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Abstract 
 
For natural gas combustion, there is a large amount of experience in the gas turbine industry. 
However, much of the design work is based on costly combustion tests due to insufficient accuracy of 
existing prediction tools for data such as emissions and effects due to fuel composition. In the present 
work, Computational Fluid Dynamics (CFD) approach is used to study partially premixed combustion 
in the 3rd generation DLE (Dry Low Emission) burner that is used in SGT-700 and SGT-800 gas 
turbines. The fuels that are studied here are natural gas and enriched hydrogen fuel. The CFD models 
which are used in this work are an axisymmetric and a 3D model and the softwares are ANSYS CFX 
and ANSYS FLUENT. 

One of the main objectives of this thesis is the study of flame shape and NOx emission in hydrogen 
enriched combustion. In the first study of the present work, effect of adding hydrogen to non-preheated 
gas combustion was investigated and the results were compared with the available measurement data. 
Calculated laminar burning velocity with CANTERA showed a good agreement with the experimental 
and numerical references. Also, the accuracy of generated flamelet libraries in CFD tools to calculate 
adiabatic flame temperature was compared with different available tools. Results showed good 
agreement between available tools for the ranges of interest.  

In addition, flame shape and NOx prediction was studied in the gas turbine burner. Adding hydrogen 
to the fuel increased significantly turbulent burning velocity and OH distribution in the domain. The 
effect of hydrogen on the central stagnation point was studied and the simulation results did not show 
a significant effect on the stagnation point location.  

Beside the flame shape, this study showed that although the CFD NOx prediction tools in ANSYS CFX 
and ANSYS FLUENT predict the trend of NOx and the flame propagation in the right manner, in order 
to use as a reliable prediction tool in the gas turbine industry they need to be improved.  

 

Key words: CFD, combustion, NOx emission, flame shape, burner 
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1. Introduction 

1.1 Background 
Nowadays, several energy sources are used in the world and among these sources, combustion as the 
mankind’s oldest technology still provides more than 95% of the energy consumed throughout the 
world [1]. About three decades ago, emission was not a major problem in the world. With increasing 
the world population and a fast increase in energy consumption, this will bring a major shortage in 
energy resources and global warming. Today, the early combustion researches have been shifted to 
study of pollutants and looking for new fuels to replace the fossil fuels.  

According to EPA 2006, stationary combustion of different resources is the second largest source of 
NOx in Sweden (42%). Figure 1 shows the breakdown of the NOx emission in Sweden. The biggest 
portion belongs to transport sector (51%) [2]. 

 

Figure 1 

Figure 1: Emissions of nitrogen oxides in Sweden (2003), sector by sector (Swedish EPA) [2] 

Among several pollutants, NOx, CO2, SOx and CO are more important to concern. NOx and CO 
impact on human health. Beside this, NOx and SOx are the main cause of the acidification while CO2 
is the main cause of the green house effect. In the combustion processes, the most important emission 
is NOx which has been studied by several researchers. 

At premixed and fuel lean conditions limited NOx emission (~25 ppm) may be obtained in gas 
turbines. Ultra-low emission gas turbine combustors are the next step (NOx < 9 ppm).  

1.2 Siemens Industrial Turbomachinery (SIT) 
Siemens as an integrated technology company develops technologies in the field of industry, energy 
and healthcare. Siemens Company has 405,000 employees over 190 countries around the world. SIT 
in Finspång/Sweden with around 2600 employees and Lincoln/UK with around 1000 employees 
develops and manufactures steam and gas turbines for the world market.   

The gas turbine is a power plant which converts chemical energy into mechanical energy by internal 
combustion. 

SIT produces nine gas turbine engines with capacities from 5MW to 50 MW, namely SGT-
100 to SGT-800. Figure 2 shows the SGT-800 engine and this burner is studied in the present 
work. 
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Figure 2 

Figure 2: SGT-800 with power generation of 47.0 MW 

 

In the dry low emissions gas turbines, fuel is premixed with the air in the upstream part of the 
burner and the combustion is occurred in the burner outlet. Figure 3 shows a typical SGT-800 
burner including the mixing tube and the place where the fuel and air are mixed together. 

 

 

 

Figure 3: Swirl cone and mixing tube cross section for a typical SGT-800 burner 

 

1.3  Computational Fluid Dynamics (CFD) 
Computational fluid dynamics or CFD is defined as solving the system equations in fluid flow and 
heat transfer problems. Numerical simulation of the industrial combustion systems using 
Computational Fluid Dynamics (CFD) method is a challenging problem. Beside the researches to 
understand the reaction processes, lots of attempts needs to be carried out to couple the chemistry and 
physical aspects. In addition, computational time is another important issue which requires much more 
consideration.   



3 
 

1.4  Objective 
Prediction of fuel flexibility, emission, flash back and blow out by CFD tools are some of the 
challenging problems that SIT needs to overcome. Therefore, SIT needs to have CFD validation cases 
regarding flame behavior, emission prediction and effect of different fuels on combustion.  

Accurate prediction of flame behavior and emission can cut down the number of experimental tasks, 
shorten the design cycle, and reduce product development cost. That is the potential gain of utilizing 
computational fluid dynamics to predict emission, which is an important issue that the gas turbine 
industries need to study. 

In addition, reducing existing errors regarding a couple of simplification and specifying how these 
errors can affect the results is another aim of this work. SIT needs to clarify more the source of these 
errors. 
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2. Theory 

2.1 Governing equations of fluid flow and heat transfer 
As mentioned before, a set of system equations are solved in computational fluid dynamics. The 
equations are mathematical statement of the physics conservation laws i.e. conservation of mass,  
momentum and energy. 

2.1.1 Conservation of mass  
The principle of mass conservation is used to obtain the continuity equation. For a better description, 
we can consider a small element of fluid volume in which V=dxdydz. Figure 4 shows this element.  

 

 

Figure 4: A volume element of fluid [3] 

 

For x direction the rate of mass flow can be written as equation 1: 

dydzum xx ρ=
.

                                                                                                                  (1) 

By using Taylor expansion, one can obtain mass flow in right face of the element in x direction: 

dydzdx
dx

u
um x

xdxx ⎥
⎦

⎤
⎢
⎣

⎡ ∂
+=+

)(. ρ
ρ                                                                                     (2) 

Now, the net rate of the mass flow can be calculated by subtracting equation (1) and (2). Similar 
equations can be obtained for other directions. 

dxdydz
dx

u
mmm x

outxinxx ⎥
⎦

⎤
⎢
⎣

⎡∂
=Δ−Δ=Δ

)(
)(

.
)(

.. ρ                                                                (3) 

 

The mass flow rate of the control volume can be calculated by equation (4): 
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dxdydz
dz
u

dy
u

dx
u

m zyx
net ⎥

⎦

⎤
⎢
⎣

⎡ ∂
+

∂
+

∂
=Δ

)()()(. ρρρ
                                                          (4) 

To illustrate time rate of mass increase inside the volume element, one can obtain this by equation (5): 

dxdydz
dt

mnet
ρ∂

−=Δ
.

