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I. Introduction to suppress combustion product temperature and,

consequently, low pollutant formation[6]. However,

In recent years, the role of combustion technology
in human life has been highlighted because over
90% of worldwide energy demand has been
satisfied using combustion methods [1]. The
augmentations in combustion efficiency and
pollutant reduction have become the main concerns
of combustion researchers in academic societies
and of industrial manufacturers[2]. In the
combustion process, a reaction between the fuel and
the oxidizer occurs to release heat (thermal energy)
and consequently generate electricity. Numerous
emissions, such as unburned hydrocarbon, carbon
dioxide (CO2), carbon monoxide (CO), nitride
oxide (NOX), soot, and particulate matter, are often
released into the atmosphere during combustion[3].

These undesirable pollutants can jeopardize the
environment as the rate of their production
increases because of rapid industrialization[4].
Thus, new combustion methods have been
introduced to overcome the environmental
dilemmas in combustion[5]. For instance, lean
premixed combustion technology was investigated

flashback and poor combustion stability were
mentioned as the main disadvantages of this
method[7-8]. Flameless combustion technology
was recently introduced as a promising technique
for concomitantly reducing pollutant formation and
fuel  consumption[9-11].  This  sophisticated
combustion method has been given various names
because of its varied characteristics.

This sophisticated combustion method has been
given various names because of its varied
characteristics. To achieve this requirement the
burner design is commonly based on the common
injection of air and gaseous fuel in the form of
swirling flow. It results in an enough adverse
pressure along the axis, forming a swirl-induced
central toroidal recirculation zone (CTRZ) which is
only formed beyond a critical value of the swirl
number, around 0.5~0.6 [12]. Once the CTRZ is
established, it anchors the flame, thus improving
the flame stabilization by returning hot gases and
active radicals back to the jet core leading to a more
stirred mixture.
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Most modern gas turbines use double-concentric
swirl-burner because it gives the freedom to vary
the distribution of axial and angular momentum of
different airflow and mixing patterns can be
achieved, resulting in substantial reduction in NOx
emissions and lean blow off (LBO) limit in
comparison to single swirler burner[13]. This
technology is attractive to fit producing the required
power in small size and compact combustor
because several ignitions are distributed at the
combustor head without any side wall among
igniters. So, the more detail understanding of the
dynamic flow and mixing in this annular combustor
is very important to improve engine power and
efficiency. Such reasons are closely related to the
motivation of this study.

On the other hand, the fast development of
computer and methodology of numerical
computation technology have enabled
computational fluid dynamics (CFD) to play a great
role in designing combustors design because of its
low cost compared with experimental testing. CFD
is very effective when used as a guide for potential
experimental investigations, particularly when
experimental data is available for at least one test
condition, for comparison with the CFD
predictions. Since the accuracy of mixing
predictions for these flows plays a crucial role in
the simulation of gas turbine combustion, a number
of CFD studies were carried out to get information
on the swirling flow field inside the combustor but
prediction of such a flow pattern pose a daunting
challenge since the developed recalculating flow
pattern is the result of a multitude of complex
processes involving strong shear regions, high
turbulence, very large curvature of streamlines
within the flow and rapid mixing rates. In this
paper, the roprieties of turbulent swirling flame in
combustion chamber and the status of the research
on NOX formation /reduction in are discussed .

I1. Materials and methods

11.1. Mathematical formulations

The balance equations governing the reacting flow
are: mass, momentum, species and energy. The
founder idea of large eddy simulation (LES) is to
resolve the large turbulent motions in a flow field
and to modeling only the effects of small ones. The
resolved contribution f is obtained by applying the
spatial LES filter to instantaneous variables f .
Filtering the instantaneous governing equations and
introducing the Favre filtered variables po fplp
[12-14].
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where: Ui and u’i are the components average and
fluctuating velocity in the direction xi, Yk is the
methane mass fraction, P is the pressure, p is the
dynamic viscosity and p is the density of the fluid.
The hs is the sensible enthalpy, A is the thermal
conductivity; Dk is the species diffusivity; Is
estimate to the ratio of kinematic viscosity to
Schmidt number ScK which is assumed to be 0.7 in

this study; T is the temperature; & is the secrecies

0
reaction rate and the ARy is the formation

enthalpies of species. Fick’s law in the Equ (3)
describes the mass flux.

