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CFD SIMULATION OF PARTIALLY PREMIXED PILOTED CH4/AIR SANDIA FLAME (D)
COMBUSTION AND EMISSINOS

ABSTRACT In this study, a numerical simulation of a piloted CH4/air (Sandia flame D) model, for partially-premixed com-
bustion, with varying levels of O2/N2 by volume, is presented. The turbulence and combustion are modeled by the standard
k—e and burning velocity model(BVM) which also called turbulent flame closure (TFC) model which is used with laminar
flamelet to give detailed chemistry. The main purpose this study is to predict the effect of the O2 and N2 volume percentage,
on the turbulent flame characteristics and formation of harmful substances and emissions. Computations were achieved by
the ANSYS CFX.
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MACY/T XA/DKHBAH/T

CFD MOJAEJIMPOBAHUE 'OPEHUSI SANDIA FLAME (D) METAHO-BO31YUIHbIX
CMECEU C YACTUYHBIM NPEABAPUTEJIBHBIM IEPEMEIIIUBAHUEM

AHHOTAIIHA B Oanuom ucciedosanuu npedCmasieHo YUCIeHHOe MOOeIUpOsanue 20peHus npedsapumenbHo YaCmuyHo
nepemewanHol Memano-6030YuHoU cmecu ¢ pasiuynvimu oovemuvimu 0oasimu Oy u Ny, TypOynenmnocme u 2openue cmooe-
JUPOBAHDL C NOMOWBIO cmanOapmuoll k—e mMooenu mypoyieHmHocmu u MoOenu CKOPOCHU PACRPOCMPAHEHUs. NIAMEHU, KO-
Mopas U3BecmHa MakxHce KaKk MoOelb CMbIKAHUA MYPOYIeHIMHO20 NAAMEHU U UCNONb3Yemcs Ol IAMUHAPHO20 NIAAMEHU C
noopoOHbIM onucanuem xumuueckux peakyuil. OCHOBHOU Yenbio OaHHO20 UCCIe008AHUA ABNACMCA NPOSHOZUPOSAHUE GIIUAHUS
PasnuuHo20 npoyenmuozo coomuowernus O, u Ny Ha xapakmepucmuku mypoyi1eHmMHO20 NIAMEHU U 00PA308aHUE BPEOHbIX
sewecma u smuccuro. Pacuemut npogedenvt ¢ nomowvro ANSYS CFX.

Knroueswie cnosa: Sandia niamenu-emuccus- ckopocms pacnpoCmpanenus nidMeHuU, 2operue npedsapumenbHo dCmuyHO

nepeMemaHHoﬂ cmecu.

Introduction

Modeling turbulent reacting flow fields in
combustion science has gained significant interest in
both academia and industry with the development of
high powered computers. Validation of combustion
models in a turbulent flow field is necessary, and ex-
perimental data in combustion such as gas turbine
engines are limited [1].

The accurate prediction of combustion in prac-
tical systems has attracted the attention of many re-
searchers over the last few decades because of its po-
tential impact on the development of improved com-
bustion equipments. Better thermal efficiency and
lower pollution emission are two of the benefits that
can be obtained from the development of advanced
combustion models. Over the years, several combus-
tion models that account for the interaction between
turbulence and chemistry have been developed and
applied to a number of flames ranging from simple jet
flames to complex combustion chambers.

The numerical simulation is a beneficial tool in
computational fluid dynamics (CFD) because it can
easily employ various conditions by simply changing
the parameters [2]. Description of complex interac-
tions between turbulence and chemistry is a great
challenge for the computational models of turbulent
combustion. In the past two decades, several model-
ling approaches have been developed to treat such
interactions, among which the eddy dissipation model
(EDM) [3], transported probability density function

(PDF) equation methods [4], conditional moment clo-
sure (CMC) [5] and flamelet models [6] are most ex-
ercisable and successful ones.