                                                                                              (5) 

The differential form of continuity equation can be obtained by equating Equations (4) and (5) in 
equation (6): 

⎥
⎦

⎤
⎢
⎣

⎡ ∂
+

∂
+

∂
=

∂
−

dz
u

dy
u

dx
u

dt
zyx )()()( ρρρρ                                                                      (6) 

For incompressible flows 0=
∂

−
dt
ρ  and the continuity equation can be written in the form of equation 

(7): 

0
)()()(
=⎥

⎦

⎤
⎢
⎣

⎡ ∂
+

∂
+

∂
dz
u

dy
u

dx
u zyx ρρρ

                                                                                  (7) 

In combustion, density of the flow is not constant and varies during the combustion process. It 
depends on pressure, reaction parameters, product concentration and the mixture temperature.  

As mentioned before, a set of system equations are solved in computational fluid dynamics. The 
equations are mathematical statement of the physics conservation laws i.e. conservation of mass,  
momentum and energy. 

2.1.2 Momentum equation 

Conservation of momentum is a result of Newton’s second law which states that the rate of change of 
momentum of a fluid particle equals the sum of the forces on the particle: 

i
i

ij

i
ji

i
i F

xx
puu

x
u

t
+

∂

∂
+

∂
∂

−=
∂
∂

+
∂
∂ τ

ρρ )()(
   

 

In equation (8), ijτ is the viscous stress tensor and iF is the body force. 

2.1.3  Energy equation 

The temperature in combustion depends on the thermodynamic state of the chemical mixture. The 
enthalpy can be obtained by solving equation (9): 

 rad
N

k i

k
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hkihi
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S
t
p

x
Yh

Scx
h

x
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where hσ is mixture Prandtl number and kSc is the species Schmidt number.  

(8)

(9)
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Since in the laminar flamelet model, the temperature is calculated from the flamelet library tables, 
there is no need to solve the enthalpy transport equations for adiabatic systems.  

2.2 Turbulence 
If the convective forces dominate as compared to the viscous forces, the flow is not steady and the 
regime is not laminar. This regime is called turbulent flow. The Reynolds number plays the major role 
in this situation which is the ratio of convective and viscous forces. Turbulence introduces unsteady, 
random and chaotic flow properties in the flow in three dimensional space. There are some methods to 
calculate turbulent flow such as Reynolds-averaged Navier-Stokes (RANS) equations, large eddy 
simulation (LES) and direct numerical simulation (DNS).  

RANS models 
The most famous methods to calculate turbulence characteristics are Reynolds Average Navier-Stokes 
(RANS) models. In this model, attention is on the mean flow and the effects of turbulence on mean 
flow properties. This is done by introducing extra variables to the N-S equations which are related to 
interaction between various turbulent fluctuations. According to the calculation of these extra 
variables, several RANS models have been obtained e.g. k-ε model and shear stress models (SST). 
The computational cost of these models is moderate and therefore they are widely used in the 
industries and academia.  

In the current work, RANS models are considered to model the turbulence in the fluid flow. 
 

LES(Large Eddy Simulations) models 
This turbulence model tracks the motion of the larger eddies and models the effects due to the smaller 
eddies. The computational time for this model is much larger than the one for RANS models, since the 
solution is traced in time, where the time step must be small enough to track the smaller scales and the 
simulation time long enough to obtain accurate mean values.  
 
DNS approach  
Direct Numerical Simulations (DNS) approach computes all fluctuations and hence no additional 
modeling is needed. Therefore, this approach requires extremely fine grids and consequently needs 
extremely powerful computer resources. Because of the computational cost, this method is not used 
for the industries applications. However, in academia this approach is sometimes used for simplified 
cases of limited Reynolds numbers.        

2.3 Fundamentals of combustion 
In this part, some basic concepts of combustion and the NOx theory is described. The theory behind of 
CFX NOx calculation is also described and analyzed. 

2.3.1 Stoichiometric Ratio 

A simple assumption in combustion is complete burning of the fuel in the combustion process. A 
general fuel for gas turbines is natural gas (NG) which is composed of about 90% methane (CH4). The 
rest consists of hydrogen (H2), ethane (C2H6), propane (C3H8), butane (C4H10), pentane (C5H12), 
hexane (C6H14), nitrogen (N2), carbon dioxide (CO2) and some minor species like SO2 and moisture. 
Compared to other traditional fuels like coal and oil, it produces less emission per energy unit.  

Combustion of Methane (CH4) can be defined by equation 10: 

CH4 + 2(O2 +3,76N2)  CO2 +2H2O +2 × 3.76 N2    (10) 
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Assuming complete combustion, the stoichiometric ratio is defined as the ratio of mass or 
volume quantity of air to fuel ratio or: 

Stoichiometric Ratio by mass = 
fuel

air

m
m

=st ratio) fuel (Air to

  

 

 
This quantity for air is equal to 17.16 kg air per 1 kg of methane. This can be calculated as: 
 

Molecular weight of CH4: 12 + 4 × 1 = 16; 

Molecular weight of O2 = 16 × 2 = 32; 

Molecular weight of N2 = 14 × 2 = 28; 

Quantity of Air =  . 17.16 

2.3.2 Equivalence Ratio (φ) 

Equivalence ratio is the strength of the fuel air mixture for combustion and defined as the ratio of 
actual to stoichiometric fuel air ratios.  

st

actual

AirFuel
AirFuel

)/(
)/(

=φ

     

  
 

Lean and rich fuel is defined based on equivalence ratio. Having equivalence ratio equal to one or 
more, the mixture is called rich fuel mixture and having φ < 1, the mixture is lean.   

2.3.3 Adiabatic Flame Temperature 

The flame temperature under constant pressure, zero heat exchange, zero external work and complete 
combustion of fuel and air in the burner is adiabatic flame temperature. This temperature is maximum 
possible flame temperature. 

2.3.4 Laminar Flame Speed (flame velocity / burning velocity) 

Laminar flame speed is defined as the relative linear velocity with which a planar flame front in a one-
dimensional flow system moves normal to its surface through the adjacent unburned gas. It is 
independent of the flame geometry, burner size and flow rate. The burning velocity of a flame is 
affected by flame radiation, and hence by flame temperature, by local gas properties such as viscosity, 
thermal conductivity and diffusion coefficient, and by the imposed variables of pressure, temperature, 
air-fuel ratio and type of fuel [4]. A sample of laminar flame speed curve vs. stoichiometric ratio is 
shown in Figure 5. In CFX the upper and lower burning limits as well as the mixture fraction 
dependency are important inputs.  

