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ABSTRACT

The paper presents the numerical simulation on combustion of methane and biogas mixtures in the swirl
burner can-Type of gas turbine combustion chamber. The study deals with the impact of mass fraction of
carbon dioxide for biogas on emissions of noxious compounds during combustion. The investigations were
done for four different fuels: pure methane (100% CHas), three biogases (90%CHs+10%COz,
75%CH4+25%CO02 and 70%CHa+30%COz), with the constant value of equivalence ratio (¢ = 0.95). The
numerical results show that a low content of carbon dioxide in methane-air mixture leads to a better flame
stability through an increase of the volume of the recirculation zone. The numerical analysis has shown that
the biogas fuel allows a reduction of about 33% on the NO emissions and about 10% on the CO emissions
and carbon dioxide contained in the fuel leads to the lowering of the flame temperature, whose effect reduces
NO emissions. The results of the investigation clearly demonstrate that it is possible to use such fuels in

combustion systems with swirl burners.
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1. INTRODUCTION

The turbines are widely used in modern industry to
deliver shaft power or thrust power. The combustor
is part of the gas turbine. The main goal of the
combustor design is lower emissions with less
volume. Flow field simulation in the combustor is a
challenging subject to both academics and
industries. It is of commercial importance to
understand and to predict various phenomena in the
combustor.

Gas turbine combustion systems need to be
designed and developed to meet many mutually
conflicting design requirements, including high
combustion efficiency over a wide operating
envelope and low NOx emission, low smoke, low
lean flame stability limits and good starting
characteristics; low combustion system pressure
loss, low pattern factor, and sufficient cooling air to
maintain low wall temperature levels and gradients
commensurate with structural durability.

Swirling flames are frequently used in modern gas
turbine combustors since they offer a possibility of
controlled flame temperature and thus favorable
thermal NOx emissions.

Emissions of nitrogen oxides (NOx), which are
responsible in particular pollutant photochemical

formation of ground-level zone and acid rain, have
a significant environmental impact and health. very
strict standards to limit these emissions are
currently in force in particular for stationary sources
(industrial burners, thermal power plants, boilers,...)
and for mobile sources (vehicle engines, aircraft,...).
NOx are essentially the combustion by-products.
among the denitrification processes, alternative
technologies reburn advanced (R.A.), which
combine reburn processes (natural gas) Reduction
and Selective Non catalytic (S.N.C.R.) (by nitrogen
species) are currently being validated on an
industrial scale (Gohlke, 2010), (Rossignoli, 2010),
(White, 2009).

Numerical simulations of the flows in gas turbine
combustors had become an unavoidable way to
accelerate the design of this type of modern engines
and optimize their performances. The calculations
also facilitate the understanding and the
visualization of physical phenomena often
inaccessible by the experimental measurements.

Biogas can be used readily in all applications
designed for natural gas such as direct combustion
including absorption heating and cooling, cooking,
space and water heating, drying, and gas
turbines. It may also be used in fueling internal
combustion engines and fuel cells for production of
mechanical work and/or electricity. If cleaned up to
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adequate standards is may be injected into gas
pipelines and provide illumination and steam
production.

The addition of COz to natural gas fuel affects both
the chemical and physical processes occurring in
flames. These changes affect flame stability,
pollutant emissions and combustion efficiency. Few
of these issues are clearly understood.

The use of Computational Fluid Dynamics codes to
predict the reactive flow within a gas turbine
combustor has been the center of many studies,
made improvements to the accuracy of emissions
predictions and combustor simulation: (Lysenko
and Solomatnikov, 2003, 2006); Palm et al. (2006);
Fureby et al. (2007); Widenhorn et al. (2009);
(2010); Pathan et al. (2012); Ghenai (2010),
Eldrainy et al. (2008).

This project will investigate issues surrounding the
use of methane and biogas fuels in gas turbines. The
influence of the addition of CO2 to natural gas on
the stability of turbulent flames is investigated in
this numerical project.

