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Abstract— Owing to the major source of energy production,
combustion technologies are commercially available
throughout the world. However, combustions are
responsible for too much atmospheric pollution which is
detrimental to human health and environment. Thus
concerted efforts are being made to reduce the particle
emissions due to soot formation caused by incomplete
combustion and acid precipitation originating mainly from
Nitrogen Oxide (NOy) during combustion process at high
temperature. However, with the emergence of new fuels and
combustion modes, it is necessary to improve the
computational models. Hence turbulent combustion needs to
be optimized through better understanding to meet demands
for lower emissions without sacrificing power and fuel
consumption. In fact, emission reduction measures can
possibly be developed by understanding the mechanism of
pollutants formation during combustion process, which
requires knowledge of trace species. These species are
produced by finite rate chemical kinetic mechanisms that
involve large numbers of elementary steps. For this purpose,
the application of a 3D Computational Fluid Dynamics
(CFD) model simulations are proven to be very effective to
support the experimental investigations of turbulent
combustion. In the present paper, CFD simulation of
combustion has been reported in order to reduce the
pollutant emission and soot formation. The Pollutant
reduction is performed on well-validated comprehensive
mechanism that was designed to simulate the combustion of
natural gas (methane-air) constituents and production of
NOx and sooth, and model is able to predict the NOx
emission levels with all possible gas phase reaction
mechanism such as thermal, prompt, and nitrous oxide taken
into account. The reaction rates of pollutant formation in
combustors are determined by both chemical kinetics and
turbulence and modeled using eddy-dissipation mode. The
combustion is simulated by steady-state governing equations
solved using the SIMPLE algorithm and the effect of
turbulence on the mean flow field was accounted for using
the RNG k-e turbulence model, this non-premixed type
combustion is molded using ANSYS Fluent-species
transport model, followed by single-step reaction
mechanism and NOx model assuming conversion of the fuel
to CO,, H20, NO and NO; etc. The reaction mechanism is
validated for using constant-volume combustion chamber
experiments. Further, the model is also validated for inlet
diffusion and diffusion energy source. The flow parameters
like velocity, temperature, and mass fraction are defined
prior to the simulation. In the work presented in this thesis,
the first part focused on the effect of numerical variation in
mass fraction of different species during the process using
line probes at different location of combustor has been
studied and plotted CO,, H,O, CHi, Nz, O, and NOy
emission and Soot formation accordingly. In the second part

of the research, an attempt has been made by adding water
content in the fuel by 5% to 30% by mole in order to predict
its effects on the result for sooth and emission reduction
using methane-air two steps as a mixture material followed
by parametric study approach. Consequently, the optimal
values were evaluated and model is able to predict the
reduction in NOy emissions and sooth formations when
natural gas (methane-air) is used.

Keywords: CFD Simulation, Turbulence combustion, Soot
formation, Emission reduction, NOy Production, Mass
fraction, Chemical Kinetics

I. INTRODUCTION

A tremendous amount of heat released through a chemical
reaction by oxidation of combustible element (fuel) in
combustion phenomenon which globally recognized as a
major source of energy production. Combustion
technologies are commercially available throughout the
world. However, combustions are responsible for too much
atmospheric pollution which is detrimental to human health
and environment. Greenhouse gas emission and acid
precipitation resulting from combustion of fossil fuels such
as coal, gasoline, and natural gas has been a great concern.
Thus concerted efforts are being made to reduce the particle
emissions due to soot formation caused by incomplete
combustion and acid precipitation originating mainly from
Nitrogen Oxide (NOy) during combustion process at high
temperature. However, with the emergence of new fuels and
combustion modes, it is necessary to improve the
computational models. Hence turbulent combustion needs to
be optimized through better understanding to meet demands
for lower emissions without sacrificing power and fuel
consumption.