 

(11) 

(12)
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Figure 5: A Laminar flame speed curve vs. stoichiometric ratio which is defined in CFX  

(The lower and upper burning limits should be defined too and in this work the fifth order polynomial curve is udes) 

 

2.3.5 Turbulent Flame Speed 
Beside the laminar flame speed concept, there is another concept in combustion that deals with flame 
speed. Like laminar flame speed, this speed arises from the molecular diffusion and chemical reaction 
in the media. But the difference is that, this speed is strongly dependent on the flow field. It is defined 
as the propagation speed of the mean flame front related to the unburned mixture.  

It is also affected by flame front wrinkling and stretching produced by large eddies and likewise flame 
thickening produced by small eddies [5].  

2.3.6 Reaction rate 
A typical chemical reaction could be shown by this equation: 

A + B  D + E                                 (13) 

In the above equation, A and B are reactant species (fuel and oxidant in combustion) and D and E are 
product species.  

The net formation rate of a reactant A is showed by
[ ]
dt
Ad

. [A] is denoted as molar concentration of 

reactant A. 
[ ]
dt
Ad

is defined as: 

[ ] [ ] [ ] [ ] ....... 321 nnn
f CBAk

dt
Ad

−=
    

The exponents n1, n2 ….are the reaction orders of A, B …The reaction rate 
fk is usually expressed by 

Arrhenius law: 
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in which A is constant and called pre-exponential factor, α is temperature exponent and aE is activation 

energy of the chemical reaction. uR is universal gas constant (8,314 Kj/kmol.K) and T is the 

temperature. Parameters A, α and aE are empirical values.  

For the backward reaction of the equation (13), the formation rate of species [A] is calculated by this 
formula: 

[ ] [ ] [ ] [ ] ....... 654 nnn
r FEDk

dt
Ad

−=
    

 

The equilibrium constant ( cK ) is defined as the ratio of fk
 to rk  in chemical equilibrium condition.  

2.3.7 Reaction mechanism 
The Reaction mechanism is the description of the chemical reactions in a combustion process and 
consists of the major species (such as hydrogen and oxygen), minor species (such as OH and CO) and 
the reaction details in the process. There are many types of reactions and for combustion of various 
fuels, there are various chemical mechanisms. Some famous reaction mechanisms are GRI3.0 (which 
has 53 species and 325 reactions) and C2 mechanism (which has 81 reactions). As a holistic overview, 
there are detailed reaction mechanisms and reduced reaction mechanisms.  

Because of having more species and reactions in reduced mechanism, they are computationally time 
consuming and stiff. Selecting a proper mechanism is always a tradeoff between the computational 
time, accuracy and numerical stability. In this regard, GRI3.0 is a detailed mechanism and C2 
mechanism is a reduced mechanism.  

Lots of reaction mechanisms can be found in the literatures. Some of which are Konnov [6] and 
Glarborg [7]. The newest version of the Konnov mechanism (release 0.5) contains 1200 reactions and 
127 species.  

Two famous softwares which solve the chemical kinetic problems are CHEMKIN [8] and CANTERA 
[9].  

2.3.8 Combustion models 
Introducing combustion to the fluid flow always makes it more complicated. To couple the chemical 
reaction mechanism to the turbulent flow, we have to consider some assumptions. Numbers of 
assumptions determine the accuracy of the model. Therefore, a couple of combustion models have 
been developed such as eddy dissipation model (EDM), burning velocity model (BVM), equilibrium 
PDF model, flamelet PDF model, etc. In the current work, burning velocity model which is also called 
partially premixed model is considered to model the combustion.  

2.3.8.1 Partially premixed model 

This model uses two control parameters namely the mixture fraction Z and the reaction progress 
variable c. They are used to describe the mixing process and the ignition of the mixture. Mixture 
fraction is a parameter which represents the fuel dilution and can be easily calculated by equation 17: 

Φ+
Φ

=
1

Z                 (17) 

(16)

 



10 
 

In equation 17, Ф is the equivalence ratio which was explained in section 2.3.2. The progress variable 
c is defined as normalized mass fraction of products and describes the progress of the global reaction. 
By definition, value of c=0 represents unburned mixture and c=1 corresponds completely burned 
mixtures. To consider the turbulent fluctuations, a transport equation for the Favre mean mixture 

fraction 
~
Z and its variance 

~
2nZ should be solved [10]: 

                  

                

  

Where tμ is the turbulent viscosity and zσ , ~
2nz

σ , xC are model coefficient.  

The reaction progress transport equation is defined as equation 20: 

        

The turbulent transport term of equation (20) is obtained with equation (21): 

 

        

cS is turbulent Schmidt number and tv is turbulent kinematic viscosity. The source term of 
which is called combustion source term for reaction progress is defined by equation (22) [11]: 

     

uρ is the density of the un-burnt mixture and ts is turbulent burning velocity which is discussed in 
section 2.3.5. We refer the reader to read more about advantage and disadvantage of BVM to different 
available references such as [10], [12].  

There is another combustion model called eddy dissipation model (EDM) which is robust, but it 
neglects the effects of chemical kinetics and over predicts the reaction rate in regions with a highly 
strained flow field. This model has been built on the assumption of fast chemistry and consequently 
cannot be implemented to predict NOx pollutant in CFD problems.  

In addition, the results of EDM is strongly dependent to the model constants which should be tuned for 
each case and cannot be extrapolated easily to new operation points [11].  

2.3.9 NOx formation 

(18)

 

(19)

 

(20)

(21)

(22)
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NOx is a generic term for NO, NO2 and N2O. In the gas turbine burner, the dominant component is 
NO.  

NOx formation is defined by five mechanisms: Thermal NOx, Prompt NOx, Fuel NOx, N2O and re-
burnt NOx. The formation of each component is strongly affected by the temperature, residence time 
and fuel type. 

Thermal NOx:   

Thermal NOx is formed by reaction of free radical O and N and is in general significant for in 
temperatures above 1800 °K. Three reactions called Zeldovic and Extended Zeldovic mechanisms 
define this formation. 

                                  O + N2  NO + N         

                                                         N + O2  NO + N         

                                  N + OH  NO + H       Extended Zeldovic mechanism 

Table 1 shows the forward and backward reaction constant in the Zeldovic mechanisms: 

 

Table 1:Table 1 Reaction constants in Zeldovic mechanisms [3] 

Reaction 
Forward reaction rate 

(m3/kmol.s) 
Backward reaction 

rate(m3/kmol.s) 

1   

2  ′ 3.8 10
425

 

3   

 

From the Zeldovic’s equation and the assumption of d[N]/dt~0, we obtain [13]: 

[ ] [ ][ ]212 NOk
dt
NOd

=
                     

 

Thermal NOx formation is much slower than other combustion processes and takes long time to 
achieve equilibrium [3] which makes the combustion residence time an important pollutant when 
determining thermal NOx. 