Combustion in gas  turbines combustor
predominantly takes place in the diffusion flame
regime and in the thin-reaction zones regime. The
main goal of this project is to develop improved
turbulent combustion models for circumstances in
gas turbines can-type combustor model, including
accurate chemistry and improved turbulence
modeling.

The present analysis is mainly based on three-
dimensional Steady Reynolds Averaged Navier-
Stokes equations, employing Reynolds Stress
Model as the turbulence model. In this works the
version of RSM due to Speziale, Sarkar (1995),
Sarkar and Gatski (1991) and Marzougui et al.
(2015), has been selected, since it applies a
quadratic ~ correlation  for  modeling  the
isotropization of production in the pressure-strain
tensor. Numerical simulations were performed with
the commercial code FLUENT 14.0 by ANSYS
Inc.

The Eddy Dissipation Model (EDM) by
Magnussen (2005) was taken into account to
model turbulence/chemistry interactions. Two-
step global mechanism of Westbrook and Dryer
(1981) was used to describe the oxidation of
Methane/Biogas.

In laminar flames and at the molecular level
within turbulent flames, the formation of NOx can
be attributed to four distinct chemical kinetic
processes: thermal NOx formation, prompt NOx
formation, fuel NOx formation, and intermediate
N20. Thermal NOx is formed by the oxidation of
atmospheric nitrogen present in the combustion
air. Prompt NOx is produced by high-speed
reactions at the flame front (DeSoete, 1974). Fuel
NOx is produced by oxidation of nitrogen
contained in the fuel. At elevated pressures and
oxygen-rich conditions, NOx may also be formed
from molecular nitrogen (N2) via N20. The
reburning and the Selective Non-Catalytic

Reduction (SNCR) mechanisms reduce the total
NOx formation by accounting for the reaction of
NO  with  hydrocarbons and  ammonia,
respectively.

The aim of the current work is: (1) Study the rate
constants in the ANSYS Fluent NO formation
model, (2) Choosing biogas as a fuel in gas turbine
combustion chamber.

2. COMBUSTOR MODELING

2.1 Geometry and Grid

The basic geometry of the gas turbine can-type
combustion chamber is shown in Fig. 1. The size of
the combustor is 590 mm in the Z direction, 250
mm in the Y direction, and 230 mm in the X
direction. The primary inlet air is guided by vanes
to give the air a swirling velocity component. The
total surface area of primary main air inlet is 57
cm?. The fuel is injected through six fuel inlets in
the swirling primary air flow. There are six small
fuel inlets, each with a surface area of 0.14 cm?.
The secondary air is injected in the combustion
chamber through six side air inlets each with an
area of 2 ¢cm?. The secondary air or dilution air is
injected at 0.1 m from the fuel injector to control
the flame temperature and NOx emissions. The can-
type combustor outlet has a rectangular shape with
an area of 0.0150 m?.

secondary Fuel inlet

airinlet —

primary
airinlet

swirler

=T
¥
Fig. 1. Model combustor: computational domain

model.

2.2 Boundary Conditions and Meshing

In the present study, unstructured grid has been
employed due to the complexity of geometry
combustor. An unstructured grid was generated
with GAMBIT, illustrated in Fig. 2, which consists
of 45,568 nodes and 110,568 elements. The
different boundary conditions applied for this
numerical simulation of gas turbine can-type
combustion chamber are listed in Table 1. The
Finite Volume Method (Eymard et al., 2000) and
the second-order upwind method were used to solve
the governing equations. The convergence criteria
were set to 10 for the mass, momentum, turbulent
kinetic energy and the dissipation rate of the
turbulent kinetic energy and the chemical species
conservation equations. For the energy and the
pollution equations, the convergence criteria were
set to 106,
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Fig. 2. Computational mesh.

