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Abstract:— The objectives of this work is to determine the average rate of reaction by numerical study of the reacting flow inside an
axisymmetric free jet, and the validation of the eddy dissipation concept (EDC) combustion model implemented in ANSYS Fluent. The
validation of the eddy dissipation concept combustion model involved the reproduction of a lifted, non-premixed, turbulent free jet flame
described experimentally in Mahmud (2007). Three chemical mechanisms were used along the combustion model, namely the 2-step
Westbrook and Dryer mechanism, the skeletal Jones-Lindstedt mechanism and the Hyer mechanism. Turbulence was modeled with the
standard k-¢ model The flame lift-off height and the temperature profiles are reproduced accurately by the Hyer model.
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1. Introduction

Numerical simulation is a very important tool in the study
of prediction of turbulent reactive flows. Indeed, it has

several advantages (gain time, less expensive than the
experience....).

Methane is important fuel scientific point of view and for
practical application. They are the simplest and best studied.
In addition, the physic-chemical description of the oxidation is
the base for more complex fuels. CH is not currently used for
aerospace propulsion, but it is considered an alternative to H»
as its calorific value per unit volume is two and a half times
greater in the cryogenic state. The characteristics of ignition
and combustion of CH4 can be improved by the addition of H,
[1]. Interest in CH4 as fuel has increased significantly over the
past five years.

Since methane is the simplest hydrocarbon fuel
available; several studies have focused on methane-air flames.
The development of the detailed chemical kinetic mechanism
for the natural gas combustion began in the 70s, when several
high temperature kinetic models for the hydrogen, carbon
monoxide and methane oxidation were constructed under the
support of a large quantity of experimental data. The oxidation
of methane is quite well understood and various detailed
reaction mechanisms are reported in literature [2-3].

They can be divided into full mechanisms, skeletal
mechanisms, and reduced mechanisms (Tables 1, 2 and 3).

Lifted flames are a challenging problem since the flame at
its base is unstable and involves a significant degree of
interactions between chemi cal and flow time-scales and can
be found in a number of industrial applications (burners and
gas turbines). The interactions between chemical and flow
time-scales influence stabilization mech anism of these
flames which may stabilize at the certain distance from the
nozzle or may propa gate and stabilize at the nozzle.

A lifted non-premixed turbulent flame was used to validate
the reacting flow module on ANSYS Fluent v. 15. The code
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computes the reaction rates directly from the chemistry
mechanism, and uses a turbulence/chemistry interaction
model, Eddy dissipation concept, the EDC model, to resolve
the turbulent flame structure.

The reference work for this validation is the flame studied
experimentally and numerically by [4]. It consists of a free jet
methane flame discharging into still air through a burner with
an inner diameter, Djet, of 5 mm. In flame measurements of
gas temperature and NO concentration are presented in the
reference work and compared with the presented results
computed with ANSYS Fluent v. 15.

TABLE L. LIST OF GLOBAL MECHANISM
Mechanism Fuel NO, | No.of | Number | Ref.
species | of steps
GRI-Mechv.1.2 | Gas natural non 32 177 [5]
GRI-Mech v.3.0 | Gas natural oui 53 325 [6]
Konnov v.1.5 CH,-C3Hs oui 127 1207 [7]
LCSR Gas natural oui 101 618 [8]
Leeds v.1.5 CH,;-C,Hg non 37 175 [9]
CERMECH CH,4-C3Hg non | 39 173 [10]
TABLE II. LIST OF REDUCED MECHANISM
Mechanism No. of species Number of steps
Total | without Total | without
NO NOy
Revel [11] 10 8 6 5
Jiang [12] 8 8 5 5
Kundu (12 especes) 12 9 13 9
[13]
Kundu (16 espéces) 16 12 23 15
[13]
TABLE III. LIST OF SKELETAL MECHANISM
Author Designation Species | Number | Ref.
of steps
Kazakov and DRM19 19 84 [14]
Frenklach
Kazakov and DRM22 22 104 [14]
Frenklach
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Yungster and Yungster 19 52 [15]

Rabinowitz

Petersen and REDRAM 21 35 [16]

Hanson

Li and Williams Li 16 24 [17]

MFC5 MFC 9 5 [18]

MFC9 ARMO (Flient) 9 9 [19]

ARM2 ARM19 19 19 [20]
(Fluent)