Being the most challenging limits to be met,
current research interests target on reduction of NOxand PM
(particulate matter-mostly Soot) emissions because these
two are the major pollutants resulting from combustion. NOy
is a chemical compound of oxygen and nitrogen and is a
mixture of nitrogen oxides, i.e. NO and NO; that is formed
by reacting each other during fuel rich combustion at high
temperature. NOy cause serious health effects and can result
in acid rain and formation of ozone which leads to damage
the ecosystem plants and animals. NOy is also responsible
for smog and respiratory disease. It easily react with
ammonia and water vapors to form nitric acid (HNO3) Soot
on other hand is a deep black powdery or flaky substance
which largely consists of amorphous carbon formed due to
incomplete burning of organic matter results in the
formation of dioxins and other toxic compounds. It is more
properly restricted to the product of the gas-phase
combustion process. Formation of soot can take place in all
kinds of practical combustion systems, especially in systems
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which operate on a diffusion flame concept. The main
constituents are carbon atoms. It contains up to 10 mole
percent hydrogen and even more if it is young, as well as
traces of other elements. The soot particles are a penalty for
the entire world where they contribute to climate warming,
ice melting and health hazard which causes various types of
cancer and lungs disease. Therefore, research on clean and
efficient combustions has been an active area of research.
Under this context, emission reduction measures can
possibly be developed by understanding the mechanism of
pollutants formation during combustion process, which
requires knowledge of trace species. These species are
produced by finite rate chemical kinetic mechanisms that
involve large numbers of elementary steps. For this purpose,
the application of a 3D Computational Fluid Dynamics
(CFD) model simulations are proven to be very effective to
support the experimental investigations of turbulent
combustion.

Computational Fluid Dynamics (CFD) is a tool that
can mathematically model the fluid flow in a combustion
device and can give detailed insights into the pollutant
formation process. It is crucial to use accurate CFD models
to predict the emissions accurately. With the application of
supercomputing, detailed chemistry can be utilized to
predict the combustion process and resolve all the major
species that are involved incombustion. Accurate
computational models that consider the complex fluid flow
and detailed chemistry are critical to help design and
optimize clean and efficient combustion system.

In the open literature, many works has been made
to study the combustion behavior when Methane-air used.
However, this unique investigation that is, introduction of
water content in the fuel to reduce the NOx emission and
soot formation together during combustion process followed
by study the numerical variation of mass fraction of each
species were carried out very certain. Thus this paper
attempts to numerically investigate the combustion and
emission in methane combustor. Emphasis is made to the
prediction of pollutant emission, in particular NOy and Soot.

Il. COMBUSTION CFD SIMULATIONS

The first stage of the present study is to perform numerical
simulations using a computational model (ANSYS Fluent),
and reduced chemical mechanisms to model the chemical
reactions. In present study numerical simulations were
performed for non-premixed combustion. The combustor
geometry and simulation details are given in the following
sections.

A. Primary Classification of Combustion

Simulation

1) Based on Mixing

— Non Premixed Combustion ( Direct Injection)

—  Premixed Combustion(Carburetor, Burner)

— Partially pre-mixed (Example: IC engine where ignition
took place early but not very early)

2) Based on Phase

—  Fluid Phase (Volumetric Reactions)

—  Wall ( Surface Reactions)

— Particles ( Surface Reaction-Coal combustion)

possible

— Porous Region ( Example: After treatment System)

For example laminar flames, where fick's law is not
valid and we need to adopt multi-component diffusion
properties, which then cost us high too.

B. Modeling Species Transport and Reaction:

Fluent provides several modes for chemical species
transport and chemical reactions. Fluent can model species
transport with or without chemical reactions.

C. Species Transport Equation:

In CFD generally, we need to solve for

— Mass

— Momentum

—  Energy Equations

—  Turbulence Equation(K, K-epsilon etc)

— Additionally in combustion we have Species Transport
Equation(i.e.)

In order to solve the conservation equation for
chemical species, the local mass fraction of each species, Yi,
through the solution of a convection-diffusion equation for
the i™ species shall be in under consideration. The
conservation equation is:

d -
E(PK) +V.(p)=—V.J,+ R, + 5

\

Time detivative '/ Diffuzion (M otion dueto

Convection Motion of  concentration gradient)
species because of the

welocity field

Sources (Reactions +
user defined)

Where; Y; = Mass fraction, and 'i' is No. of species;
Ri is the net rate of production of species | by chemical
reaction and S; is the rate of creation by addition from the
dispersed phase.