Table 1 boundary conditions

Flow regime: subsonic;
The injection velocity is 10m/s
The injector diameter is 85mm
Heat transfer: static temperature is 300K
The turbulence intensity is 10%
Mass fraction of oxygen: Yo>= 0.232;

Primar
y air

Flow direction: normal to B. C.
Flow regime: subsonic;

The injection velocity is 40 m/s
The injector diameter is 4.2 m
The temperature is 300 K;
Thermal radiation: local temperature;

Fuel
inlet

The injection velocity is 6m/s;
The injector diameter is 16mm
The temperature is 300K
The turbulence intensity is 10%
Mass fraction of oxygen: Yox= 0.232

Sec. air

Flow regime: subsonic;
The relative pressure is OPa;
Mass fraction of oxygen: Yox= 0.232
Thermal radiation: local temperature;

Outlet

Wall boundary condition was no slip;
Wall roughness was smooth;
Wall heat transfer was adiabatic;
Wall emissivity was 0.95;
Thermal radiation: opaque;
Diffuse fraction is 1.0

Wall

2.3 Turbulent Combustion Modeling

For turbulence modeling, it is already known, that
certain  Reynolds  Stress components are
significantly modified due to the action of flow
curvature and pressure gradient within swirling
flows. Consequently, eddy viscosity models, which
do not address such phenomena, perform badly.
Such phenomena can however be accommodated
within a Reynolds Stress Model (RSM) closure.

The Reynolds stress model (RSM) is the most
elaborate type of RANS turbulence model that
ANSYS FLUENT provides. Abandoning the
isotropic eddy-viscosity hypothesis, the RSM closes
the Reynolds-averaged Navier-Stokes equations by
solving transport equations for the Reynolds
stresses, together with an equation for the
dissipation rate. This means that five additional
transport equations are required in 2D flows, in
comparison to seven additional transport equations
solved in 3D. Since the RSM accounts for the
effects of streamline curvature, swirl, rotation, and
rapid changes in strain rate in a more rigorous
manner than one-equation and two-equation
models, it has greater potential to give accurate

predictions for complex flows. However, the
fidelity of RSM predictions is still limited by the
closure assumptions employed to model various
terms in the exact transport equations for the
Reynolds stresses. The modeling of the pressure-
strain and dissipation-rate terms is particularly
challenging, and often considered to be responsible
for compromising the accuracy of RSM predictions.
In addition, even RSM rely on scale equations (g or
®) and inherit deficiencies resulting from the
underlying assumptions in these equations.

The RSM might not always yield results that are
clearly superior to the simpler models in all classes
of flows to warrant the additional computational
expense. However, use of the RSM is a must when
the flow features of interest are the result of
anisotropy in the Reynolds stresses. Among the
examples are cyclone flows, highly swirling flows
in combustors, rotating flow passages, and the
stress-induced secondary flows in ducts. The exact
form of the Reynolds stress transport equations may
be derived by taking moments of the exact
momentum equation. This is a process wherein the
exact momentum equations for the fluctuations are
multiplied by the fluctuating velocities and
averaged, the product then being Reynolds-
averaged. Unfortunately, several of the terms in the
exact equation are unknown and modeling
assumptions are required in order to close the
equations.

In this project, the Eddy Dissipation Model (EDM)
of Magnussen (2005) is used as the interaction
between turbulence and combustion. The Eddy
Dissipation model is best applied to turbulent flows
when the chemical reaction rate is fast relative to
the transport processes in the flow. There is no
kinetic control of the reaction process. Thus,
ignition and processes where chemical kinetics may
limit reaction rate may be poorly predicted. By
default, for the Eddy Dissipation Model (EDM);
requires that fuel and oxidant are produced in
adequate volume so that the combustion occurs. If
the product limiter is enabled, by setting the Eddy
Dissipation Coefficient B parameter to positive,
then products must also be available. For more
details, see (Magnussen, 2005). However,
combustion products may not always be specified
as an input. In this case, products could not form
unless they are introduced into the domain.
Assuming the problem is one in which a stable
flame may be established, initial specification of
products within the domain should be sufficient to
start and maintain combustion. However, if the
combustion is difficult to maintain, it may be
necessary to introduce a small fraction of products
at an inlet.