 
Prompt NOx:   

In temperature lower than 1800 °K, HCN is oxidized to NO in the flame front and prompt NOx is 
formed: 

                 CH + N2  HCN + N2  (24) 

                                                HCN + O2  NO + … 

Zeldovic mechanism 

)/425exp(108.3 10
1 Tk −×= )/425exp(108.3 10'

1 Tk −×=

)/4680exp(108.1 7
2 Tk −×=

)/450exp(101.7 10
3 Tk −×= )/24560exp(107.1 11'

3 Tk −×=

(23)

)/exp(108.3 10'
1 Tk −×=
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Prompt NOx is important in fuel rich condition and is formed in relatively low temperature (about 
1000 K). [14] 

Fuel NOx:   

This type of NOx is associated with the presence of N2 in the fuel and in general is not important for 
gas turbines because of low nitrogen presence in natural gas and other common fuels.   

N2O: 

N2O is important in high pressure and high temperature conditions. Emission of N2O is not significant, 
but it can serve as an intermediate to NOx emissions [3].    

Re-burnt NOx:  

The excess fuel in fuel rich condition can react with NO and reduce the produced NOx in the 
combustor.  

2.3.10 NOx calculation in ANSYS CFX 
In the previous sections, the basic of NOx calculation in computational fluid dynamics was explained. 
In this part, the method of NOx calculation in ANSYS CFX is presented. 

ANSYS CFX uses a post processing method to solve the NOx equations. In the post processing 
method, the transport equations for some components are solved using the resolved temperature and 
velocity fields. This obviously requires some assumptions as: 

• Species in NO chemistry have very low mass fraction and minor influence on the major 
combustion species or flow variables. 
 

• The reaction scheme is split into two groups of species, one in main calculation and one in 
post processing.  
 

• The highly nonlinear reaction source term and the turbulence-chemistry interaction effects 
may be approximately modeled using steady state combustion model.  

• Generally, NOx calculation has two parts: 
        - One part calculates NOx according to Arrhenius Rates. 

        - The second part considers the turbulent effects on NOx. 

Without post processing tool, the computational time to solve the equations is increased unreasonably 
by order of 20 or more [15].  

The base of post processing belongs to the work done by Al-Fawas [14]. CFX solves equation 25 to 
calculate the NOx magnitude [5].  

( ) ( ) NONONONO SYDYvY
t

+∇∇=⎟
⎠
⎞

⎜
⎝
⎛∇+

∂
∂ →

ρρρ ..                                               (25) 

In equation 25, YNO is mass fraction of NO and SNO is thermal NO formation in kg/m3/s which is 
described by equation 26:  

dt
NOdMS NONOthermal

][
,, ω=                               (26) 
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where NOM ,ω  is molecular weight of NO and d[NO]/dt is computed from the following equation: 

]][[2][
21, NOk

dt
NOd

f=   (gmol/m3-s)                                                                            (27) 

2.3.11 Turbulence effect on NOx formation – ANSYS CFX tool 
Because of high nonlinearity in NOx formation rate, the turbulence effect is significant. The weighted 
average of the reaction rate is calculated from equation 28: 

∫−
=

u

l

T

Tlu

dTTPTk
TT

k )().(1~
                                                                                            (28) 

uT  and lT are upper and lower limits of the temperatures in the domain. The default rate is [300 K; 

2300 K]. Changing this range did not affect the combustion results in this work. On the other hand, 
our simulations were not sensitive to the changes.  

In ANSYS CFX, a probability density function (PDF) temperature fluctuation is taken into account. 

The PDF in this software is a function of mean temperature (
~
T ) and the variance of the temperature (

2

"
~
T ).  To calculate the temperature variance, equation (29) is used. 

 

In equation (29), some physical parameters namely the production of temperature fluctuations due to 
heat release by chemical reaction has been neglected.   

2.3.12 [O] effect on NOx prediction 
Some researchers have stated that the O radical concentration can increase thermal NOx up to 25% 
[16]. It seems reasonably, since [O] is the one of two species which directly contributes to the NOx 
formation in the Zeldovic mechanism.   

 

Despite that FLUENT, includes a model for the [O] effect, ANSYS CFX does not calculate O radical 
concentration in the calculations and it is constant. FLUENT calculates O radical by solving a separate 
transport equation. In the present work, changing the setting for O radical computations affected the 
results by order of two. This is therefore the most important setting in the NOx calculation tool in 
FLUENT. 

2.3.13 ANSYS CFX weaknesses in NOx calculation 
ANSYS CFX has some weaknesses in calculating NOx emission: 

• The reaction source term and turbulence-chemistry interaction effects are highly nonlinear and 
therefore difficult to model accurately. 
 

• ANSYS CFX does not consider other physical aspects (temperature fluctuations due to heat 
release, heat release fluctuations, etc) in calculation of temperature variance. 
 

(29)
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•  Radical Species [O], [O2], [N2], [N] and [OH] are calculated using quasistatic assumption. 
 

• Fluctuations of species have been neglected.  
 

• Although several settings have been considered to change different parameters in the NOx 
calculation, they do not affect significantly on the NOx result.   
 

• CFX does not consider Zeldovic mechanism completely. 
 

• CFX has also defined the capability of calculation of NOx emission simultaneously with the 
main calculations. This showed a big error (in a factor of 500 or more) in the calculations.  

 
• Turbulent settings in post processing section may need improvement. Turbulence had not 

significant effects in the NOx calculations in this work.   
 
 The author refers the reader to [17] to read more about FLUENT weaknesses in NOx calculation.  

2.4  Literatures 

A plenty of works have been performed on study of NOx prediction and flame shape in the burner. 
But, the study of hydrogen effect on central stagnation point has been limited in a few works.  

On the NOx prediction, a large number of works could be found in using Post-Processing tool which 
was developed by [14] e.g. [16], [24], [24], etc. 

Another method which has been used widely in the combustion researches is Flamelet Generated 
Manifold (FGM) developed basically by [25].  These models use non-premixed flamelet in the look-
up table format as a function of mixture fraction and scalar dissipation rate. A recent work has been 
done by [26].   
On the flame shape study, lots of works have been performed both numerically and experimentally. 
[20] and [23] are some of the samples of these works which their studies have been noted in the 
current work. 
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3. Methodology 

3.1 Aim 
The aim of this work is to investigate the ANSYS CFX and FLUENT capability in prediction of NOx 
emission and flame shape. 2D and 3D models were studied in this work.  

3.2 Design of the Simulations 
This work is divided to two separate parts: 

At first, the 2D model was investigated. The computational domain and the mesh were the same as the 
previous work of SIT [18]. Two separate series of simulations were performed and the simulations in 
the first step were done with CFX to compare the accuracy of this commercial tool in predicting NOx 
and flame shape issues. In this series of the simulations, two different categories in experimental 
results were considered: 

1- Atmospheric cases (Natural Gas approximated by pure CH4) 
2- Hydrogen enriched cases (Natural Gas approximated by pure CH4) 

 

The results of ANSYS CFX have been mentioned here while for the results of FLUENT, the author 
refers the reader to [17]1. All of these cases were simulated in ANSYS CFX and the results were 
compared against the experimental data.  