Beside that Reduction of pollutant emissions is
important task of interest in combustion technology.
The accurate prediction of pollutants of interest such
as carbon monoxide, CO, nitric oxide, NO. Control of
NOx emissions in the combustion process has become
an important criterion that is achieved by changing air
conditions in a combustor. NOx (NO and NO2) is
produced in a combustor through four established
mechanisms: the thermal NO, the prompt NO, the
nitrous oxide mechanism and fuel NO. The latter two
are of less importance for this study since they are
little influenced by flame temperature or flame struc-
ture. The thermal NO mechanism is described by the
oxidation of atmospheric nitrogen (N2) in high-
temperature regions of the flame and post flame gases
through the Zeldovich reaction scheme [7]. The
prompt NO mechanism describes the formation of NO
under fuel rich conditions, involving reactions be-
tween hydrocarbons radicals (CH) and N2. Prompt
NO is usually found early in the flame region, near the
burner, where the CH free radicals were just released
from the main hydrocarbon chain.

In this study the (Sandia flame D) was chosen
as the test case, in a partially premixed type of com-
bustion with 3 type of boundary condition of cold
flow (air), pilot flame and the main jet with premixed
methane and air.
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In premixed combustion the fuel and oxidant
are mixed before the reaction takes place. To initiate
the combustion the air to fuel ratio of the mixture has
to be within the flammability limits and the local mix-
ture temperature has to be higher than the self-ignition
temperature (energy barrier). The premixed combus-
tion will be explained by combustion of methane in air
which is a model fuel of gas turbines (main compo-
nent of natural gas). The actual oxidation of CH4 to
CO02 and H20 consists of large humber of basics reac-
tions taking place at the molecular level [8].

In present study an attempt has been made
through CFD approach to analyze the combustion
characteristics of partially premixed methane-air
(Sandia flame D) combustion, such as flame structure,
maximum total temperature, species mass fraction of
H20-H2-CH4-02-CO-C0O2-NO, turbulent and lami-
nar burning velocity and mixture fraction, in different
percentage of O2 and N2 take parting in combustion
process, for 4 various flames.

The first simulation is for the same Sandia
flame D with the same parameters and characteristics.
In this work the results of simulation were compared
with the experiment data in Third international work-
shop on measurement and computation of turbulent
none premixed flames in Boulder Colorado in July
and August 1998 year (TNF3 workshop). The experi-
mental results of Sandia/Darmstadt Piloted CH4/Air
Flame D in this workshop were reported by Robert
Barlow in Sandia National Laboratories.

All the simulation in this study were carried out
by CFD code, ANSYS CFX including laminar flame
model of combustion with burning velocity model
(BVM) for simulating of partially premixed flames

[9].
The purpose of this study

The purpose of this study is to simulate com-
bustion process of partially premixed combustion of
methane-air in Sandia flame D by varying levels of
02 and N2 take part in combustion process and to
predict of level of harmful substances (CO, CO2,
NO), mass fraction of species, flame structure and
shapes, along the axial distance of our domain of sim-
ulation (Sandia flame D) and to compare them with
the experiments.

Governing equations and turbulence model

The mathematical equations describing the fuel
combustion are based on the equations of conservation
of mass, momentum, and energy together with other
supplementary equations for the turbulence and com-
bustion. In this investigation the standard k-¢ turbu-
lence model is used. The equations for the turbulent
kinetic energy k and the dissipation rate of the turbu-
lent Kkinetic energy e are solved Several models of
turbulence have been put forward by different authors.

These models differ in complexity and range of ap-
plicability; they also involve the solution of different
numbers of differential equations. The turbulence
model incorporated in this work is the high Reynolds
number k—e two equation model. This model requires
the solution of two differential equations, for the two
turbulence properties: the kinetic energy of turbulence
k, and its dissipation rate e. The model is moderate in
complexity. It has been extensively used by many
investigations and has proved to be adequate over a
wide range of flow situation. Here the governing dif-
ferential equations are presented below in details
(Launder, and Spalding, 1974). Differential equations
for turbulence-energy k and dissipation rate e used in
combustion are respectively as follows:
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Laminar Flamelet and burning velocity Models

The model for premixed or partially premixed
combustion can be split into two independent parts:
1-Model for the progress of the global reaction: Burn-
ing Velocity Model (BVM), also called Turbulent
Flame Closure (TFC) 2-Model for the composition of
the reacted and non-reacted fractions of the fluid.In
PDF laminar flamelet model The mass fractions in the

the non-reacted fraction of the fluid ﬂfresh are obtained

by linear blending of fuel and oxidizer compositions.
The species mass fractions in the burned fraction of
the fluid, Y,p,meq are computed by applying the Flame-
let model [9]. For the reaction progress in the combus-
tion simulation a single progress variable € is used to
describe the progress of the global reaction. The com-
position of the fluid is determined by blending the
compositions of the non-reacted state (fresh gases) and
the reacted state (burned gases), where ¢ =0 corre-
sponds to fresh materials and ¢ =1 corresponds to
fully reacted materials.