The eddy dissipation model is based on the concept
that chemical reaction is fast relative to the
transport processes in the flow. When reactants mix
at the molecular level, they instantanecously form
products. The model assumes that the reaction rate
may be related directly to the time required to mix
reactants at the molecular level. In turbulent flows,
this mixing time is dominated by the eddy
properties and, therefore, the rate is proportional to
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a mixing time defined by the turbulent kinetic
energy, K, and dissipation, &.

rateocf (1)

This concept of reaction control is applicable in
many industrial combustion problems where
reaction rates are fast compared to reactant mixing
rates.

In the Eddy Dissipation model, the rate of progress
of elementary reaction k, is determined by the
smallest of the two following expressions:

Ry = Aimin([l]J @)

Vi

where A is a constant value, [I] the molar
concentration of component | and | only includes

the reactant components and Vv, the exponent of

species | for the reactant side. of the products
limiter is preferred, the equation results:

Zp“W']

(3)
DV W,

&
R, =AB —
-nag]

where

P loops over all product components in the
clementary reaction k.

A'is a an empirical constant equal to 4.0

B is an empirical constant equal to 0.5;

£1is the turbulent dissipation rate (m?s);

K is the turbulent kinetic energy per unit mass
(J/kg).

Vi, V'jis the stoichiometric coefficient for reactant
i and product j in reaction.

Optionally, a maximum flame temperature may be
applied for the Eddy Dissipation model. The
reaction rate is smoothly blended to zero when the
specified upper temperature limit is approached.
This is implemented by an additional bound added
to the minimum condition in the EDM reaction rate:

&
Rimrr = AL -Cwmrr @
Where:

ACp
AH g

Cwirr =max{(Ty,, —T ).0[K 1} )

Cwvrr may be interpreted as a virtual concentration,
which vanishes if the temperature is equal to the
maximum flame temperature. Cp is the specific heat
capacity of the fluid mixture at constant pressure
and AHR is the reaction heat release per mole.

The assumption made for the EDM no longer holds
true when one chemistry time scale becomes
relevant. However, the limits of application of the
EDM can be extended by combining it with the
Finite Rate Chemistry (FRC) model, in which the

reaction rates are calculated by means of a chemical
kinetic mechanism:

Ny N

, s
Rerc =Fs [ [ ]VSI -Bs ]

=X X e =X X e

[| ]VSI "
(6)

Fs and Bs are the forward and backward rate
constants, which are calculated through an
Arrhenius like expression. According to the local
conditions, the overall model (EDM-FRC) switches
between the reaction rates calculated with the EDC
or the FRC model.

Although the boundaries of applicability of the
EDM model are clearly expanded by adding Finite
Rate Chemistry effects, there is still a clear limit to
the model due to the very simple chemical kinetics
schemes which can be adopted in this context.
Normally the schemes which are supported in this
numerical technique are single step global reaction
schemes.

The reaction chemistry is a simple infinitely fast
one step global irreversible reaction. The model for
the reaction rate is developed from a combination of
local kinetics modeling using an Arrhenius law and
a new form of the EDC model adapted for LES.
The modeling can in principle be applied to both
premixed and non-premixed flame and can easily
be extended for more complex chemistry. The
investigations were done for four different fuels:
pure methane, three biogases, with the constant

value of equivalence ratio ¢ = 0.95. The
composition of the gases tested is presented in
Table 2.

Table 2 Fuel mixtures

%Chs | %CO2 V;ﬁg 1;4?7;3
Methane 100 0 36
Biogas 1 90 10 324
Biogas 2 75 25 27
Biogas 3 70 30 252

For methane and biogas flame calculations, a
general 2-step chemistry by Westbrook and Dryer
(1984) for saturated hydrocarbon fuels is used. The
two steps are:

CH, +1.50, <>CO +H,0 %)
CO +0.50, = CO, ®)

2.4 NOx Formation

There are two mechanisms that create NOx in gas
turbine combustor: the Thermal NOx, which is the
oxidation of atmospheric bound nitrogen in the
combustion air and the conversion of fuel, bound
nitrogen into NOx. The formation of thermal NOx is
determined by a set of highly temperature-
dependent chemical reactions known as the
extended Zeldovich mechanism. The principal
reactions governing the formation of thermal NOx
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from molecular nitrogen are as follows (Palash et
al., 2013):

O+N, <N +NO )
N +O, 0 +NO (10)

A third reaction has been shown to contribute to the
formation of thermal NOx, particularly at near-
stoichiometric conditions and in fuel-rich mixtures:

N +OH < H +NO (11)

The expressions for the rate coefficients for Egs. 9,
10 and 11 used in the NOx model are given below.
These were selected based on the evaluation of
Hanson and Salimian (1984).