D. Approaches to Combustion Reaction Calculation:

ANSYS Fluent provides basically five approaches to the
modeling gas phase reaction flows:
1) Finite Rate Chemistry Model:
It takes into account of chemical kinetics and calculate rate
of production of each and every species to solve complete
OD system which can cost high and the process is slow as
well. This model is basically suitable for a wide range of
applications including premixed, partially premixed, non-
premixed turbulent combustion, and ignition delay in diesel
engines.
2) Mixing based Model:
There are many classification of this model, which uses
turbulence of the air and fuel mixer to ignite with the help of
K, Epsilon models etc, that calculate time scale factor (for
example: X sec) after which combustion starts during
mixing. This type of phenomena is called as Turbulence
Chemistry Interaction Model, in other words it can be called
as mixed is burnt. It means that these model doesn't require
ignition source and also faster, but require user experience
(when to use these models).

This model is Eddy Dissipation Model which uses
K and epsilon to calculate time for each reaction. This
model is used when have inlet and assume a steady state
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temperature distribution at outlet. Turbulence-chemistry
interaction model, based on the Magnuseen and Hjertager
called the eddy-dissipation model. The net rate of
production of species i due to reaction r, Ry, is given by the
smaller (i.e., limiting value) of the two expressions below:

, € Yr
Rir = U My ApEmlnR U M
ir w,R

€
Rir = v My,; AB pkﬂ
! wi

Where, Yp is the mass fraction of any product species, P
Yris the mass fraction of a particular reactant R

A is an empirical constant equal to 4.0

B is an empirical constant equal to 0.5

3) Finite Rate-Eddy Dissipation Model:

This is a combination of both finite rate chemistry and eddy
dissipation model. It is used to prevent instantaneous
burning. It is helpful when you need ignition delay, because
in eddy dissipation model sometimes in a cell when Air-fuel
mix combination immediately starts and if air-fuel mix ratio
is good then even before mixing combustion takes place.
The rate of consumption or production of the species is
given by following expression.

K K K "
= (Z(aki)[xk]> (kfi H[Xk]ulki =k [Xk]Uki>
k=1 k=1 1

k=
Where, (ZK_(ai)[Xi]) takes the value 2.40 or
15.40 or 2.00 which is show in-above mechanism file, which
acts a multiplier that enhance the reaction.
Calculation of ks of ki

kg = A TBlexp(

R, T)

Where, A = Pre Exponentlal factor; T =
Operating Temperature;  Rc = Characteristic Gas constant
and E = Activation Energy
ke
Kei

R4 vki
k1"i = )

e = Ko (5
AS?  AH?
Kpi:exP( R RT)
Where, S and H are the entropy and Enthalpy,
which can be calculated from thermal data file

I1l. MATHEMATICAL MODELING

The reacting flow process that occur in the combustor can
be described using the following steady state governing
equations viz. Conservation of mass, a scalar transport
equation for each one of the chemical species, conservation
of momentum, and energy conservation. The steady
conservation forms of the governing equations are written as
follow:

A. Balance equation for Mass:

The total mass conservation equation (2.2.1) is unchanged
compare to non reacting flow (combustion does not generate
mass)
dp  d(pw)
Where p denotes mixture density and p; the
components of hydrodynamic velocity.

=0

B. Balance equation for Momentum:

The balance equation for momentum is identical to the
Navier-Stokes equation for non-reacting fluids:

a(pry)  I(pKKy) dp Ot
t oz ax Taw TPl

Where i=1, 2, 3...; p is the pressure; T is the
viscous stress tensor component and f; the i component of
the external force.

C. Balance equation for Species:

If the chemical reactions are not described by a simpler,
approximate model, a balance equation has to be written and
solved for each chemical species considered in the mixture.

a(pYr) a(PHij) _ 0(pYicVig) .

+ wy
dt 0%; 0%;

With k=1...... N, where Ns is the total number of
species, Vi is the component of the diffusion velocity of
species K in the direction j and w, the mass reaction rate of
the species k per unit time and volume.

D. Balance equation for Energy:

One can derive multiple forms for the energy balance
equation, depending on which variable is solved for
(enthalpy, internal energy, total energy, etc.). If we chose to
consider here the specific total energy e; the conservation
equation can be written as:

ape) dpwe)  dq

ot ox; axj

+pZMm@+mH

Where g is the ji" component of the heat flux;
vector qs is a heat source term corresponding to an external
energy source (introduced for example to model spark
ignition), @;; the stress tensor and i the j*" component of the
body force. The last term for this equation correspond to the
power produced by (possibly different) volume forces fx
acting on species k.