12 step GRI2.11 12 step 16 12 [21]
GRI2.11

13 step GRI3 13 step GRI3 17 13 [21]

10 step GRI2.11 10 step 14 10 [22],
GRI2.11 [23]

8 step GRI 12 8 step GRI 12 12 8 [24]

6 step GRI 12 6 step GRI 12 10 6 [24]

2. The Governing Equations

2.1 Problem Description

Figure 1 is a schematic of the burner. The fuel free jet,
which has an inner diameter D = 5 mm. An experimental and
numerical results study of lifted flame was reported by [24].
Figure 1 illustrates the axisymmetric numerical domain
enclosing the turbulent flame structure. The computational
domain is an axisymmetric plane with symmetry axis
coincident with the axis of the burner.. The total pressure of
the combustor is 94 KPa. In the fuel stream, the uniform inlet
gas velocity is 46.4 m/s, with a temperature of 293K. In the air
stream, the uniform inlet air velocity is 0.8 m/s, with a
preheated temperature of 293K. The outlet boundary is
located at 200Djet from burner exit and the entrainement
boundary, parallel to the symmetry axis, is placed at 50Dje
from the axis.

2.2 Mathematical models

A prediction ANSYS Fluent code for turbulent reacting
flows includes submodels describing flow field, combustion,
and heat transfer by radiation. In their entirety, the different
submodels form a system of strongly coupled partial
differential equations. Each of these equations can be written
in the form of a general transport equation:

%(puw)=%(r‘i§)+s® )

where p, u, X, Sg and I'are density, velocity, coordinates,

source term, and diffusion coefficient, respectively. This
equation describes the local change of the Favre-averaged
variable @ caused by convection, diffusion, and production
on @, Eq. (1) represents mass, momentum, species, or energy
conservation.
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Fig. l. Axisymmetric numerical model geometry
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The Navier-Stokes equations are solved for the primitive
variables with a Standard k-¢ turbulence closure. Atransport
equation, Eq. (1), is solved for the mean mass fraction of each
balanced species. The mass density is determined by the ideal

gas equation od state. Thermal radiation is modeled using the
discrete transfer method proposed by ANSYS Fluent.

2.3 Eddy Dissipation Concept Model (EDC)

In this study, the Eddy Dissipation Concept (EDC) is used
to model the influence of turbulence on chemical reactions.
With the EDC, it is possible to include a detailed reaction
mechanism in turbulent flame calculations. The presented
EDC combined with chemical kinetics is a general concept
that allows inclusion of radiation, fuel generated by particles,
and the simulation of multiple inlets with different fuel
compositions. The Eddy-dissipation Concept model is an
extension of the eddy-dissipation model to include detailed
chemical mechanisms in turbulent flows. It assumes that the
reactions occur in small turbulent structures, called the fine
scales. The length fraction of the fine scales is modeled as
[25]:

1

Y
£ = 2.1377(;—‘;’) )

Where (*) denotes fine-scale quantities and ¥ kinematic
viscosity. In the EDC the total space is subdivided into a
reaction space, called the ‘fine structures’ and the
‘surrounding fluid’. All reactions of the gas phase components
are assumed to take place within this reaction space which
represents the smallest turbulence scales where all turbulent
energy is dissipated into heat. All reactions in the surrounding
fluid are neglected. Thus in order to be able to treat the
reactions within the fine structures, the volume fraction of the
reaction space g* and the mass transfer rate M* between the
fine structures and the surrounding fluid have to be
determined.

1

M* = 2.45(3)4 ©)

Both quantities are derived from the turbulence behavior
of the fluid. The expression for mean chemical source term in
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the transport equation for the mean mass fractionY,, is

obtained as:

R, :ji(yg -¥)
-]

where Y;” is the fine-scale species mass fraction after reacting

(4)

over the time.

o (= 040820/ ")

The EDC model can incorporate detailed mechanisms into
turbulent reacting flows. Details of the applied Eddy
dissipation concept (EDC) implementation are given in [26].

(6))

Chemical kinetic mechanisms of oxidation of methane

The two following mechanisms are investigated: The
Westbrook and Dryer mechanism (WD) [27]. consists of two
reactions, where the 2" step, oxidation of CO to CO», is
reversible. Table 1 shows the rates equations. The rate
constant for the 1st and 2nd reactions originate from [28], in
which high-temperature oxidation of CO and CH4 was studied
under fuel lean conditions in a turbulent flow reactor. Later,
Westbrook and Dryer [27] included the reverse reaction step
for CO, decomposition in order to reproduce the proper heat
of reaction and pressure dependence of the [COJ/[CO2]
equilibrium.