Kei= 1.8 x 108 exp {-38370/T} (12)
Kei = 3.8 x 107 exp {-425/T} (13)
Ki2=1.8 x 10* T exp {-4680/T} (14)
ke =3.81 x 103 T exp {-20820/T} (15)
ke =7.1 x 107 exp {-450/T} (16)
ki3 = 1.7 x 108 exp{-24560/T} (17)

In the above expressions, ki1 , ki2 , and ki3 are the
rate constants for the forward reactions Eqs. 6, 7
and 8, respectively, and ki1, k2, and k3 are the
corresponding reverse rate constants. All of these
rate constants have units of m3/mol-s.

The net rate of formation of NO via the reactions in

Egs. 6, 7 and 8 is given by

d[NO]
dt

—kK; [INOJ[N ]k, ,[NO]JO]-k; 5[NO]J[H ]

=K¢ J[O][N,]+Ks o[N][O;]+Ks 5[N][OH ]

(18)
were all concentrations have units of mol/m?.

To determine the O radical concentration, ANSYS
Fluent uses one of three approaches — the
equilibrium approach, the partial equilibrium
approach, and the predicted concentration approach.
In this study uses the equilibrium approach. The
kinetics of the thermal NOx formation rate is much
slower than the main hydrocarbon oxidation rate,
and so most of the thermal NOxis formed after
completion of combustion. Therefore, the thermal
NOx formation process can often be decoupled from
the main combustion reaction mechanism and the
NOx formation rate can be calculated by assuming
equilibration of the combustion reactions. Using
this approach, the calculation of the thermal
NOx formation rate is considerably simplified.

The assumption of equilibrium can be justified by a
reduction in the importance of radical overshoots at
higher flame temperature.  According to
Westenberg (2009), the equilibrium  O-atom
concentration can be obtained from the expression

[0]=3.97x10°T V%[0, ]%e‘m"” [mol/m’]
(19)

were T is in Kelvin.

ANSYS Fluent uses one of three approaches to
determine the OH radical concentration of OH from
the thermal NOx calculation approach, the partial
equilibrium approach, and the use of the predicted
OH concentration approach.

In this study, we used the partial equilibrium
approach, in this approach, the concentration of OH
in the third reaction in the extended Zeldovich
mechanism (Eq. 8) is given by (Baulch et al.,
1992); (Westbrook and Dryer, 1984).

[OH] = 2.129x10°T*¥'e ** T[O} [ ,0]
(20)

The presence of a second mechanism leading to
NOx formation was first identified by Fenimore
(1971) and was termed “prompt NOx ”. There is
good evidence that prompt NOx can be formed in a
significant  quantity in some combustion
environments, such as in low-temperature, fuel-rich
conditions and where residence times are short.
Surface burners, staged combustion systems, and
gas turbines can create such conditions.

At present, the prompt NOx contribution to total
NOx from stationary combustion is small. However,
as NOx emissions are reduced to very low levels by
employing new strategies (burner design or furnace
geometry modification), the relative importance of
the prompt NOx can be expected to increase. More
information can be found in ANSYS help. In
turbulent  combustion  calculations, ANSYS
FLUENT solves the density-weighted time-
averaged Navier-Stokes equations for temperature,
velocity, and species concentrations or mean
mixture fraction and variance. To calculate
concentration, a time-averaged formation rate
must be computed at each point in the domain using
the averaged flow-field information. Methods of
modeling the mean turbulent reaction rate can be
based on either moment methods or probability
density function (PDF) techniques. ANSYS
FLUENT uses the PDF approach.