Secondly and after doing step one and finding the source of the errors in the results, 3D simulations 
were performed and compared with the updated 2D results. 

For the 3D model i.e. the last part of the modeling in this work, two new sets were selected to 
simulate: 

1- Atmospheric cases  
2- Hydrogen enriched cases  

 

It should be noted that for simplicity, in step one of this work natural gas is replaced by methane, but 
in step two, the real fuel composition was considered in the simulations (up to C2).  

Table 2 shows a summary of the simulation sets designed for this work. 

 
Table 2: Simulation steps designed for this work 

Step CFD code used Space Conditions 

One CFX and FLUENT 2D  Atmospheric, hydrogen enriched  

Two ANSYS FLUENT 2D and 3D Atmospheric and hydrogen enriched 

 

                                                            
1 The results of FLUENT simulations are related to a separated work and  interested ones can see the complete 
results in [17]  
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3.3 Limitations 
The limitations of this work are summarized as below: 

• A part of this work is done with 2D model. The 2D assumption requires axisymmetric 
simplification of geometry / boundary conditions.  
 

• ANSYS CFX and FLUENT, have limitation to make the flamelet library for natural gas. For 
example, propane (C3H8), pentane (C5H12), hexane (C6H14) and butane (C4H10) cannot be set 
in standard ANSY CFX. Natural gas was approximated by pure methane or mixture of 
methane and ethane (C2H6) and other species that CFX have capability to model. 

 
• As mentioned earlier, predicted NOx is small in flame temperatures lower than 1800 K. In 

some experimental cases, maximum flame temperatures were lower than this temperature. 
 

• There was no flow field data available to validate CFD results. The experimental results 
included NOx measurements and flash back/blow out limits.  

 
• Adiabatic flame temperature is over predicted in step one to the use of pure methane and dry 

air. The reasons are: 
- Air humidity which lower the flame temperature in experiment 
- The difference between heat capacity ( pC ) of NG and CH4  

In the second part of this work, this is taken into account. 

• Hydrogen fluctuation in the experiments 
 
One of the major source of the error in the hydrogen enriched experiments caused by 
hydrogen fluctuation. Due to low molecular weight of hydrogen, it is always challenging to fix 
the content of the hydrogen that enters to the burner. Usually, there is a fluctuation in the 
hydrogen content which makes other parameters fluctuate. Figure 6 shows a graph in which 
the amplitude of hydrogen changes during different periods.   
 

 

Figure 6: Hydrogen fluctuation during the experiment 

•  The errors in adiabatic flame temperature calculation tools. This error referred to the 
numerical methods and assumptions which were considered in the tools. 
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3.4 Two Dimensional Model 

3.4.1 Model and mesh 
Figure 7 shows a schematic 3D view of the experimental rig model and Figure 8 shows the 
corresponding 2D model. Complete explanation of the model and the geometry can be found in [18]. 
A brief introduction is as follows.   

The model consists of about 185000 hexahedral and quadratic elements. The original model in [18] 
had been revolved on symmetry axis for 3 degree. In this work, the same model was imported to 
FLUENT. Figure 9 shows the mesh density in mixing tube.  

 

 

Figure 7: 3D Model used to introduce the 2D model [18] 
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Figure 8: 2D model: boundary setting, mesh and different parts 

 

Figure 9: Structural mesh in mixing tube 

3.5 Boundary Conditions and models 

3.5.1 Turbulence Model 
Steady state condition is considered for the analysis and Shear Stress Transport (SST) model was used 
as the turbulence model. At the inlet, K and Omega were specified. 

3.5.2 Combustion Model and Kinetic Mechanism 
Burning Velocity Model (BVM) is used as the combustion model. To create the flamelet library in the 
ANSYS CFX, C2 Mechanism is applied. GRI3.0 mechanism together with CANTERA was used to 
obtain laminar flame speed. The Glarborg mechanism was used in FLUENT 

3.5.3 Velocity Profile 
The inlet velocity profile was inserted from a 3D simulation case [19]. In order to get the proper mass 
flow rate in each simulation case, this velocity profile was scaled by the ratio of the new mass flow 
rate to the old one. Figure 10 shows the reference axial and tangential velocity profile used in the 
simulations.  

3.5.4 Temperature Boundary Condition 
An excel sheet was developed to calculate the gas mixture temperature at the inlet. Adiabatic condition 
was defined for the wall temperature for simplicity.  

3.5.5 Convergence Criteria 
The convergence criterion was set to 1e-6. This value was chosen to get sufficient accuracy in the 
calculation. Second order upwind method was considered for discretisation scheme. 

3.5.6 Fuel Inlet Profile 
The fuel concentration has a maximum value on the centerline and minimum value at the wall 
boundaries. In this work, the experimental rig data for the fuel profile was not available and instead of 
using uncertain predicted radial fuel profile, a constant mixture was used.   

3.6 Three Dimensional Model 

3.6.1 Model and Mesh 
The 3D model which was used in this work was the same as used in [20]. Figure 11 shows a cross 
sectional of the model. The model contains 7.8 million tetrahedral cells. In the 3D model, the grids 
were refined in mixing tube, fuel manifold and in the flame region. The mixing tube and the near 
flame region are resolved using a cell size of the order 1-2 mm.  
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Figure 10: Axial and Tangential velocity profile used as a reference profile [18] 

 

 

Figure 11: Cross section of the RANS grid [20] 

 

3.6.2 Boundary condition and models 
In Figure 11, the location of the boundary settings is specified. The boundary conditions and models 
are similar to the 2D model. However, the 3D model includes the upstream past and hence the fuel-air 
mixing and the mixing tube holes are properly represented. In the 2D model simplifications were used 
for the fuel inlet profile and mixing tube hole inlets.    
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4. Primary Studies 
In fact, the work was started with some primary simulations and some errors were encountered in the 
work. It was needed to check the calculation of adiabatic lame temperature and laminar flame speed; 
two main parameters that affect the combustion. To have a better view of the errors in the simulation 
tools used in this work, it was needed to do some primary study of these parameters.  

4.1 Laminar Flame Speed Study 
Laminar flame speed was described in section 2.3.4. To define all parameters needed in CFD-pre-
mixed combustion calculations, there is need to define laminar flame speed. In FLUENT, it is 
automatically calculated simultaneously with flamelet library. But, in CFX, it has to be obtained by 
available external softwares. A fifth-order polynomial curve of Su (Ф) was obtained by CANTERA, 
which was defined in the software.   