Y; = (1= € Vifresh *+ € Yiburnea - ©))
The reaction progress variable is completed by
solving a transport equation:

e () . 1 Sep  mOTE, o
qit X 9; gg SIALST

The burning velocity model (BVM), also
known as tubule flam closure (TFC), is used to close
the combustion source term for reaction progress.
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Where S; is the closure developed by Zimont
et al is used for turbulent burning velocity:
Where The leading factor, A, is a modeling co-

efficient that has the universal value P = 0.5 and the
stretching factor G iS'

1 ae aee o soU
G ——erfc e— —_— - @)
\/2s§ deg gg

where erfc denotes the complimentary error function
and s is the standard deviation of the distribution of e,
with mg, being an empirical model coefficient (de-
fault — 0.28). 1, is the thermal diffusivity of the un-

burned mixture. The turbulent flame speed closure
model is completed with the following models for
integral velocity fluctuations level. The integral turbu-
lent and Kolmogorov length scales are given by:

3/2 V3/4

lL=——and h=
e el
The critical dissipation rate, e , is computed
from a specified critical velocity gradient, g, and
the kinematic viscosity of the fluid, n, according to:
ey =15ng2 .
For the laminar flame let model, under flamelet
regime hypothesis, the spices transport equations are
simplified to:

Pk ko, (8)

The simplified energy equation is:
ry, rcl 1%, _ 1

e w 9

it 2Le, §z2 cpKalkk ®)
With the laminar scalar dissipation:

c1=2D(Nz ). (10)

An external program CFXRIF solves these
equations to obtain a laminar flamelet table, which is
integrated using beta PDF to have the turbulent flame-
let library. This library provides the mean species
mass fraction as functions of mean mixture fraction
Z , variance of mixture fraction Z“?and turbulent
scalar dissipation rate C :

Vi =Vi(Z.2%5). (12)

On the other hand, 2 transport equations are

solved in the CFD code, the first gives mixture frac-
tion:

YZ Tz éz
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And the second equation gives the mixture
fraction variance:

_ mtgﬂZ:

(12)
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The turbulent dissipation scalar is modeled by:
E:CCI%Z“Z. (14)

To interpolate species mass fraction from tur-
bulent flamelet table, the CFD program use the mix-
ture fraction, mixture fraction variance and the turbu-
lent scalar dissipation.

NOx modeling

The formation of NO is a slow process which
kinetically rate limited. Unlike other spices the mean
value of NO cannot be obtain from flamelet library
equation.

When modeling NOx formation in methane-air
combustion, the thermal NO and prompt NO are taken
into account. In the simulation process, we solve the
mass transport equation for the NO species, taking
into account convection, diffusion, production and
consumption of NO and related species. This approach
is completely general, being derived from the funda-
mental principle of mass conservation. For thermal
and prompt NOx mechanisms, only the following NO
species transport equation is needed [10].

ﬂYNO + ruy o

1t 1%;
& Y
= ﬂlxg rb ﬂﬂ;‘_o ;+ Sno (15)

The source term Sy is to be determined for

different NOx mechanism. Yyo is mass fraction of NO
species in the gas phase and D is effective diffusion
coefficient.

Model description and the Geometry of Sandia
flame D, meshing and boundary condition

The Flame D from the Sandia TNF workshop
is a piloted methane-air diffusion flame [11]. The cen-
tral main jet consists of a 25/75 % (by volume) me-
thane-air mixture. The fuel has been premixed with air
in order to minimize the formation of polycyclic aro-
matic hydrocarbons and soot. The central main jet is
surrounded by a pilot jet and a slow coflow of air out-
side.

The hot mixture from the pilot jet besides stabi-
lizing the main jet is also responsible for igniting the
fuel which is injected from the main jet. The pilot jet
is further surrounded by an air co-flow after the burner
exit. The bulk velocities of the main jet, pilot and air
co-flow are Uwo=49.6m/s, Up=114 m/s and
Uc = 0.9 m/s, respectively. The Reynolds number for
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the main jet is Re = 224000 based on the nozzle diam-
eter d=7.2mm and the bulk jet velocity 49.6 m/s.
The pilot flame was burning a mixture of C2H2, H2,
air, CO2, and N2 with an enthalpy and equilibrium
composition that is equivalent to a mixture of methane
and air at an equivalence ratio of j =0.77. The fuel
jet, pilot and co-flow compositions are specified in
terms of the species mass fractions calculated from the
experimental data documented in detail by Barlow and
Frank [11].