3. RESULTSAND DISCUSSION

3.1 Veocity Streamline

Fig. 3, shows the streamline contours produced by
the numerical model. The color of the streamline
patterns represents the axial values of velocity.
These streamlines indicate the path which a fluid
particle would follow. Flame stability, combustion
intensity, and performance are directly associated
with the size and shape of this recirculation vortex.

In primary zone, the negative axial velocities in the
center of the combustion chamber indicate the
existence of an inner recirculation zone. Swirl vanes
around the fuel nozzle generate a strong vortex flow
in the combustion air within the combustor. The
flow field is typical of confined swirl flames and
consists of a cone-shaped stream of burning gas in
the inlet of the chamber. For sufficiently high swirl
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number (in this study, S=1.0), recirculation zone
appears as a result of the vortex breakdown. The
length of the recirculation zone is about (150 mm).

Velocity recirculation combustion
axial [m/s] zone _ products
I 40.25
1 30.22
2020
1017
0.145 :'—;—-F'riﬂ'IEF‘r'-—secu:rndarv !
initial Z@Ne zone
region
Fig. 3. Velocity streamlinein meridian plan
(Ox2).

The recirculation zone operates normally at a rich
mixture. This recirculation region is deeply
involved in the flame stabilization process as it
constantly puts hot burnt gases in contact with fresh
gases allowing permanent ignition. The central
recirculation zone results from the vortex
breakdown generated by the Swirl. This large
torridly central recirculation zone plays a main role
in the flame stabilization process by acting as a
store for heat and chemically active species.
Negative axial velocities in corner regions indicate
the existence of two corner recirculation zones
resulting from sudden expansion. Corner
recirculation zone above the shear layer of the
recirculation zone and takes it shape from the
neighboring boundary walls.

The length of the corner recirculation zone is about
(76 mm). Strong velocity gradients occur in the
throat of the nozzle and, in the outer shear layer
between inflow and recirculation zone, because of
the strong turbulent mixing in those locations.

The secondary zone adds air to weaken the mixture.
More air is added in the dilution zone to decrease
the hot gas temperature for meeting the requirement
of turbine guide vanes. This hot gas helps stabilize
the flame by providing a continual source of
ignition to the incoming fuel. It also serves as a
zone of intense mixing within the combustion by
promoting turbulence through high levels of shear
between the forward and reverse flows.
Recirculation zone is formed just at the downstream
of the secondary air inlet.

Fuel velocity coming out from the injector at the
plan 1 (Fig. 4) has a magnitude of 40m/s. Air
coming through the swirly jet has a maximum
velocity of 10 m/s and this flow spreads in the
radial direction occupying whole space without
formation of recirculation zone. This is due to the
blockage effect created by the secondary air inlet
jets forcing the primary air inlet jets and fuel jet to
spread in radial direction. Velocity of fuel-air
mixture reduces as I enter the liner axis of
combustor.

From Fig. 4, it can be seen that the modeling of
dilution holes (secairin) results in the corresponding
air jets being generated. The secairin jets help in
recirculation a part of the primary air to aid in
combustion in the primary zone. This zone is a
prerequisite for the stable combustion. The function
of the dilution air jet is to mix with the products of
combustion to cool these to a value acceptable by
the turbine and also to reduce the pattern factor at
the exit of the combustor.

Corner secondary
velocity recirculation | air inlet
axial [m/s]  zgne

40.25 [

30.22

20.20

10.17

0.145

€01 o 01 02 03 04 OS5
Fig. 4. Streamline of velocity field in combustor
gasturbine, Horizontal section.

3.2 Combustion Aerodynamic

The design and performance of a combustor is
strongly affected by aerodynamic processes. The
achievement of aerodynamically efficient designs,
characterized by good mixing and stable flow
patterns with minimal parasitic losses, is one of the
primary design objectives. Large scale central
recirculation zones, as shown in Fig. 5, serve many
other purposes as well.

