 

for steady state 

simulations compared to 

20 show mean 

velocity vector field from the PIV 

ient averaged 

predicts slightly 

the size of the recirculation zone. 

In general, the CFD captures the 

ions of the recirculation 

 
Figure 19. Velocity vector field fro

experimental measurements

is from 0m/s (blue 

color) 

 

  

 

Figure 20. Velocity vector 

averaged transient CFD simulation

range is from 0m/s (blue color)

(red color) 

 

Figure 21 below shows the reaction 

rate for the methane oxidation

(first reaction) 

model. The data in the plot are 

transient averaged.

reaction rate is located in the 

divergent cylinder. Also, high 

reaction rate is located upstream 

in the square liner, close to the 

walls. This is in good 

with the results from the OH

shown in Figure 22

 

Figure 22 shows six different 

instantaneous plots of the OH 

radical and Figure 

averaged plot of OH radical.

flow direction is from the bottom 

10

 

. Velocity vector field from the 

ements, where the range 

color) to 52m/s (red 

 

. Velocity vector field from 

averaged transient CFD simulation, where the 

m/s (blue color) to 52m/s 

below shows the reaction 

rate for the methane oxidation 

using the SAS-SST 

The data in the plot are 

transient averaged. The highest 

reaction rate is located in the 

rgent cylinder. Also, high 

reaction rate is located upstream 

in the square liner, close to the 

walls. This is in good agreement 

with the results from the OH-PLIF, 

22 and Figure 23. 

shows six different 

taneous plots of the OH 

Figure 23 shows the 

averaged plot of OH radical. The 

flow direction is from the bottom 



 

of the plots and directed up

in the figures. The highest

of OH-radicals is located 

region where the reaction rate for 

the methane oxidation is highest in 

the CFD-simulation (Figure 

 

Figure 21. Averaged transient reaction rate 

for methane oxidation using the SAS

model. Red means the highest reaction rate 

and blue the lowest reaction rate

 

 

 

Figure 22. Instantaneous plots from OH

measurements showing the OH radical at 

different times, the quarl (see 

located in the bottom of the figures

 

 

 
Figure 23. Averaged plot from the OH

measurements showing the OH

quarl (see Figure 2) is located in the 

bottom of the figure 

 

11 

of the plots and directed upwards 

The highest amount 

located near the 

ere the reaction rate for 

the methane oxidation is highest in 

Figure 21). 

 
. Averaged transient reaction rate 

using the SAS-SST 

. Red means the highest reaction rate 

and blue the lowest reaction rate 

 

Instantaneous plots from OH-PLIF 

measurements showing the OH radical at six 

, the quarl (see Figure 2) is 

located in the bottom of the figures  

 

Averaged plot from the OH-PLIF 

measurements showing the OH radical, the 

) is located in the 

ii. Open liner (unconfined flame)
Figure 24 - Figure 

from the steady-state RANS and the 

SAS-SST simulation

different axial lines

different z-coordinates

the PIV measurements.

chose axial lines at position 

Z=±15mm at the unconfined flame and 

Z=±34mm at the confined flame is 

due to the smaller recirculation 

zone in the unconfined flame.

flame and recirculation zone is 

around three times smaller than the 

case with square liner. The RANS

simulation seems 

axial velocity downstream better 

than the SAS-SST model. On

for this may be that in the CFD a 

co-flow is introduced around the 

burner to model the experiment

setup without a liner

may influence the fla

in the burner. Also, in the 

experimental setup a fan is located 

above the burner to 

exhaust gases. This fan is not 

included in the CFD and may affect 

the recirculation zones

experiment.  
 

Figure 24. Axial velocity [m/s] computed at 

the center line for steady state and 

transient CFD-simulations compared to the 

experimental data 

11

(unconfined flame) 

Figure 26 show results 

state RANS and the 

simulation at three 

different axial lines located at 

coordinates compared to 

the PIV measurements. The reason to 

l lines at position 

confined flame and 

Z=±34mm at the confined flame is 

smaller recirculation 

confined flame. The 

flame and recirculation zone is 

around three times smaller than the 

case with square liner. The RANS 

 to predict the 

axial velocity downstream better 

SST model. One reason 

for this may be that in the CFD a 

flow is introduced around the 

model the experiment 

setup without a liner. This co-flow 

may influence the flame downstream 

in the burner. Also, in the 

experimental setup a fan is located 

above the burner to extract the 

exhaust gases. This fan is not 

included in the CFD and may affect 

the recirculation zones in the 

  
. Axial velocity [m/s] computed at 

the center line for steady state and 

simulations compared to the 



 

  
Figure 25. Axial velocity [m/s] computed on 

a line located at Z=0.015m for steady state 

and transient CFD-simulations compared to 

the experimental data 

 

  
Figure 26. Axial velocity [m/s] computed on 

a line located at Z=-0.015m for steady state 

and transient CFD-simulations compared to 

the experimental data 

 

Figure 27 and Figure 28

velocity vector field from the PIV 

measurements and transient averaged 

CFD. The SAS-SST model predicts the 

size of the recirculation zone 

well, but the magnitude of the 

highest velocity is not well 

predicted.  

 

12 

. Axial velocity [m/s] computed on 

m for steady state 

simulations compared to 

. Axial velocity [m/s] computed on 

0.015m for steady state 

simulations compared to 

28 show mean 

velocity vector field from the PIV 

measurements and transient averaged 

SST model predicts the 

size of the recirculation zone 

well, but the magnitude of the 

city is not well 

 

Figure 27. Mean velocity vector field from 

the experimental measurements

liner, where the range is from 0m/s (blue 

color) to 61m/s (red color)

 

 
Figure 28. Mean velocity vector field from 

averaged transient CFD simulation

model) without a liner

from 0m/s (blue color) to 61m/s (red color)

 

CONCLUSIONS 

An optimized 3-step global reaction 

mechanism for methane

has been evaluated 

CFD analyses. A test rig burner

with three different 

tions, has been modeled with the 

optimized 3-step 

mechanism using CFD. 

 

The results from the cir

show that the emission data

O2) are well predicted 

simulations. The results from the 

second case with the square liner 

show that the velocity field and 

12

 

elocity vector field from 

the experimental measurements, without a 

, where the range is from 0m/s (blue 

color) to 61m/s (red color)  

 

elocity vector field from 

averaged transient CFD simulation (SAS-SST 

without a liner, where the range is 

from 0m/s (blue color) to 61m/s (red color) 

step global reaction 

mechanism for methane-air mixtures 

evaluated and validated in 

A test rig burner, 

with three different configura-

has been modeled with the 

step global reaction 

using CFD.  

the circular liner 

show that the emission data (CO and 

well predicted with the CFD 

The results from the 

case with the square liner 

that the velocity field and 
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13

the flame position are well 

predicted with the SAS-SST model, 

while the steady-state RANS fails 

in some regions. The velocity field 

in the open liner (unconfined 

flame) is not well captured by the 

CFD simulations.  
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