The main jet inner diameter, d = 7.2 mm Pilot
flame annulus inner diameter = 7.7 mm (wall thick-
ness = 0.25 mm) Pilot flame annulus outer diame-
ter = 18.2 mm. Burner outer wall diameter = 18.9 mm
(wall  thickness = 0.35 mm) Wind  tunnel  ex-
it=30730 cm. In this investigation the length of the
burner is 700 mm. The schematic of the burner are
shown in Fig. 1a, b.

The problem is 2d-axisymmetric which has
solved assuming symmetry about the center line. The
computational domain was designed as a sector of 3

* |CHa+AIr

«Pilot
coflona coflow

P Ll N
o1

De

a

degrees with imposed periodic boundary conditions to
reduce the computational cost. Domain structured
mesh is made in ICEM CFD with 770000 number of
elements, shown in Fig. 1c.

In this investigation 4 different flames were
simulated with different level and varying of 02 and
N2.

The first simulation of this study is the com-
bustion simulation of Sandia flame D with its real
boundary conditions and characteristics. For the other
3 cases of his study (flames 1, 2, 3) all the boundary
condition are the same as in Sandia flame D except the
levels and percentage of O2 and N2 which has shown
in Table 1.

Tablel — Percentage of O2 and N2 by mass

Cases Flame-1 Flame-2 Flame-3
02 % 25.32 29.53 33.75
N2 % 59 54.85 50.63
CH4 % 15.61 15.61 15.61

Fig. 1 — Geometry and meshing: a — The schematic and geometric form of Sandia flame D; b — real schematic of
Sandia flame D surrounding with pilot flame; ¢ — 2d-conctracted mesh of simulation domain

Experimental results

In this work the results of simulation were
compared with the experiment data in Third interna-
tional workshop on measurement and computation of
turbulent none premixed flames in Boulder Colorado
in July and August 1998 year (TNF3 workshop).

The experimental results of Sandia/Darmstadt
Piloted CH4/Air Flame D in this workshop were re-
ported by Robert Barlow in Sandia National Laborato-
ries.

In Fig. 2. All the experimental data of tempera-
ture and species mass fraction (CH4, 02, CO, CO2,
H20, H2, OH, NO) are shown in Fig. 2, along the
axial distance of the burner (Axial profile).

Results and discussion of present simulation

In this study all of 4 cases of simulation was
performed in ANSYS CFX in a 2D-axisymmetric do-
main, including laminar flamelet modeling of combus-
tion and burning velocity model (BVM). The conver-
gence criteria in this simulation was at the MAX re-
sidual type with the 107 residual target and automatic
time scale control and time scale factor of 1. All the
simulation in 4 cases were converged successfully
with different number of iteration, with solving the
mass and momentum, heat transfer (energy), turbu-
lence (k—¢), mass fraction of NO, species mixture frac-
tion including mean and variance, temperature vari-
ance for predicting mass fraction of NO.
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Fig. 2 — The experimental data and results of species mass fractions along the axial profile of Sandia flame D,
reported by Robert Barlow August 1998 year (TNF3 workshop): a— CH4; b - CO; ¢ - CO2; d — H2; e — OH;
f-02; g— H20; h- NO; i — total temperature

For the first and second cases of the present simulation we reached the convergence in 1656 iteration,
for the third and fourth cases of simulation we reached the convergence in 2010™ and 3249" iteration. This
means that the convergence has become more difficult by decreasing the level and percentage of O2.

The boundary condition and characteristics of the first simulation is the same of Sandia flame D. In this
investigation we compared the experimental data with the first simulation to confirm the accuracy of the simula-
tion, implementing by PDF Laminar Flamelet Model (LFM) including Burning Velocity Model (BVM).