Temperature small large
streamlines [K] recirculation recin:ulation zone
2omamstey Z0NE Y/

2 e

Fig. 5. The process of recirculation in a gas
turbine combustor using temperature
streamlines.

Swirlers are static mixing devices used to impart
swirl to the flow. The goal of swirler design is to
maximize the benefits of recirculation by imparting
sufficient swirl to the flow while minimizing the
incurred pressure losses. Modern combustors also
use swirlers to promote mixing of the fuel and air in
the premier prior to combustion. At swirled and
injector fuel jet, temperature of inlet air and fuel
(100% CHs) was taken as 300K. After the initial
region, temperature increases gradually from 300K
to a maximum value of 2264K in the central region
due to efficient combustion of fuel-air mixture. Hot
combustion products become trapped in the
recirculating mass and are returned to the
combustor dome inlet. This hot gas helps stabilize
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the flame by providing a continual source of
ignition to the incoming fuel. Fig. 5 illustrates the
process of recirculation in a gas turbine combustor
using streamlines. These streamlines indicate the
path which a fluid particle would follow.

The mixture flows axially after the reaction and it
diffuses away from the center to ensure entrainment
of more air along the centerline of the secondary
zone of the combustor thereby reducing the
temperature in this region. Outlet temperature
contours are more uniform (T=1300K).

3.4 Effect of Fuel Characteristics (T, NO,
CO»)

Methane is used as the reference fuel. Waste biogas
is composed of Biogas 1 (%CH4=90, %C02=10),
Biogas 2 (%CHs=75, %C0:=25) and Biogas 3
(%CH4+=70, %C02=30), with a constant velocity
inlet of fuel and air. In the current studies, the vane
angle was assumed to be about 45° and was kept
constant for all the simulation. The simulations
were validated in terms of temperature and
emission of pollutants NO and CO2. The
temperature distribution along the central axis of
combustor is shown in Fig. 6. As seen in the figure,
due to more fuel burned under the increase
percentage of COz, the outlet temperature decrease
as the COz increases. In the region from the fuel
injector to z = 0.1m, the temperature at the central
axis of combustor has little change for all fuels.

2000 T T T T

T T T
1900 - -
g 1800 - -
e
2
S 1700 -
[
Qo
£
(7}
i
1600 - 4
—&— Methane (100% CH,)
~-0-- Biogas 1 (90% CH,+10% CO,) AN
1500 4 A Biogas 2 (75% CH,+25% CO,) J
-~ Biogas 3 (70% CH,+30% CO,) v
T T

0,00 O,;}S 0,;[0 0,15 0,‘20 0,‘25 0,;30 0,35 0,40
Z[m]
Fig. 6. Distribution of temperature.

However, in the region from 0.1 m to combustor
outlet, the temperature decrease as the percentage of
CO: increases. It can also be seen from Fig. 6 due
to the air from the secondary holes takes more heat
to reach the equilibrium temperature and the
combustion process the mixing of dilution air and
fuel gas is useful to improve the uniformity of
combustor outlet temperature distribution. The
temperature increases gradually due to the chemical
reaction inside the main combustor. It is clear that
after the location of primary chamber at z = 0.25m,
the temperature diminishes due to the cooling effect
of air from the secondary holes. Thus, it is distinct
to show that for the biogas 3, achieves better
temperature in comparison with other fuel. The
peak gas temperature is located in the secondary
zone (z = 0.25m) for methane and biogas 1. Then
the peak gas temperature is located in the primary

zone for Biogas 2 and biogas 3 (z = 0.1m). Fig. 7
demonstrates the NO mass fraction for the can
combustor model with different fuels at axial
distance. The highest values of distribution of the
mass fraction of NO in the combustor chamber
were measured for fuels with the highest
combustion temperature. NO  concentrations,
however, are highest in the slow-moving, reverse-
flowing fluid near the combustor centerline.
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Fig. 7. Distribution of NO mass fraction.