TABLE IV. WESTBROOK AND DRYER MECHANISM (2-STEP)
WDI1 CH4+1.50,— CO,+2H,0
WD2 C0+0.50,— CO,
WD3 CO, — CO+0.50,

The Jones and Lindstedt mechanism: the 4-step global
mechanisms developed by [28] for the combustion of alkane
hydrocarbons up to butane in mixtures with air in premixed
and diffusion flames. The schemes include two competing fuel
breakdown reactions, and equilibrium assumptions have been
used to derive initial estimates of the forms of the rate
expressions. The reduced four-step reaction mechanism is,

TABLE V. THE JONES- LINDSTEDT MECHANISM (4-STEP)
JLI CH, +0.50, - CO+2H,
JL2. | CH,+H,0 - CO+3H,
JL3f H, +0.50, - H,0
JL3r | H,0 - H, +0.50,
JL4 CO+H,0 < CO, +H, (forward)
TABLE VI. RATES EQUATIONS OF THE ORIGINAL WESTBROOK AND

DRYER MECHANISM: UNITS IN [M], [S], [KMOL], [J] AND [K]

Eq. Rates equations [Kmol/(m>.s)]
WDI d[CdI;h] =5012x 10116—240><108 /(RT)_[CH4]0,7[02]048
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WD2 8
d[CO] —2239x]102e"1710 /(RT).[CO][OZ]0'25[H20]0‘5
WD3 d[COz] —5x%10° e—1.7><103 /(RT).[COZ]
dt
TABLE VII. RATES EQUATIONS OF THE ORIGINAL JONES-LINDSTEDT
MECHANISM: UNITS IN [M], [S], [KMOL], [J] AND [K]
Eq. Rates equations [Kmol/(m®.s)]
JL1 M —4.4% 10116—1A26x108 /(RT).[CH4]O,5[02]1A25
dt
JL2 dICH s
[ 4] :3.0X108e—1.7><10 /(RT)[CH4][H20]
dt
JL3f d[Hz] —6.8x 1015T—le—1A67><108 /(RT).[HZ]OQS[OZ]LS
dt
JL3r d[HdiO] 125510\ TT-0877g-4095410° RD) (1, 10750, 1[H,0]
JL4 dlco 7
dlco] =2.75x10%¢ 310 /RD) 1CO|[H,0]

The Hyer mechanism: rates equations of the The reaction
mechanism adopted in this work contains 8 chemical species
(CH4, CO,, H,0O, O,, CO, H,, C;Hg and N; as inert) and 8
reactions of Hyer (Table VIII) [29]. The formation of NOy is
not taken into account. This mechanism was successfully
utilized, in previous work of [30].

TABLE VIII.  ORIGINAL HYER MECHANISM: UNITS IN [M], [S], [KMOL], [J]
AND [K]
Reaction Ax Ex[j/Kmol] B
CH,+0.50, — CO+2H, 4.40e+09  1.26e+08 0
CH,+H,0 — CO+3H, 3.00e+08  1.26e+08 0
CO+H,0 — CO,+H, 2.75e+10  8.37e+07 0
CO,+H, — CO+H,0 9.62e+10  1.26e+08 -0.85
H,+0.50, — H,0 745¢+13  1.67¢+08 -0.91
H,0 — H,+0.50, 3.83e+14  4.12¢+08 -1.05
C,Hg+O, — 2CO+3H, 420e+11  1.25¢+08 0
C,H+2H,0 — 2CO+5H, 3.00e+08  1.25¢+08 0
NOx FORMATION

There are two mechanisms that create NOx in a 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 from molecular nitrogen are as
follows [31]:
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O+N, © N+NO (6)
N+0O, & O0+NO @)

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 (8)

The expressions for the rate coefficients for Equs. 6, 7 and
8 used in the NOx model are given below. These were selected
based on the evaluation of [25].