E. Turbulence Model

It is a fact that no single turbulence model is universally
accepted as being superior for all classes of problems. The
choice of turbulence model will depend on considerations
such as the physics encompassed in the flow, the established
practice for a specific class of the problem, the level of
accuracy required, the available computational resources,
and the amount of time available for the simulation. To
make the most appropriate choice of model for one
application, one needs to understand the capabilities and
limitations of the various options.

In this study two closure approaches were used; the
k - ¢ turbulence model and k - ¢ RNG (Re-Normalization
Group) turbulence model.

a(Gij Hi)
aX + qS

F. Transport Equation for the RNG k-& Model:

The RNG k - ¢ model has a similar form to the standard k - ¢
model.
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In these equations, Gk represents the generation of
turbulence kinetic energy due to the mean velocity
gradients, calculated as described above. Gy is the
generation of turbulence kinetic energy due to buoyancy. Ym
represents the contribution of the fluctuating dilation in
compressible turbulence to the overall dissipation rate. The
quantities ox and oc are the inverse effective prandtle
numbers for k and e, respectively. Sk and S< are user defined
source terms.

G. Species Transport Modeling

The evolution of the flow composition in the system is
modeled by the species transport equation. FLUENT
software solves N-1 partial differential equations, where N
is the total number of chemical species included in the
simulation. The steady state species transport equation is
shown as:

Where; Yi = mass fraction, and 'i' is No. of species;
Ri is the net rate of production of species i by chemical
reaction and Jj is the Mass Diffusion Flux.

Mass Diffusion Flux is modeled using the Fick’s
law including turbulent mass fluxes

=~ (pDim+ 50 ) 7¥s

Where Sc; is the turbulent Schmidt number £&

Ct
=0.7, u,is the turbulent viscosity and D is the turbulent
diffusivity.

" k
v Z,’=1[hi ]_:] Lei - pcpDim

H. Approaches to Combustion Reaction Calculation:

Above rate calculation depends on the turbulence-chemistry
approach used. The selection of the model also depends on
the kind of chemical mechanism used, for example one step
global reaction mechanism or multi-step reaction and if the
combustion is premixed or non-premixed. Premixed
combustion refers to the case where fuel and oxidizer are
mixed before entering the combustor whereas the non-
premixed refer to the opposite case. The current study
presents two turbulence chemistry models were selected.

1) Finite Rate-Eddy Dissipation Model:

This is a combination of both finite rate chemistry and eddy
dissipation model. It is used to prevent instantaneous
burning. It is helpful when you need ignition delay, because
in eddy dissipation model sometimes in a cell when Air-fuel
mix combination immediately starts and if air-fuel mix ratio

is good then even before mixing combustion takes
place. The rate of consumption or production of the species
is given by following expression.

K K K
q; = (Z (aki)[Xk]> (kfi H[Xk]ul’“' — ki [Xk]uu"i)
k=1 k=1 k=1

Where, (XK_;(ax)[X,]) takes the value 2.40 or
15.40 or 2.00 which is show in above mechanism file, which
acts a multiplier that enhance the reaction. The reaction rate
constant ki and ki are calculated using the Arrhenius
equation.

Bi —Ei
kfi = Ai TPi exp (RCT>

Where, A = Pre Exponential factor; T =
Operating Temperature;  R¢ = Characteristic Gas constant
and E = Activation Energy

These above variables are obtained from
experimental measurements or from theoretical values from
ab-initio calculations. The equation of rate of consumption,
the rate is composed of forward and reverse reaction rates,
and the reverse rate is usually obtained from the following
expression.