An analysis of COz distribution in the combustion
chamber in the axis the combustor was carried for
methane pure and mixture of methane and CO: (Fig.
8). The proper selection of a swirler is required to
reduce the emission which can be concluded from
the emission of NO and COz. The air at the
secondary inlet is introduced to reduce the NO
emission and also to mitigate CO2 emission from
natural gas.
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i<
N
i
1

2

CO, Mass Fraction

0,12 4

—=— Methane (100% CH,)

---6--- Biogas1 (100% CH,+10% CO,)
< Biogas 2 (75% CH,+25% CO,)

-~ Biogas 3 (70% CH,+30% CO,)

0,10 T T T T T T T
000 005 010 015 020 025 030 035 04C

Z [ml]

Fig. 8. Distribution of CO2 mass fraction.

3.5 Analysis of Temperature Contours

Contours of the temperature in midaxil vertical plan
have been plotted in Fig. 9. However, due to the
dilution of burned mixture gas with the air, the gas
mixture temperature is lower in primary zone. It can
be seen from Fig. 10, the high temperature zone
becomes bigger as the % CO: increases. It is
because more fuel is burned in the combustor under
the high % COa.. Adding about 10% of CO2 to
methane lowers the adiabatic temperature of
combustion by about 20K, and increasing the ratio
of CO2 to 40% by about 45K. Increasing the
amount of carbon dioxide in the fuel leads to
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lowering of the maximum combustion temperature.

j1.X8
biogas 2 biogas 3
Fig. 9. Temperaturedistribution in center plan.
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Fig. 10. NO Massfraction distribution.

3.6 Analysisof NO Contours

Contours of the NO mass fractions in mid-axial
vertical plan have been plotted in Fig. 10. Profiles
distribution of nitric oxide, they are formed in the

combustion chamber in the case of the analyzed
fuels. NO concentrations, however, are highest in
the slow-moving, reverse-flowing fluid near the
combustor centerline. The fluid here has had
sufficient time to allow N2 to react with Oz and
form NO. Pollution emission level from a
combustor depends upon the interaction between
the physical and chemical process and is strongly
temperature dependent.

In thermal model, temperature controlled oxidation
of N2 leads to formation of NO whose emission
level changes with axial distance. As temperature
increases in the axial direction, oxidation of N»
increases leading to increase in NO. Fig. 11
presents a set of measurements of toxic compounds
or mixtures of natural gas (100% CH4) and biogas
1, 2 and 3 burnt in strong swirl flows. The values
measured for NO, CO and CO: correspond to those
taken 30 mm from the rectangular shape outlet of
the combustor which shows that the whole of NO
emissions is produced no higher than the flame
height indicated and that in the flame not burning of
nitric oxides takes place.

& T T T T T T x 1 § X
oy —m— CO
- NO
504 A NO [T
= SN
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w
E
3 304 1
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g :
o 204 A E
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L=}
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CO)mole fraction in fuel [%:]
Fig. 11. Emission of NO, NOx and CO taken 30
mm from the rectangular shape outlet of the
combustor.

4. CONCLUSION

A turbulent swirling flow in a can-type gas turbine
combustor model is modeled, applying, three-
dimensional turbulence modeling procedures such
as RANS-RSM. Quite satisfactory results have been
obtained by the RANS-RSM approach for the gas
turbine combustor can-type model. The analyses
were carried out for diffusion chamber, using
natural gas (100% CH4) and biogas as fuels.
Through the numerical simulations it was possible
to notice that:

e (CO: addition significantly improves flame
stability and allows stable burner operation at
the lean fuel/air ratios needed for reduced NOx
emissions, up to 30% CO:2 addition for NOx
reduction to the 33% competitive with current
control technologies when both NOx emissions
and the cost of CO2 removal are considered.

The change in the fuel from natural gas to
biogas changes the aerodynamic and thermal
behavior significantly due to the variation of the
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fuel mass flow, which is higher for the biogas,
given that it has a lower heating value that the
natural gas and different chemical composition
as well

e The results of the investigation clearly
demonstrate that it is possible to use such fuels
in combustion systems with swirl burners.
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