The plots of simulation results are presented in Fig. 3.
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Fig. 3 — The species mass fraction results of present simulation:
a—-CH4; b-C02; c-C02;d-H2; e-OH; f-02; g—H20; h-NO;
i — total temperature; j — mixture fraction
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Fig. 4 — Laminar and turbulent burning velocity: a — laminar burning velocity of the simulation;
b — turbulent burning velocity of simulation
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Fig. 5 — Contour plots of CH4 mass fraction: a — Sandia flame D simulation; b — flame-3 simulation
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Fig. 6 — Contour plots of CO mass fraction: a — Sandia flame D simulation; b — flame-3 simulation
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Fig. 7 — Contour plots of CO2 mass fraction: a — Sandia flame D simulation; b — flame-3 simulation
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Fig. 8 — Contour plots of H2 mass fraction: a — Sandia flame D simulation; b — flame-3 simulation
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Fig. 9 — Contour plots of OH mass fraction: a — Sandia flame D simulation; b — flame-3 simulation
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Fig. 10 — Contour plot of O2 mass fraction: a — Sandia flame D simulation; b — flame 3 simulation
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Fig. 11 — Contour plot of H20 mass fraction: a — Sandia flame D simulation; b — flame-3 simulation
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Fig. 12 — Contour plot of NO mass fraction: a — Sandia flame D simulation; b — flame-3 simulation
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Fig. 13 — Contour plot of total temperature: a — Sandia flame D simulation; b — flame-3 simulation
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Fig. 14 — Contour plot of laminar burning velocity: a — Sandia flame D simulation; b — flame-3 simulation
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Fig. 15 — Contour plot turbulent burning velocity: a — Sandia flame D simulation; b — flame-3 simulation

Bicnux HTY «XI1I». 2016. Ve 10(1182) 127



ISSN 2078-774X (print)

Enepeemuuni ma mennomexuniyni npoyecu i ycmamxy8aHHs

The Methane is partially-premixed with an
02+N2 mixture, which has varying volume fractions
of oxygen in nitrogen. For the first case of this study
(Sandia flame D) the volume fraction of O2 and N2 is
about 21 % and 79 % and in other cases (flames) the
volume fraction of O2 increase and the volume frac-
tion of N2 decrease.

We will discuss about the maximum value of
species mass fraction and temperature during the sim-
ulation of combustion process. All the discussion
about the results are along the axial distance (X coor-
dinate).

To compare the experimental data with the pre-
sent simulation, the initial mass fraction of CH4 is
0.1561 which has the minimum value during the com-
bustion on (X = 0.4 m) shown in Fig. 2a. While in our
investigation the minimum value of CH4 for the first
case (Sandia flame D), can be seen in (X =0.35m)
shown in Fig. 3a. So the minimum value of CH4 mass
fraction for flame 1, 2, 3 are not significant.

The experimental date for the mass fraction of
CO is present in Fig. 2b which has the maximum val-
ue of 0.045 while the maximum mass fraction of CO
in present modeling is 0.035 for the first case of San-
dia flame D along the X coordinate, shown in Fig. 3b.
With increasing the volume percentage of O2 for the
flames 1, 2, 3 the mass fraction of formation of 02
will decrease too. For the flame 1, 2, 3 the maxim
mass fraction of CO is 0.06, 0.092, 0.135 along the
axial distance of the burner shown in Fig. 3b.

The maximum mass fraction of CO2 in exper-
iments is 0.11 shown in Fig. 2c while for the Sandia
flame D case in present simulation results is 0.116.
For the flames 1, 2, 3 the maximum mass fraction is
0.135, 0.147, 0.16, shown in Fig. 3c.

The mass maximum mass fraction of H2 in ex-
periments done by Barlow, is 0.0028 shown in Fig.
2d, but the maximum value of mass fraction for San-
dia flame D simulation in this study is 0.0017 and
beside that for the flames 1, 2, 3 the maximum value
of them is 0.0031, 0.0051, 0.0075 shown in Fig. 3d.

The experimental data for the mass fraction of
OH showed the maximum value of 0.0015 that we can
see it Fig. 2e and beside that the mass fraction for the
Sandia flame D in this simulation is 0.0017 while the-
se values in flames 1, 2, 3 is 0.0039, 0.0065, 0.012
which has been shown in Fig. 3e.

The experimental data from Fig. 2f, and present
simulation data in Fig. 3f about the mass fraction of
02, showed that the minimum mass fraction of O2 is
located where, there is the maximum flame tempera-
ture.