Therefore, to examine different chemical mechanisms and also the calculation tools (CANTERA and 
CHEMKIN), a part of the work by Konnov et al. [21] was used to examine the accuracy of our 
computations. 

4.1.1 Description of the work 
A part of the work by Konnov et al. [21] deals with comparing experimental and numerical results of 
non-preheated combustion at atmospheric conditions. The numerical results in [21] were obtained by 
CHEMKIN and the mechanism which is used in the work was Konnov mechanism.  

In this regard, CANTERA software and GRI3.0 mechanism were implemented to acquire the same 
results. Another purpose was to investigate the effects of adding hydrogen on laminar flame speed. 

Figure 12 shows the experimental and numerical laminar flame speed while the equivalence ratio 
changes in [21]. 

Figure 13 shows a comparison of the results in this work and [21].  

As shown in figure 13a, a good agreement between numerical and experimental results can be seen in 
the lean part of the curve (Phi < 1). In the rich part especially for high hydrogen content in the mixture, 
the error is not negligible. With increasing hydrogen content in the mixture, the skewness of the 
experimental curves moves to higher values of the equivalence ratios. This trend is also obtained by 
the numerical curves from [21], but not the numerical curves from this work.  

In both figures in figure 13, it was observed that with increasing hydrogen content in the mixture, the 
laminar burning velocity increases. This is due to more heat value of hydrogen and faster kinetics. 
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4.2 Study of Adiabatic Flame Temperature  
Another basic study in this work deals with calculation of adiabatic flame temperature in combustion 
of methane (CH4), Natural Gas (NG) and mixture of hydrogen and NG. To simplify the CFD 
simulation of natural gas combustion in gas turbines pure methane often is used. This simplification is 
due to the limitations of CFD commercial tools to consider complete species in generating the flamelet 
libraries. For example, FLUENT standard commercial code cannot consider hexane (C6H14) or 
butane (C4H10) gases in its species model. For more information, see section 2.3.13 about limitations 
and weaknesses of CFX and FLUENT. 

However, to investigate the accuracy of the temperatures generated by the FLUENT flamelet libraries, 
some additional samples were designed and the adiabatic flame temperatures were compared to other 
calculation tools. These calculation tools were MATLAB-CANTERA based Siemens in-house code 
and two different Microsoft Office calculation Excel sheets which are usually used at SIT to calculate 
adiabatic flame temperatures and some other combustion parameters. 

Two different conditions were considered to investigate the tools: natural gas and the mixture of 
natural gas and hydrogen. At each condition, three or four cases were investigated. Input data were 
assumed according to normal condition in a general gas turbine.   

4.2.1  Natural gas  
Methane has more heat value than natural gas and by replacing natural gas with methane at constant 
mass flow in the simulations; higher adiabatic flame temperature is expected. This produces more 
NOx in the combustion. This means that if we replace natural gas with methane in the calculations, we 
should expect more NOx at the combustor outlet. In the investigations in this work, 1-2% increased 
adiabatic flame temperature was observed. 

Figure 15 shows the adiabatic flame temperature at different equivalence ratios. All of the calculation 
tools showed good result for the lean region of Ф<0.6. The Glarborg scheme and one of the excel 
sheets showed significant error when comparing with other tools for Ф>0.8. Both Konnov and GRI3.0 
with MATLAB-CANTERA in-house code showed close results to what is obtained by FLUENT-
GRI3.0 mechanism. The second Excel sheet showed slightly higher values since perfect combustion is 
assumed. Figure 16 highlight the differences for the different cases.   

 

Figure 14: Equivalence ratio versus adiabatic flame temperature 
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Figure 15: Highlighting the difference for different solutions compared to MATLAB-CANTERA/Konnov 

 

4.2.2 Enriched hydrogen mixture 

Figure 17 shows adiabatic flame temperature versus hydrogen content in the mixture obtained by two 
different excel calculation sheets, ANSYS FLUENT and MATLAB-CANTERA in-house code.  

One of the excel calculation sheets failed to calculate the adiabatic flame temperature for 100% 
hydrogen. This is related to the numerical method for the remaining point which has been used in its 
solver.  The results by the two excel sheets were very close to each other.  

In low content hydrogen mixture, the results had good agreement. For hydrogen content greater than 
(about) 35%, the results had more discrepancy. This is referred to the calculation methods considered 
in each tool. 

 

Figure 16: Hydrogen volume percent in the gas mixture versus adiabatic flame temperature 
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Figure 18 shows the differences of adiabatic flame temperature in different cases more clearly. As 
shown in the graph, ANSYS FLUENT (with Glarborg mechanism) showed the least difference as 
compared to the two excel sheet calculations.  

 
Figure 17: Difference in adiabatic flame temperature for different tools compared to MATLAB-CANTERA/GRI3.0 results
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5. Results and Discussions 
As mentioned in part 3, the present work is divided to two main parts. Table 3 shows a summary of the 
work.  

Table 3: Simulation steps designed for this work 

Parts CFD code used Space Conditions 

One CFX  2D  Atmospheric, hydrogen enriched  

Two ANSYS FLUENT 2D and 3D Atmospheric and hydrogen enriched 

 

In this chapter, the result of the simulation is described and analyzed.  

5.1 Part One 

5.1.1 Temperature Correction 
In the first part of this work and based on the simplification of combustion modeling in the industries, 
natural gas was replaced with methane and the humidity was neglected. Therefore, due to these 
assumptions, the adiabatic flame temperature had to be corrected. This was done by adjusting the fuel 
mixture fraction at the inlet. Figure 19 shows the calculated adiabatic flame temperature in the 
different cases for enriched hydrogen in which the real mixture fraction were corrected in the 
simulations. In atmospheric and hydrogen enriched cases, fuel mixture fraction was reduced by about 
3-5% at the inlet. It should be noted that the effect of humidity on adiabatic temperature did not exceed 
0.5% for the different cases.  

 

Figure 18: Temperature correction in hydrogen cases 

 

5.1.2 NOx measurement point 
There was a difference between the NOx measurement location in the experiment and in the CFD 
model. Figure 20 shows the points where the NOx is measured. 
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This is related to the simplification of the exhaust area and the stack part which affects the NOx results 
in CFD model. Previous experimental work shows that the difference in NOx is negligible between the 
two positions, and the upstream location is therefore recommended. It is worthy to note that NOx 
creation is time dependent and the shape of the exhaust affects the NOx concentration and NOx 
formation in this area. Due to confidentiality restrictions, the data are normalized and the color map 
was not showed in the fields.  

5.1.3 Atmospheric Cases 
Five atmospheric cases were selected and simulated in CFX. Figure 21 shows the trend of NOx versus 
adiabatic flame temperature. 