ki Patm Z’lf=1Uki
krizKLa, Kci:Kpi(R;)
AS?  AHY?
Ky = exp( R RT)
Where, S and H are the entropy and Enthalpy,
which can be calculated from thermal data file.
2) Eddy Dissipation Model:
This model uses K and epsilon to calculate time for each
reaction. This model is used when have inlet and assume a
steady state temperature distribution at outlet. Turbulence-
chemistry interaction model, based on the Magnuseen and
Hjertager called the eddy-dissipation model. The net rate of
production of species i due to reaction r, Ry, is given by the
smaller (i.e., limiting value) of the two expressions below:
R ' M, Ap—mi i
ir — L ir w,i P kmlnR (U’i,r Mw,R)
AB pENZ..i
Zj Vjr Mw,]
Where, Yp is the mass fraction of any product
species, P
Yris the mass fraction of a particular reactant R
A is an empirical constant equal to 4.0
B is an empirical constant equal to 0.5

—_ !
Ri,r =V ir Mw,i

IV. CFD MODEL ASSUMPTION AND BOUNDARY CONDITION

A CFD solver package, ANSYS Fluent, was used to perform
all the CFD computations; it allows evaluating the thermal
and flowing fields based on continuity, momentum, and heat
transfer equations. The calculation of flow and combustion
uses pure methane of different composition. In reality
however, the fuel is made up of several other species and
this will be consider into simulation in an increasing
complexity manner. The combustion model was based on
eddy dissipation model which compute the rate of reaction
under the assumption that the chemical kinetics are fast
compared to the rate at which the reactant are mixed by
turbulent fluctuations. The mixture fraction model involves
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the solution for one or two conserved scalars (the Mixture
fractions). In this approach, the transport equation for
individual species is not solved. Instead, the individual
component concentrations for the species of interest are
divided from the predicted mixture fraction distribution.
Physical properties of chemical species and equilibrium data
are obtained from the chemical database. The concentration
of turbulence and chemistry is derived with K- € models of
non-premixed  type combustion. This model s
computationally efficient because these model doesn't
require ignition source and also faster, but require user
experience (when to use these models). The flow is also
assumed to follow the ideal gas behavior and the specific
heat values are assumed to obey the mixing law. These
assumptions are general for most gaseous combustion found
the open literature.

A. Geometry

The combustion chamber used in this simulation is a
cylindrical shape model with a small inlet for fuel
(methane). The 3-D geometry of the model is shown below:

Fig. 1.:3D-Geometry Combustor Model

‘

=

Fig. 2: Cut Section of Combustor Model

Ideally the entire cylindrical model should be
analyzed. However, due to the limitations of the student
version of ANSYS Fluent, the model is reduced to a 2-D
axisymmetric model. The axisymmetric model assumes that
the solution does not vary in the radial direction, which does

not happen in practical scenarios but is a close

approximation of the real phenomenon.

-

Fig. 3: 2-D Axisymmetric Model

B. Meshing

Element Type : Triangular
Capture Proximity : enabled

Element Size :5e-3m
No of Elements : 39141
No of Nodes 120021

Fig. 4: Meshing of Combustor Model

C. SOLVING

1) Solver:

Type : Pressure-based

Time : Steady

2D Space : Axi-symmetric

2) Model:

Viscous : K-epsilon (standard)
Species : Species Transport
Reactions : Volumetric

: Case |- Methane+ Air

Case Il - Methane+Air+2Step
Turbulence-Chemistry: Eddy Dissipation
3) Boundary Conditions:

Mixture Material

Vel. | Temp. Mass Fraction Mass Fraction Pressure
m/s? (K) (CH4) (02) (Pa.)
- Case 1: 0 Case 1: 0.23
Air-inlet | 0.5 | 300 Case 2: 0 Case 2: Parametric )
Case 1:1 Casel: 0
Fuel Inlet | 80 300 Case 2 : Parametric | Case 2 : Parametric )
Outlet - 300 - 0

4) Chemical Equation:

CHs+2(0,+3.76 N;) —» 2CO; +2H,
— 02+ 3.76 Ny, Constitutes the air mixture.
— By stoichiometric calculations, the mass fractions of

Oxygen and Di-Nitrogen gas are 0.23 and 0.77

respectively.

Table 1

— Di-Nitrogen is inert in the above reaction and hence it is
excluded from the calculation.

V. RESULT AND DISCUSSION

The developed combustion CFD simulation is not validated

until it has been demonstrated that it predicts experimental
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data fairly well. As a result, the purpose of this section is to 2) CH4 Contour
show that the simulation is capable of predicting pollutant ‘
emission reduction when subsequent amount of water
content added to the fuel without sacrificing power and fuel
consumption.