Kei = 1.8 x 108 exp {-38370/T} 9)
Kei = 3.8 x 107 exp {-425/T} (10)
Kra=1.8 x 10* T exp {-4680/T} (11
ke = 381 x 100 T exp  {-20820/T}
(12)

kes=7.1 x 107 exp {-450/T} (13)
kes = 1.7 x 108 exp{-24560/T} (14)

In the above expressions, ki1 , ki2 , and kiz are the rate
constants for the forward reactions Equs. 9, 11 and 13,
respectively, and ki1 , Kr2 , and kr3 are the corresponding
reverse rate constants. All of these rate constants have units of
m?/mol-s. The net rate of formation of NO via the reactions in
Equation 6, 7 and 8 is given by

d[i—o] =k, [O]IN,]+k; ,[N][O, ] +k; ,[N][OH]

—k ,[NOJ[N] -k, ,[NOJ[O] -k, ,[NOJ[H]

(15)

where all concentrations have units of mol/m3.

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. 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 NOyis formed after completion of combustion.
Therefore, the thermal NOy 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 NOy 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 [32], the
equilibrium O-atom concentration can be obtained from the
expression

[0]=3.97x IOST’”Z[OZ]%e’mgo/T [mol/m?] (16)
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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:

[OH] = 2.120x10° T/ [0} *[H,0] (17)

The presence of a second mechanism leading to NOx
formation was first identified by [33] and was termed “Prompt
NOy ”. 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 NOy contribution to total
NOy 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 NOy 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.

TURBULENCE MODELING

The standard k-& model (including a correction for round
jets performed by using the Pope formulation) turbulence
closure model is adopted. In the k-&£ model the Reynolds stress
is closed using mean velocity gradients employing Boussinesq
hypothesis. In the case of a jet flame, a correction is necessary
to accurately predict the spreading rate of the jet. This is
performed by using the Pope correction, Ppc, as an additional
term in the equation of turbulence dissipation rate (g) [25]:

82

PPC :BC£3 ?Ss (18)
The term S: can be written as (Pope, 1978)[38]:
. Ou,
S; _Lkjow oM (20)
2¢ 8XJ aXi
. Ou;
o :lk %__J (1)
2elo0x; 0x
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Where: Cg; = 0.79, the standard model constants have been
chosen. As an option in the formulation of the k-¢ model,
enhanced wall functions were selected in accordance with the
grid design. This option ensured that appropriate modeling
occurred to resolve the viscous sub-layer.

RESULTS AND DISCUSSION

In this section, numerical results are presented and
a comparison with the measurements of Mahmud et al. [4] is
made. the flame lifted-off is discussed. A lifted turbulent
flame calculation with full chemistry needs a large amount of
CPU time consumed by the solution of a nonlinear equation
system to determine the source terms of the species. We
begin by comparing the computational cost of the three kinetic
models in terms of the average CPU (execution) time per time
step. The relative elapsed CPU times are compared in Table
IX.

TABLE IX. AVERAGE EXECUTION TIME PER TIME STEP
. reaction CPU Nb.
Scheme | species . .
iterations
2-step 5 2 0.00885 796
4-step 6 0.3589 3456
8-stem 7 8 1.2036 43569