 

 

Figure 19: NOx measurement points in CFD models and experiments 

 

As it is expected, increasing the flame temperature leads to more NOx creation in the burner. The main 
reason is that higher temperature leads to higher reaction speed and consequently the increased 
activation energy results to more reaction between nitrogen and the radical oxygen moleculs. CFX 
NOx results showed less error in higher flame temperature values. But in all cases, the difference 
between predicted NOx and the measured values in experiments are significant.  
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Figure 20: NOx values versus adiabatic flame temperature 

 
Figure 22 shows the NOx distribution and streamlines in the model. Because of high residence time 
dependency of the NOx, the highest concentration was found in recirculation zones and especially in 
the exhaust system which was un-cooled in the CFD simulations. Black arrows in the Figure 22 (left) 
show the NOx concentration zones. 

Figure 22 shows the NOx distribution and streamlines in the model. Because of high residence time 
dependency of the NOx, the highest concentration was found in recirculation zones and especially in 
the exhaust system which was un-cooled in the CFD simulations. Black arrows in the Figure 22 (left) 
show the NOx concentration zones. 

 

 

Figure 21: NOx distribution in the axi-symmetric model (left) and related recirculation zones (right) 

 

Figure 23 shows the trend of thermal NOx along the centerline. The maximum NOx is found in the 
flame zone. NOx remains almost constant after the flame zone. It should be noted that the prompt NOx 
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Figure 24: NOx distribution along different cross sections in the combustor 

 

5.1.4 Hydrogen Enriched Case 
Hydrogen in the past few years has obtained a lot of attention as a future energy carrier. For natural 
gas combustion, the design rules are quite clear. But, when the hydrogen is added to the natural gas, 
the consequence is not clear. Depending on the quantity of hydrogen added to the natural gas, the 
flame behavior, flame speed, flash back, blow out and ignition delay time is changed.  

Adding H2 to hydrocarbon fossil fuels increases flame speed in the combustion and improves 
combustion blow out limit. Since blow out limit is reduced with H2, stable combustion at lower 
temperature may be achieved, leading to reduced NOx. In addition, adding H2 to hydrocarbon fuels 
increases O, H and OH radicals and having higher amount of OH, CO oxidation to CO2 is improved.  

Four hydrogen atmospheric cases were selected among several experimental results. Like other 
references, trend of NOx against adiabatic flame temperature is depicted in Figure 26.  

In addition, figure 27, shows trend of NOx against hydrogen contents in different experimental cases. 
In this series of experiments, adding hydrogen to the fuel, leads NOx increases.   
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Figure 25: NOx measurement versus adiabatic flame temperature 

CFX predicts a correct NOx trend even though the values are too small like other previous cases. It is 
valuable to mention that the laminar flame speed was calculated by C2 mechanism. C2 mechanism 
was the only mechanism which we could use in CFX commercial code. 

 

Figure 26: Nox measurement versus hydrogen content 
 

 Flash back prediction  

Flash back occurs when the turbulent flame speed exceeds the flow velocity. This allows the flame to 
propagate upstream into the premixing section. Since the lowest flow velocity occurs in the flow 
boundary layer, flash back often occurs in this region if fuel exists in this region [22]. Figure 27 shows 
the turbulent flame speed along the centerline in four enriched hydrogen cases. Significant increase of 
turbulent flame speed due to adding hydrogen to the fuel is clearly predicted by CFX.  
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Figure 28: Temperature distribution in hydrogen enriched cases. 

 

 

 

 

 

 

 

 

 

Figure 29: A sample of laminar burning velocities as a function of equivalence ratio for hydrogen-methane mixtures (Results 
by CANTERA software, preheated condition, kinetic mechanism: GRI3.0) 
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Figure 30: A sample of laminar burning velocities as a function of hydrogen content for hydrogen-methane mixtures in 
different equivalence ratios (Results by CANTERA software, preheated condition, kinetic mechanism: GRI3.0) 

 

 

 

Figure 31: U-velocity distribution in hydrogen enriched cases with the same inlet velocity profile. 
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point, but our results in CFX did not show this trend clearly. The most important reason might be the 
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centerline for four different hydrogen cases and figure 33 shows OH distribution along the same line 
too. As what is shown in both figures, only very high resolution of these profiles can show the effect 
of hydrogen on center stagnation point. The 3D model in the next part will account for a more correct 
representation of mixing tube inlet conditions and the mixing tube hole. The same trend was observed 
for effect of adding hydrogen on temperature profile, reaction progress variable and other similar 
combustion parameters.  

 
 

Figure 32: U-velocity distribution in hydrogen enriched cases with common inlet velocity profile (The lowest U-velocity 
curve belongs to lowest content of H2 and the higher one belongs to the highest content). 

 

 
 

 

Figure 33: OH distribution in hydrogen enriched cases with common inlet velocity profile (The lowest OH belongs to 0% H2 
and the higher one belongs to the highest content of H2). 
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Another parameter which affects the NOx formation is the shape of the flame. On the other hand, the 
size of the high temperature zone which is identified by OH and/or CH radicals can affect the NOx 
production. Formation of OH radicals occurs in the flame front.  

The fact that OH molar concentration increases by increasing hydrogen has been predicted well by 
CFX in Figure 34. The flame propagation is clearly shown in the figure. 

 

Figure 34: Flame front identified by OH molar concentration in CFX  

5.2 Part Two 
After the study of the burner in the 2D model, to have a better view of the 2D model accuracy, two 
categories of simulations were simulated and the results were compared. 

Furthermore, despite the results in part one in this work; in these series of simulations the temperature 
was not corrected. Humidity of the air was defined in gas and air composition and also, complete 
model of natural gas was considered to generate the flamelet libraries. The Glarborg mechanism was 
used to create the flamelet library in the software.  

It should be noted that the cases were selected according to the experimental cases in Siemens and the 
same condition as in the experiments were implemented in the simulations.  

We selected two categories of the experiments. Four cases were selected for natural gas cases and four 
cases for hydrogen enriched cases. The hydrogen content was from 0% to the highest content in 
atmospheric condition. One case was common in the two categories. 

In addition, the complete burner and the upstream flow distributors are included in the model, as 
shown in figure 11. Therefore the condition upstream the mixing tube is part of the solution.  
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5.2.1 Natural Gas Cases 
Four atmospheric experimental cases were selected for simulation. Figure 35 shows NOx trend versus 
adiabatic flame temperature for numerical and experimental simulations in 2D and 3D. Almost the 
same results were obtained in the 2D and the 3D cases for NOx prediction, even though the 3D cases 
show slightly higher results for the lower flame temperature ranges. For higher values of flame 
temperature, CFD clearly over predicts the NOx emissions.  

 

Figure 35: NOx versus adiabatic flame temperature in 2D and 3D cases 

 

Comparing to the simulation in part 5.1.3, although less error was observed in prediction of adiabatic 
flame temperature, error of NOx prediction was not changed significantly. It is valuable to mention 
that the error of predicted adiabatic flame temperature in both 2D and 3D simulation was less than 1%. 
It means the error of NOx prediction belongs to other sources.  