The value of H20 for the experiment result is
0.115 which is presented in Fig. 2g while the mass
fraction of H20 of this simulation for Sandia flame D
is 0.12 and beside that the H20 mass fraction value
for the flame 1, 2, 3 is 0.16, 0.18, 0.2, shown in
Fig. 3g.

One of the most parameters in all combustion
simulation is the maximum temperature and formation
of NOx. Despite the reduction in nitrogen and increas-
ing of oxygen level, the level of NO increases, mainly
due to the higher flame temperatures enhancing the
thermal-NO mechanism. CO levels also show an in-
crease while CO2 on the other hand, barely seems to
change with only a very small increase as the oxygen
levels increase.

The simulation in this study showed that the
maximum mass fraction of NO in Sandia flame D
simulation is 5.7-107 along the axial profile shown in
Fig. 3h with the maximum total temperature of
2050 K , shown in Fig. 3i. Beside that the mass frac-
tion value for the NO in other flames (1, 2, 3) shown
in Fig. 3h are 2:107, 61-107, 16:107 with the maxi-
mum temperature of 2307 K, 2447 K, 2560 K, shown
in Fig. 3i. The level of NO mass fraction and total
temperature in experimental data is 510 with the
maximum temperature of 1950 K which are presented
in Fig. 2h and 2i. To compare experiment with the
present simulation it is clear that the level of NO and
total temperature are not significant.

In ANSYS CFX, in burning velocity model of
premixed and partially premixed the mixture fraction
value is the same the value of fuel and the value of
oxidizer is he (1 —Z) where Z is the mixture fraction

[9].

So the value of mixture fraction and CH4 are
the same as 0.156. The Fig. 3j show the plots of
changing the mixture fraction along the axial profile
of burner.

Laminar and turbulent burning velocity

The laminar burning velocity, is a property of
the combustible mixture. It is defined as the speed of
the flame front relative to the fluid on the unburnt side
of the flame. The burning velocity relative to the burnt
fluid will be higher by a factor equal to the expansion
ratio. Physically, the laminar burning velocity depends
on the fuel, the equivalence ratio, the temperature of
the unburnt mixture (preheating) and on pressure. De-
pending on the configuration in the simulation, it may
be possible sometimes to neglect preheat and pressure
dependencies. However, for partially premixed com-
bustion, it is very important to account for the depend-
ency on equivalence ratio. Specifically, the
flammability limits have to be obeyed [9].

For turbulent flow, the effective or turbulent
burning velocity will differ from the laminar burning
velocity. Typically, turbulence will increase the burn-
ing velocity, because wrinkling of the flame front re-
sults in an increased effective flame surface. At very
high turbulence, the opposite effect may occur, lead-
ing to a decrease in the effective burning velocity be-
cause of local extinction. A model is required to de-
scribe the turbulent burning velocity as a function of
laminar burning velocity and turbulence quantities.
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The burning velocity is defined relative to the unburnt
fluid. Relative to the burnt fluid, it will be higher by a
factor equal to the fluid expansion ratio [9].

The result plots of laminar and turbulent burn-
ing velocity are shown in Fig. 4a, b. For the simula-
tion of Sandia flame D and the other 3 cases.

The result of simulation shows that the Lami-
nar and turbulent burning velocity will change by re-
duction of N2 and increasing the level of O2. The
plots in Fig. 4a for the modeling of Sandia flame D,
which has the minimum level O2 shows that, the lam-
inar velocity is about 0.32 m/s like the other 3 flames,
but it has the maximum propagation to (X = 0.45m)
while the minimum flame propagation (X = 0.39 m) is
for the flame 3 which has the maximum level of 02
that is 33.75 %.

The plots for turbulent burning velocity in
Fig. 4b show that the minimum burning velocity is for
the Sandia flame D simulation (6 m/s), with the mini-
mum level of O2 take parting in combustion process
which is 21 % with the minimum propagation along
the axial profile (X = 0.39 m) and the maximum burn-
ing velocity is 7 m/s for the flame-3 with the 33.75 %
of O2 level with maximum propagation of (X = 45)
along the axial profile.

The contour plots of species mass fractions
(CH4, CO, C02, H2, OH, NO, 02, H20) and total
temperature field (only for the case of Sandia flame D
and the case-3) are presented in Fig. 5 to Fig. 15 in-
cluding the contours of laminar and turbulent burning
velocity.

The characteristics and flame structure are dif-
ferent from each other in this investigation.