In the 8-step mechanism, more reaction equations are
computed, then more CPU time is spent and more difficult it is
to convergence. That in general the computational cost
increases with the number of reaction-step and species and
more difficult it is to convergence. Figure 2 shows a contour
plot of mean temperature in the flame. The flame temperature
begins to exceed the pilot temperature of the co-flow (1045K)
at =~ h (x/D), which means that the calculated flame lift-off
heigh hgpc is about 10 times of the jet diameter. the reported
experimental flame lift-off height is near h = 0.127. The flame
lift-off is calculated accurately by the model and the adopted
Hyer reaction mechanism for CHs; (Table X). The radial
profiles of temperature are shown in Figs. 4, 5 and 6. From the
temperature profiles, it can be seen clearly that there are two
regions in the flame, including the pure mixing region
(x<0.04) and the burnt region (x>0.04). In the pure mixing,
the cold fuel from the fuel jet is not ignited by the hot coflow
and only mixes, so the temperature in this region does not
exceed the coflow temperature. However, in the burnt region,
the fuel and the oxidant are mixed to some extent and are
ignited. The predicted temperature agree with the
measurements well. At x = 0.5m., the predicted peak
temperature is a bit higher than the measurement, while at x =
0.6m, 0.7m, the predicted peak temperature is a bit lower than
the measured one. Overall, the estimated temperature
distribution obtained with the Westbrook and Dryer (2-step)
scheme and the JL (4-step) scheme were fairly similar over
the entire numerical domain, with only residual differences,
whereas the solution with the Hyer (8-step) mechanism
although also similar near the burner to the solution of the
other chemical mechanisms (Figs. 4 and 5), exhibited a
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temperature decay in the trailing region of the flame, as
observed in the temperature contours and profiles presented.
Moreover, the temperature contours on Fig. 2 show that a
non-reacting region near the symmetry axis penetrates into the
flame and pushes the flame front near the axis further
downstream. As evidenced in the axial profiles along the
symmetry axis of Figure 3, the maximum penetration distance
measured in the numerical solutions is roughly between 0.2
and 0.4 m from the burner, depending slightly on the chemical
scheme used. Unfortunately, the experimental data available is
not enough to locate the maximum penetration of this non
reacting region. In Figs. 4, 5 and 6, both the numerical
predictions and measurements at station x = 0.2 m are
consistent with the previous observations, showing the
extended non reacting region for y < 0.02 m, while in the
region 0.02 <y < 0.07 m the high temperature gradients
indicate the development of the reacting flow. At stations
x = 0.2m and x= 0.4m in Fig. 5 and Fig. 6, the temperature
profiles are appreciably higher than the experimental data. At
station x = 0.7m, the flame core temperature decreases due to
the heat flux from the hot burnt gases to the surrounding air,
overcoming the combustion heat release. However, the
Westbrook and Dryer and Jones-Lindstedt mechanisms do not
differ much in predicting the general methane combustion
progress. The full mechanism of WD, JL and Hyer is used to
calculate nitrogen oxide. The predicted axial profile agrees
well with the available mesurements (see Fig. 10).
Unfortunately, no data are available beyound an axial distance
of 0.71m, which would allow a complete validation. In Fig.
10, the NO concentration profile is underpredicted. Following
an idea of Mahmud et al. [4], the fraction of thermal NO is
investigated by deleting the Prompt NO initiation reactions.
As evidenced in Fig. 9, the temperatures considerably high
above 1600K, estimated with the Hyer chemical mechanism,
triggered the intense formation of thermal-NO at the flame
front. In addition, the inadequacy of the eddy dissipation
concept (EDC) model in determining the reaction rates also
contributed to the significant over-prediction of NO relatively
to the experimental results. The NO is then transported
downstream by the flow to the trailing region of the flame. At
location x = 0.7, as oxygen becomes available, the incoming
NO is re-oxidized, producing NO, as illustrated by the dashed-
blue line in the plot of Figure 10. Because both oxidations of
the atmospheric nitrogen are highly endothermic reactions, it
is reasonable to admit that the flame temperature decay is due
to energy (heat) consumption of the chemical oxidation
reactions producing NO.

Fig. 2. Contour plot of temperature

Temperature. B

E 2S00

— OO0
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Fig. 8. Predicted and measured radial profiles of the mean gas temperature at
x = 0.6m stations along the length of the flame

E-ISSN: 2224-3461 211 Volume 17, 2022



WSEAS TRANSACTIONS on HEAT and MASS TRANSFER
DOI: 10.37394/232012.2022.17.22

1800 —
1 x=0.6m I
1600 B Exp. (Mahmud, 2007) i
WD mechanism (2-step) H
1400 o —— JL mechanism (4-step) g
—— Hyer mechanism (8-step)
1200 1
%3 ]
o 1000 ]
2 J 4
©
S 800 7
Q ] ]
E -
@ 600
2 ]
400 4 1
200 ]
0 —— 1117
0,00 0,02 0,04 0,06 0,08 0,10 0,12 0,14 0,16

Radial distance [m]

Fig. 9. Predicted and measured radial profiles of the mean gas temperature at
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3. Conclusion

A combustion model capable of representing detailed
chemical reaction mechanisms in the framework of a
turbulent combustor flow simulation on an eddy dissipation
concept has been investigated. From the simulation of the
lifted Turbulent non-premixed flame of methane, the
following main results have been obtained:

eAn two step, four-step and eight species methane
oxidation mechanism derived from WD, JL and Hyer
was successfully implanted into the ANSYS Fluent.
The precompiled mechanism was linked to the solver
by the means of user defined function (UDF).

e Prediction with Hyer reaction mechanism gives good
agreement with measured temperature data.

¢ Using the Eddy Dissipation Concept (EDC), it is possible
to apply steady-state conditions inside the fine
structure.
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