The viscous heating term and radiation term in Equ
(4) are neglected as they are negligible compared to

the combustion source term. ‘il Is the stress tensor

and the deviatoric part of filtered strain tensor is
defining us:

(&)

In this calculating method of turbulent flows offers
a good compromise between computational cost
and adequate description of unsteady turbulence.
The LES equations are obtained by filtering the
Navier-Stokes equations at the scale I. In a
calculation code LES; the filtering operation is
carried out implicitly by the mesh and the
numerical scheme: the structures of the turbulence
smaller than | are not solved by the calculation but
taken into account by the LES model. The
dissipation and dispersion errors of the numerical
scheme contribute to the increase of the filter size.
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For more detailed concerning LES approach, we
refer to [15].

11.2. Experimental Test Case

When The Adopted configuration has been
investigated experimentally [16], through laser
Doppler anemometry (LDA). It consists of two co-
swirling airflows injected through a central nozzle
(diameter 15 mm) and an annular nozzle (i.d. 17
mm, o.d. 25 mm widening to 30 mm at the exit).
Non-swirling gaseous fuel (CH.) is injected through
an annular slit between both airflows, which results
in a high degree of premixing before ignition at a
few millimeters upstream the burner exit.

The diameter of the combustion chamber is
D, =4D, and its length is D, =18D,. Limitation
of the main reaction zone was provided by an
orifice with 70% diameter reduction placed at the
exit of the combustion chamber. This outlet
geometry avoids back-flow through the exit section,
otherwise could be induced by the lowered pressure
on the axis of the rotating fluid. The flow is axially
accelerated by the constriction at the outlet of the
combustion chamber. This helps to turn the flow
from a subcritical state after the vortex breakdown
to a supercritical flow at the outlet [Escudier and
Keller 1985]. Based on these measurements, the
sensitivity of the recirculation region to the outlet
conditions can be reduced.

The mass flow rates of air and methane were
adjusted at M¢ =64kg/h and Mk =1.8kg/h,
corresponding to an air equivalence ratio A =2 and
a through-flow time of 180ms Y, ; =0.02735562 .
The air stream through the nozzle was electrically
preheated up to 400°C
(p=1.0924kg /m*=1.95710"°kg/s—m)  and
split between the inner circular passage
(0.37V, 23.68kg / h,35.80m/ s, Re, =49962) and
the outer annular canal. The global Reynolds
number is calculated as the product of the axial
average air velocity (U, =34.83m/s) at the nozzle
exit defined as z=0 and the throat diameter of the
diffuser divided by the kinematic viscosity of air
and gives approximately.The swirl strength is
characterized by the outlet swirl number S, defined
as the ratio of angular to axial momentum flux in
the nozzle divided by the outside nozzle radius R,

as given by:

A
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Figure 1. Sketch of the Geometrical configuration

The theoretical swirl number S calculated from
only the geometrical data of the swirl generator is

used since it is approximately equal to S [21]. 1tis

=0.46

of the inner airflow S and of the outer air

flows‘“"’“‘ =l.0’ yielding the overall swirl number

is St o =0'81. This geometrical configuration is

shown on Figurel.For more detailed specifications
concerning the combustor; we refer to [17].

11.3. Combustion model

One of the crucial steps to modeling combustion in
ansys fluent 16.0 is the choice of combustion
model. So we must first choose a Premixed
Combustion or Non-Premixed Combustion options.
This determines whether or not the reactants present
are initially mixed. From this stage, several choices
of combustion model are available to us. Here we
want to study a turbulent diffusion flame (Non-
Premixed Combustion). In this model, it needs to
create the PDF table, where all parameters and its
information’s on thermo-chemistry interactions
with turbulence are adopted. All quantities values
or all species like as fuel and oxide at the inlet has
been induced in their experimental values cited in
fourth parts and controlled in the PDF table. The
PDF table over view to display temperature and
reacting species: methane, oxygen and carbon
dioxide with mixture fraction Figure 2 below. We
can see that the maximum of temperature is 2200K
corresponding to 0.125 of mixture fraction.
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Figure 2. Temperature and different species
evolution with mixture fraction

11.4. NOx Formation during the combustion
process

Nitrogen oxides are considered the most relevant
pollutants. The principal nitrogen oxides found in
the atmospheric are nitric oxide (NO), nitrogen
dioxides (NOy), which is normally referred to as
NOX, and nitrous oxide (N20)[18-20]. The NOX
and N2O pollutant emissions in the atmosphere
have increased since the middle of the last century.
Researchers have recently conducted studies to
reduce NO and general NOx emissions in
combustion systems. NO is mostly produced within
the reaction zone. The eventual oxidation to NO;
occurs in a post-burn process away from the
combustion region [16,13,21]. N2O is mostly
emitted from combustion sources. Four main NO
sources are produced in the combustion process:
thermal NO or Zeldovich mechanism, prompt NO
or Fennimore mechanism, fuel NO, and N;O. The
main features of each NO formation mechanism are
discussed in the following section [22].