It is clear that with increasing the level of O2
all of the characteristic of flame change with changing
of flame structure and propagation.

From The counter plots from Fig. 5 to 15, it is
clear that the flame with the minimum level of O2 has
the maximum flame thickness and this is for the case
of Sandia flame D and the flame with the maximum
level of O2 has the minimum flame thickness.

The laminar flame velocity is a fuel property
that depends only on the chemical composition. The
turbulent flame velocity depends also on the flow
conditions. It represents the interaction of the flame
with the turbulence.

Conclusion

In this study all of the combustion simulations
were implemented in ASNSY CFX code including
laminar flamelet model with the burning velocity
model (BVM) or turbulent flame closure (TFC), to
simulation the partially premixed combustion of pi-
loted CH4/02 Sandia flame D and all of the simula-
tion results were compared with the experimental data
done by Robert Barlow .

The domain of simulation was Sandia flame D
in 2D-axisymmetric with the constructed grids imple-
menting in ICEM CFD.

The stability limits of the range of piloted tur-
bulent partially-premixed flames of CH4/Air investi-
gated increase almost linearly with the amount of ox-
ygen in the fuel-O2—-N2 mixture

The results of present simulation show that
there is not a significant error in simulation result
comparing to the experimental data but a significant
change observed in the maximum mass fraction of H2
which is 0.0028 for the experimental data and 0.0017
for the present simulation.

The value of the results of this simulation im-
plementing by the selected combustion modeling
(laminal flamelet model) with detailed chemistry
mechanism of 100 reactions and 28 species with burn-
ing velocity model in ANSYS CFX, are acceptable
comparing to the experimental data. This means that
the results in this investigation are accurate.

Beside this, the investigation showed that, with
varying the level of O2/N2 (maximum level of O2 and
the minimum level of N2) the formation of NO will
change because of maximum and minimum flame
temperature.

The higher levels of oxygen also produce an
increase in CO, CO2 and NO levels due to the higher
flame temperature.

As the results show, beside the laminar flame-
let and burning velocity model, 2 separate step reac-
tion of NO formation (thermal and prompt), is an ac-
curate way for modeling nitrogen oxide formation
during the combustion process.

In laminar burning velocity model of combus-
tion for premixed and partially premixed flames, a
scalar (Reaction Progress) subdivides the flow field in
two different areas, the burnt and the un-burnt mix-
ture. Burnt regions are treated similar to a diffusion
flame whereas the unburnt region is represented by the
cold mixture. The mass fractions in the non-reacted
fraction of the fluid, Yi,fresh , are obtained by linear
blending of fuel and oxidizer compositions. The spe-
cies mass fractions in the burned fraction of the fluid,
Yiburned , are computed by applying the flamelet
model.

A lot of further analysis can be performed in
the present study as a part of future work such as use
different turbulence model and their effect on combus-
tion process and species mass fraction or formation of
NO and the characteristics of the flame such as flame
thickness or propagation.

Bibliography (transliterated)

1 Meadows, J. (2013), Validation of the flamelet-
generated manifolds combustion model for a gas turbine
engine applications using ANSYS FLUENT, University
turbine system research, San Antonio.

2 Guessab, A. (2011), “The Effects Turbulence Intensity
on NOx Formation in Turbulent Diffusion Piloted Flame

Bicnux HTY «XI1I». 2016. Ve 10(1182)

129



ISSN 2078-774X (print) Enepeemuuni ma menniomexmniuni npoyecu it yCmamxy8anHs

(Sandia Flame D)”, Recent Advances in Mechanical En- 7 Zeldovich, Y. (1946), “The oxidation of nitrogen in

gineering and Mechanics, pp. 144-150 combustion explosions,” Acta Physicochim. URSS 21,
3 Magnussen, B. and Hjertager, M. (1976), “Mathemat- 577.
ical modeling of turbulent combustion with special em- 8 Piotr, S. (2006) “Flame front characteristics of turbulent
phasis of soot formation and combustion”, Sixteenth lean premixed methane/air flames at high-pressure”,
Symposium (International) on Combustion, Pittsburgh, Ph.D. Thesis, Swiss federal institute of technology, Zur-
PA, 1976, pp. 719-729. ich, Swiss.
4 Pope, S. (1985), “PDF methods for turbulent reactive 9 ANSYS CFX-Solver Theory Guide (2015) ANSYS, Inc.
flows”, Progress in Energy Combustion and Science, United states.
vol. 11, pp. 119-192. 10 Jiang, B (2006), “Study on NOx Formation in CH4/Air
5 Bilger, R. (1993), “Conditional moment closure for Jet Combustion”, Chinese J. Chem. Eng., vol 14(6)-
turbulent reacting flow”, Physics of Fluids, vol. A5, pp. 2006, pp. 723-728
436-444. 11 Barlow, R. (1998), “Effects of turbulence on species
6 Peters, N. (2000) Turbulent Combustion, Cambridge mass fractions in methane/air jet flames”, Proc. Com-
University Press, UK, 2000 bust. Inst. 27, 1087-1095.