After set up of all the conditions, as shown
mentioned above, the solution is initialized and run for some
iterations till residuals plot reaches to steady state.

Resvuals ANSYS
| — vetacity 11 4 2N
- y-vecty ALABEWI
"f‘:w 1007

che Jot 4 3) Mass Fraction variation of CH, at different location
:::2 1608 4 Voriation of L114 Mass Fraction
—n20 e T
[——poiut_no 1005 J
[=—potut_soot ‘

Yt 4 \
to 04 S —— v S ¢ 1 ‘\
0 S0C 1020 1500 2000 2503 3000 3502 4000 4500 2000 ! \
Iterations 1
A. Results:
L

The results are observed on-a plane with variation in mass R .
fraction of species and other parameters, by plotting line ] \ x
probes across the plane along with graphs with respect to the : — - ‘
line probes where Y distance is taken on the X-axis and the : E% T E =
mass fraction, temperature or other parameters variation on _—

4) CO, Contour

Y-axis. The below figures representing the plane with line
probes on it at varies points in X direction and the counters
of mass fraction & other parameters along with graphs.

am

: T L.

ons 0h7S

5) Mass Fraction variation of CO; at different location

Wiarkation of CoZ Mass Fraction

B. Case-l
1) Temperature Contour
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6) H.O Contour 10) O Contour

11) Mass Fraction variation of O, at different location

7) Mass Fraction variation of H,O at different location Variation of s Botion of 03

Vimiatin of Mass Tration of 1D - ot il

i
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O2 Maws

oy
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8) Nz Contour

13) Mass Fraction variation of Pollutant NOy at different
- — - - location
9) Mass Fraction variation of N, at different location Vartation of Wass feation of poutant
Varlation of Mass fration of X2 | v
L
e B e 4
L -{= .
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C. Case-ll Parametric Study

1) Soot Formation Contour and Mass Fraction variation of
Soot at different location

Warfatien of Mass Iratios of Seot

[IECR S

Mows W acten of Saut

-

T T
K "w L2 Aty wr "
Yiei

— A — 0k R —— 33w — LN

A B C D E F G H
P1-parameter-1 ,° | P2-parameter-2 ~ | P3-report-temp-outietop * | P4-report-velodty-op ¥ Retain | Retained Data
K mgh-1

1 0 1832.3 3.9935 v
0.35 0.5 1903.6 4,1681 v
0.8 0.2 1871.3 4,0612 v

& | DP& (Current) 7 0.7 0.3 1893.5 4,1236 v

Note: 0% H20 addition results can be taken from case-I

2) At Addition of 5% H20, Mass Fraction of Soot. 3) At Addition of 5% H20, Mass Fraction of Pollutant

Variation of Mass fration of polfutant
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4) At Addition of 20% H20, Mass Fraction of Soot

Visrtation of Mass (ration of soot

T T T T T 1
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vim)
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5) At Addition of 20% H,O, Temperature Contour and
variation of Mass Fraction of Pollutant NOy
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6) At Addition of 30% H,0O, Temperature Contour and
variation of Mass Fraction of Soot

Vartation of Mass fration of seot
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7) At Addition of 30% H,0O, Temperature Contour and
variation of Mass Fraction of Pollutant NOy at different
location
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Upon adding water to methane at fuel inlet, it has
been seen a decrease in soot and pollutant No. in terms of
mass fraction which can be noticed by plotting the graphs
shown below by taking maximum value of MF soot and MF
pollutant No into account.

Max. MF of Soot ¥s % of H20 Cantent Added
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Max.MF of Pollutant No. Vs % of H20 Content Added

VI. CONCLUSIONS

This study successfully demonstrated, Combustion
simulation on combustor model is performed in ANSYS
Fluent. The temperature reaches during simulation is 2131K.
While the mass fraction of CO2, H20, NOy, N2 Oz and CH,
are successfully calculated. Finally it can conclude that
addition of water in the fuel can reduce the soot formation
and pollutant NOx emission to some extent and on further
addition it may affect the perforation of combustion too,
from previous research data.
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