Thermal NOx

The construction of thermal NO corresponds to the
direct oxidation of nitrogen molecules. The three
principal reactions of the thermal NO formation
mechanism are indicated as follows:

N, +0 <> NO+N (8)
N+0, <> NO+0 )

N+OH <> NO+H (10)

Thermal NO or Zeldovich mechanism is produced
during the combustion process. Equations (3) and
(4) show that N2 and O, form the chain propagating
steps known as the Zeldovich mechanism. The rate
limiting reaction in NO formation is the
N2+O—NO+N reaction. Thermal NO is strongly
dependent on temperatures above 1500 °C. The rate
of formation rapidly increases with increasing
temperature as a result of high activation energy
(approximately Ea = 319 kJ/mol) [23,24].

Temperature

Prompt NOx

Prompt NO formation, which occurs in fuel-rich
systems, is a nitrogen oxide formation method
described by Fennimore. Prompt NO can be found
in the flame zone and involves a hydrocarbon
species and the atmospheric nitrogen N2. This NO
formation mechanism is popularly termed ‘prompt’
because of the very early appearance of the flame at
the flame front. The formation mechanism depends
on the mixing rate of fuel and air. The formation of
prompt NO follows the following reaction paths
[25]:

1-The reactions of N, with hydrocarbon fragments
produce cyanide (HCN).

CH+ N, & HCN + N (11)

2. Ammonia radicals (NH, NH,) are generated by

HCN hydrogen abstraction reactions with oxy-

cyanogens.
HCN +0O <> NCO+H (12)
NCO+H <> NH +CO (13)
3. Ammonia radicals form NO
NH +H <> N +H, (14)
N +OH <> NO+H (15)

Fuel NOx

Fuel NOx commonly originates from nitrogen-
bearing fuels, such as certain solid and liquid fuels.
Fuel NOx is formed through the nitrogen oxidation
contained in the fuel. Fuel NOx is created once the
nitrogen is chemically bound to the fuel by excess
oxygen during combustion. During combustion, the
nitrogen bound to the fuel is released as a free
radical and ultimately forms free N, or NO. The
production of fuel NOx is dependent on the
stoichiometric ratio between air and fuel. Fuel-rich
mixtures generally result in high NOx formation,
implying that such process is independent of fuel

type [26].

The figure 3 show one of the proposed reaction of
NO formation at the mechanism.
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Figure 3. One of the proposed reaction of NO
formation at the mechanism

Solving method

In this investigation; ANSYS-Fluent 16.0 CFD
software has been used in which was intensely
validated and compared well with the experience.
The solver is based on the finite volume method for
resolving all transport equations. Turbulence was
modeled by the LES (large eddy simulation) with
the WALE subgrid-scale viscosity has been
considered. The default scheme time discretisation
assumed in this study was the second order. PISO,
algorithm procedure was used for coupling the
pressure and velocity fields for incompressible
flow. By using this solver; the equations show a fast
convergence.  All  equations are resolved
numerically in unsteady case using a grid of 0.80
million hexahedral cells with convergence criteria
about 10-6. Three types of boundary conditions
were applied in this study; Inlet, outlet and wall. At
the input of the combustion chamber all values of
different parameters are measurements; like the
velocities (U, V, W) species and turbulent kinetic
energy by a specifically UDF algorithm of profiles
type. Except dissipation of turbulent kinetic energy
which is calculated by this equation:

K15
0.7D

(16)

_ ~ 075
g—C#

I11. Results and discussion
I11.1. Validation

In a first step, a description will be given of the
mean structure of the flow. Figure4 show mean
axial velocity component at different section in the
combustion chamber. The presence of the central
recirculation zone CRTZ as well as the zones of the
CRZ corners is observed. Comparison is possible

A

with the preceding calculations because the flow
rates have been adapted as a function of the
temperature of the injected air. For this we can
point out some differences between the two
configurations: the angle of opening of the flow is
more important in the case against swirl. The
maximum axial velocities are greater in the case
against swirl than in the reactive case, as well as the
shape of the recirculation zones are slightly
modified and the expansion of the flow is done
more regularly in the two cases with a very large
opening.