About authors

Masoud Hajivand —Ph.D. student of engine design department of National Aerospace University named after
N. E. Zhukovsky “KhAI”, Kharkov, Ukraine; e-mail: m.hajivand82@gmail.com.

Macy;[ XaIDKI(IBaHI[ — aClMpaHT Kaq)e)lpm KOHCTPYKIIUU aBUALIMOHHBIX I[BPIFaTeJ'[eﬁ, HaL[I/IOHaHLHBIﬁ a’3poKoCMHUYEC-
ckuil yausepcuret uM. H. E. XKykoBckoro «XAW», r. XappkoB, YKpauHa.

Please cite this article as:

Hajivand, Masoud (2016), 2CFD Simulation of Partially Premixed Piloted CH4/AIR Sandia Flame (D) Combustion
and Emissinos2, Bulletin of NTU "KhPI". Series: Power and heat engineering processes and equipment, no. 10(1182),
pp. 118-130, ISSN 2078-774X, doi: 10.20998/2078-774X.2016.10.18.

Toocanyiicma cceinatimecs Ha My CMamoio credyIoWuUM 00pazom:

Xamkusaua, Macyn CFD monenupoBanue ropenunst Sandia Flame (D) meTaHO-BO3AYIIHBIX CMeCEl € YaCTHYHBIM
npeaBapurensHbiM nepevenuBarueM [Tekcr] / Macyn Xamkusaunn // Bicauk HTY «XTIII». Cepist: EHepretuuni Ta Teruio-
TEXHIYHI Tpolecy i ycraTkyBanHs. — Xapkis | HTY «XIII», 2016. — Ne 10(1182). — C. 118-130. — BiGuiorp.: 11 Ha3B. —
ISSN 2078-774X. — doi: 10.20998/2078-774X.2016.10.18.

Byow nacka nocunaiimecs Ha Yo cmammio HACMYRHUM YUHOM:

XamkiBanua, Macyn CFD monemtoBanms ropinns Sandia Flame (D) merano-moBiTpsiHOT cymimni 3 4aCTKOBHM MOTIe-
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AHOTALIA B oanomy 0ocniodxcenni npedcmasieno yuceivHe MOOen08AHHs 20PIHH NONEPeOHbO YACMKO80 NepeMiuanol
Memano-nogimpsanoi cymiwi 3 pizhumu 06 emuumu yacmramu Oy i N,. Typbynenmuicmo i 20piHHA 3M00€1b08AHI 3a OONOMO-
2010 cmanoapmunoi k—e modeni myp6ynenmnocmi i Mooeni weuUOKOCMi Po3n06CIOONCEHHs NOIYM'SL, AKA 6IOOMA MAKONC 5K
MOOeNb 3MUKAHHSL MYPOYIEHMHO20 ROIYM'SL | BUKOPUCTNOBYEMbCS Ol IAMIHAPHO2O NOAYM'SL 3 OOKIAOHUM ORUCOM XIMIYHUX
peakyiti. OCHOBHOW MeMO 0AHO20 OOCTIONCEHHS € NPOSHO3Y8AHHS GNAUBY PI3HO20 NpoyeHmHo2o cniggionoutents O, i Ny
Ha Xapakxmepucmukyu mypOyi1eHmHo20 Noaym'ss ma ymeopeHHs WKIOAueux pewosun i emicito. Pospaxynku nposedeni 3a 0o-
nomoeoro ANSYS CFX.

Kniouoei cnosa: Sandia flame-ravinapue nonym's, emicis, weudxkicmo nowtupenust NOAYM'st, 20PIHHI NONEPEOHLO YACMKOBO
nepemiuianoi cymiuii.
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