5.2.2 Hydrogen Enriched Cases 
Among several available hydrogen enriched experimental data, four cases were selected to be 
simulated in ANSYS FLUENT. Like previous cases, complete model of natural gas species (up to C2) 
defined in FLUENT was used.  

In figure 36, NOx versus hydrogen content is shown and in figure 37 the corresponding flame 
temperature is depicted. The measurement data shows that NOx is increasing with hydrogen content 
and there is a small variation in the flame temperature (±0.3%) between the cases, which indicates a 
negligible effect of this variation on the NOx trend. However, the CFD cases do not follow this trend, 
since less NOx is obtained for the cases of high hydrogen content. This may be partly explained by the 
slight error in flame temperature and the over predicted NOx trend due to flame temperature.  
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Figure 36: NOx versus hydrogen content in 2D and 3D cases 

 

 

Figure 37: Adiabatic flame temperature versus hydrogen content in 2D and 3D cases (hydrogen enriched cases) 

 

5.2.3 Flash back prediction 
Temperature distribution contour was used to check flash back in the hydrogen enriched 
cases. There was no flash back in experimental data and 3D results showed this too. Figure 38 
shows the temperature distribution for the 3D cases. But in the 2D results, a kind of flash back 
was observed in the case with highest content of hydrogen.    
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Figure 38: Temperature contour for hydrogen cases 0% to highest content of hydrogen (3D results) 

 

Figure 39 shows temperature distribution in 2D simulations. As what was mentioned in part 
5.1.4.1, the flash back observed in FLUENT is different from observed in the experiment.  

 

 

Figure 39: Temperature contour for hydrogen cases 0% to highest content of hydrogen (2D results) 

5.2.4 Hydrogen effect on central stagnation point 
In part 5.1.4.2, effect of hydrogen on velocity field was described. Here, the same parameters are 
investigated. Figures 40 and 41 show U-velocity distribution in the central plane of the burner in 2D 
and 3D simulations. It should be noted that even 3D model of the simulations had not significant effect 
on stagnation point position at the burner center line.  
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Figure 40: U-velocity contour for hydrogen cases 0% to highest content of hydrogen (3D results) 

 

 

Figure 41: U-velocity contour for hydrogen cases 0% to highest content of hydrogen (2D results) 

5.2.5 Hydrogen effect on flame shape 
Like previous part, the OH distribution in the 2D and 3D cases was studied and the same results were 
obtained. As what was expected and explained before, OH molar concentration should increase by 
increasing hydrogen content in the fuel mixture.  

Flame propagation due to increasing hydrogen was predicted in both 2D and 3D cases. Figure 42 and 
43 show OH distribution in the plane Z=0. As shown in figure 42, and as discussed in the previous 
part, a slight variation in flame temperature as shown in figure 37, affect the OH distribution in the 
domain. Therefore, concentration of OH in 3D case three is more than 3D case four. But in 2D, a 
significant difference is observed in the case with the highest content of hydrogen which shows the 2D 
model needs correction.  
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Figure 42: OH contour for hydrogen cases 0% to highest content of hydrogen (2D results) 

 

 

 
Figure 43: OH contour for hydrogen cases 0% to highest content of hydrogen (3D results)  

In figure 44, OH distribution is shown which are the preliminary experimental results studied by [23]. 
Adding hydrogen to the fuel makes the flame propagates upstream and increased OH level. Also with 
increasing the amount of hydrogen in the fuel mixture, the flame becomes shorter.   
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Figure 44: Average OH LIF signal distributions in an industrial gas turbine burner fueled with a natural gas/H2 mixture. (a) 0 
vol% hydrogen. (b) 30 vol% hydrogen. (c) 60 vol% hydrogen. (d) 80 vol% hydrogen. [23] 

 

Comparing the CFD results to the measurements, it is clear that the used CFD models fail to predict 
the trend of flame position, since the flame position is barely affected by hydrogen in CFD; but 
significant in the measurements. For the OH magnitude as well as the NOx prediction, the cases 
should be re-run using the same flame temperature in order to verify the trend without the effect of the 
flame temperature variation.  
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6. Conclusions 

One of the common simplifications in CFD modeling of natural gas combustion is the use of pure 
methane as fuel with correction of the fuel mass flow to obtain the correct adiabatic flame temperature. 
Considering humidity and the most major species in natural gas, this correction is not required.  

FLUENT and CFX are used to simulate several combustion processes. Comparing the measured and 
predicted NOx, the CFD error was not negligible. FLUENT and CFX need to implement better 
combustion models and NOx post processing tools that predict combustion related phenomena with 
better accuracy.   

Although the trend of predicted NOx versus flame temperature showed reasonable (but over predicted) 
agreement with the measured data, significant level of the error was observed in the simulation results 
(both 2D and 3D).  In addition, the trend of increased NOx due to hydrogen content was not captured. 
In comparison with thermal NOx, prompt NOx was negligible in the studied low emission burner. 

Central stagnation point, flash back and flame shape were studied in different hydrogen enriched cases 
in 2D and 3D. Results showed that although adding hydrogen to the fuel mixture moved the flame 
sufficiently upstream, according to the measurement, CFD did not predict any significant movement 
due to hydrogen content. 

CFX and FLUENT clearly predicted increased OH molar concentration due to adding hydrogen to the 
fuel, even though the flame temperature variation between cases affected the results.  However, for the 
2D model flash back occurred for the highest hydrogen content and it is clearly connected to the 
simplified axisymmetric boundary conditions for the inlet and the mixing tube holes. No flash back 
was observed in the simulations of the 3D models, which is in agreement with measurement. 
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7. Future Works 
 

1. In the present work, the cases studied have a slight flame temperature variation which 
influenced the results more than expected. Having the same flame temperature for the 
different cases would lead to more clear results.  

 

2. Improvement in flame position: Evaluation of different progress variable based combustion 
models as compared to Zimont model which was used in this work. The model constants may 
have to be dependent on the fuel composition. If that is not sufficient, perhaps more advanced 
combustion models such as Finite Rate Chemistry with appropriate chemical kinetics and 
turbulence-chemistry coupling and/or transported PDF methods are required, which also 
should improve the NOx prediction.  
 

3. As shown in this work, the commercial codes still have weaknesses and have to be improved 
before they reliably can be used as a prediction tool for NOx emission in the gas turbine 
industry. One way to improve the CFD NOx prediction may be to use the flow field results 
from the commercial CFD softwares to an improved NOx solver which is based on fewer 
assumptions.  
 

4. There is a strong potential to study other fuels in the gas turbines. Propane, ethane and other 
gases could be studied too. Other emissions such as CO, CO2, etc. still have potential to be 
studied in computational fluid dynamics. 
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