104 -~
¥ oot l
8 4
ot 5
e
T o4
a —E
( o
a2 p
.I‘
YV
as + ' -~
VR
12
194 2
on - "—l
254
= 04
=
024
“w —
b — }_--.14 Sy
asd™
Qs v
R
2
T -
b R I
os4 4 3
s
044
" axd
6o — o
a2
.f'
o4 v
28 T
w

Copyright © 2023, Algerian Journal of Environmental Science and Technology, All rights reserved

3074



D. Lalmi and al

19
R 1
LLE
L e
. G
- .2
(VY S et S ——
«2
as
Bl T
-
12
1.0+ =
wR l
as '
Qe
= e - b
V:
a2 - =
B G o~ HEEN
Qo -
o2 4'_\“.,,741{“
— .
L4
Q8 v

Figure 4.Validation with experiment of axial
velocity at different section

The peak gas temperature is located in the primary
reaction zone where the combustion of mixture of
air and methane takes place. The fuel from the
injectors is first mixed in the swirling air before
burning in the primary reaction zone. The gas
temperature decreases after the primary reaction
zone due to the dilution of the flame with the
secondary air.

Temperature profiles are plotted at different axial
position to understand the propagation of
combustion flame in chamber. Figure 5 shows the
temperature profiles of methane/air combustion in
combustion chamber at deferent axial positions of
Z =5 mm, 25 mm, and 55 mm respectively and
normalized by the radius of the combustion
chamber .

The first profile (Z= 5 mm) represents the gas
temperature near the fuel injections. The fuel is
injected from the fuel inlets and mixed with the
swirling air before the start of the combustion. The
size of the flame increases downstream and reaches
a maximum at radius Z = 25 mm. Clear flame
visualization is observed having maximum
temperature of 2300 K. The temperature of the
flame decrease after that with the increase of the
axial distance (Z=55mm).

2500
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Figure 5. Temperature profiles evolution at different
section in combustion chamber

E

200 300 1200 1600 2200

Figure 6. Temperature evolution at different
section in combustion chamber

-

Effect of biosorbent dose

The effect of biosorbent dose in the range of 2 to 10
g L was used for the adsorption experiments and
the results are given in Figure 7. We note that, the
removal rate of Ni(ll) ions increases gradually with
increasing biosorbent dose. It increases from 5.06
to 35.46 %. This raise in removal rate of Ni(ll) ions
could be due to availability of more surface area
and functional groups. The biosorbent dose of 10 g
L* is considered as equilibrium value and was
taken as the optimal biosorbent dose for the
subsequent experiments.

The mass consumption of the methane represented
in radial profiles form of at different axial positions
in combustion chamber. The consumption of the
fuel is clearly illustrated, because the mass fraction
of methane decreases from the initial value at the
outlet of the jet and totally burned just on front
flame to give the carbon dioxide and the water
vapor. It is noted that the excess of air is translated
by an excess of oxygen which remains in the
products of the combustion .Among the species
produced, the mass fraction of Co; is also expressed
as radial profiles in different positions (x / R=5
,25and 55). it can be sayed fo the description of the
behavior of this parameter ; by crossing the front
flame, the mass fraction is increased to reach
maximum values. Downstream of the front of the
flame, the concentration of these species decreases
since they mix with the air of the surrounding.
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Figure 7. CHy, O> and CO; evolution at different
section

Figures 8, 9, 10 and 11 show the contours of
oxidation and formation species in in the process of
combustion. It has been seeing that the oxidation
species represented by the O, and OH and the
formation specie s or the product of the combustion
represented by the CO, and H,O. Figure 12 show
the contours of the NO formation. It has been see
that the mass fraction of NO distribution in the
combustion chamber is according to the highest
temperature distribution.

Figure 8. Contour of the O, consomation evolution
in the combustion process

Figure 9. Contour of H20 evolution formation in
the combustion process

Figure 10. Contour of CO; in the combustion
chamber

Figure 11. Contour of OH in the combustion
process

W Mt 15548 WA AW -R;

Figure 12. Contours of NO Mass Fraction:
Thermal NOx Formation
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Figure 13. Profiles of NO ppm: Prompt NOx
Formation

Figurel3 Shows the variation of NO mass fraction
at different section in the axial direction of the
combustion chamber .In this chart we can see that
at lowest value of achieved NO mass fraction is
located at the lowest values of temperature. The NO
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mass fraction increases respectively in highest
value of temperature because it is a burned zone in
combustion chamber.

IV. Conclusion

In this numerical investigation of combustion
chamber shows following findings: the formations
of NOx located on the high temperature.
Giving less NO emission as less temperature in the
combustion chamber.

For methane as fuel and with initial atmospheric
conditions, the theoretical flame temperature
produced by the flame with a fast combustion
reaction is 2300 K. The predicted maximum flame
temperature is 1800 K of the combustion products
compares well with the theoretical adiabatic flame
temperature. Temperature profiles shows increment
at reaction zone due to burning of air-methane
mixture and decrement in temperature downstream
of dilution holes because more and more air will
enter in combustion chamber to dilute the
combustion mixture along center line . Specie
namely NO is increasing and achieving peak point
at reaction zone because they are products of
combustion along centerline.
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