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ABSTRACT

In our study, we investigate the differences between the combustion of different hydrocarbon fuels CHy, C3Hg, C4Hjo. A
numerical simulation of an impinging jet diffusion flames is used. The jet injector has a 10 mm in diameter and the dis-
tance between the jet flame and the vertical wall is 2 time half diameter. The fuel jet velocity was fixed for 11.8 m/s,
corresponding to a Reynolds number of 6881. The flame characteristics varied from hydrocarbon to another for the
same Reynolds number. The combustion products of CO, CO,, NO, OH, are depending on the methane and propane
and butane flames for the same conditions. The temperature of the flame was varied from hydrocarbon to another the
same as for the chemical species production rate. The concentration of the thermal and prompt NO pollutant depends on

the temperature flow field and on the thermochemical characteristics of the hydrocarbon fuels.
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1. Introduction

A diffusion flame is a very common practical system,
such as a match flame or a candle flame, and is funda-
mental to many more complex systems. However, in a
diffusion flame there is a relatively long time scale, al-
lowing sufficient recombination reactions to take place
such that it involves complex interaction of flow, trans-
port and chemistry. There is more chemical and physical
interaction in diffusion flames than in a premixed flame.
The first systematic analysis of a confined, jet diffusion
flame dates back to 1928 by Burke and Schumann (pub-
lished in 1948) [1]. Due to environmental concerns, the
amount of NOx emission in combustion processed and its
formation mechanism have always been of interest. Be-
ing of particular interest is source of nitric oxide, which
is a major pollutant to the atmosphere. It has been postu-
lated that there are two major mechanisms Zeldovich
thermal and Fennimore prompt NO in the production of
total NO. Barlow and Carter (1993) [2] reported a rather
complete simultaneous measurement on temperature and
species concentrations (NO, OH, and major species) in
hydrogen flames. However, the amount of naturally ge-
nerated NO in a gas phase hydrocarbon flame is very
small, and most measurements were done with a certain
amount of NO addition.

Copyright © 2013 SciRes.

Dong et al. [3] studied the characteristics of an im-
pinging inverse diffusion flame jet the length of the jet
impingement region, the characteristic of the wall gauge
static pressure and the heat flux in the impingement re-
gion they provide a correlation between heat transfer
performance and the hydrodynamic behavior, which fa-
cilitates the optimization of the jet impingement system
design and operation. The aim is to understand the char-
acterization of the extinction limits of fuel-air mixtures
from low extinction strain rate methane-air flames to
high extinction strain rate ethylene-air flame. Sarnacki et
al. [4] reported an experimental and computational work,
and they found that the variation of local extinction strain
rate with changes in separation distance was within un-
certainty of the experimental data. Zhen et al. [5] inves-
tigated the thermal and heat transfer behaviors of multi-
fuel jet inverse diffusion flame with induce swirl and
non-swirling under identical air/fuel rates. Flame appear-
ances, temperature fields and wall static pressures were
examined, and they found that the main reaction zone in
the swirling flame is closer to the burner exit and the
flame length is much shorter than the non-swirling flame
and the wall static pressure and radial heat flux both are
influenced by the swirl effect. A large eddy simulation
technique was used to study the fuel variability on the
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dynamics of hydrogen and syngas impinging flames by
Mira Martinez et al. [6] including a pure H, and (20%
CO, 80% H,), (40% CO, 60% H,), (20% CO, 20% CO,,
60% H,) the results of their study show that the flames
develop vertical structures in the primary jet associated
with the buoyancy and shear layer instability, and the
wall jet progresses parallel to the impinging plate form-
ing large scale vortex rings at different locations and
strengths as a consequence of the fuel compositions.

Choe McDaid et al. [7] studied the effect of ignition
location on the propagation of premixed and diffusion
flames of hydrogen and mixtures of hydrogen and carbon
dioxide towards. They found that the fuel velocity and
Reynolds had a large effect on the observed flame ve-
locities, and the type of the fuel affected the velocities
and accelerations of the flame front. Experimental and
numerical study had been conducted by Subhash et al. [8]
to investigate the occurrence of off stagnation peak for
laminar/air flame impinging on a flat surface of this off
stagnation peak using a commercial CFD code Fluent.
They found that this off stagnation in heat flux is prima-
rily due to the peak in the axial velocity close to the im-
pingement surface. Jaramillo et al. [9] applied the DNS
and RANS techniques to study the fluid flow and heat
transfer in plane impinging jets. The DNS results have
been used as reference solution to assess the performance
of several Reynolds averaged Navier Stokes (RANS)
models. However all the models predict correctly the
local Nusselt number at the stagnation region to investi-
gate the complex flow field of an impinging jet Naseem
et al. [10] used an LES simulation with a dynamic sma-
gorinsky model. The large eddy simulation helps to un-
derstand the reason of occurrence of second peak in the
radial distribution of Nusselt number at the target wall.
They found that the LES simulation of a complex flow
impinging jet is highly sensitive to the quality of the
grid.

Zhen et al. [11] studied the emission of CO and NOy
from swirling and non-swirling of an impinging inverse
diffusion flames and they found that the parameters of air
jet Reynolds numbers, overall equivalence ration and
Nozzle to plate distance have significant influence on the
overall pollutants emission. To reduce the NOy produc-
tion a new down fired combustion technology based on
multiple injection and multiple staging was developed by
Min Kuang et al. [12]. An experimental study was per-
formed by Zhen et al. [13] to investigate the effects of
the nozzle length on the air pollutant emission and noise
radiation. They found that the noise radiation from the
inner reaction cone of the flame is stronger than that
from the lower and upper parts of the flame for the
stoichiometric air/fuel ration. Zhen €t al. [14] performed
an experimental work to compare between the emission
and impingement heat transfer behaviors liquefied petro-
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leum gas added of hydrogen and methane air flames
(LPG-H;-air) and (CH4-H,-air) comparison shows a more
significant change in the laminar burning speed, tem-
perature and CO/NOy emissions in the CH, flames. Gur-
preet et al. [15] investigated the heat transfer charactiris-
tics of natural gas/air swirling flame impinging on a flat
surface the dip in heat flux at and around stagnation point
was observed in almost all cases which could be the main
cause of non uniformity even in case of heating with
swirling impinging flames.

Nadjib et al. [16] investigated the influence of the ni-
trogen dilution on the extinction of methane impinging
diffusion flame, and they found that when the dilution rate
increased the extinction of the diffusion flame increased.

In the current study, we investigated an impinging dif-
fusion flame with three fuels, Methane, Propane and Bu-
tane with fixed fuel jet velocity. We also reported on the
temperature response to the increase of the CH atom
mole fraction, on the other hand we studied the relation
between NO fraction production and heating high tem-
perature for a non-premixed turbulent hydrocarbons jet
flame situation.

2. Mathematical Model
2.1. Turbulent Governing Equations

In the present study, Fluent [20] (commercial CFD soft-
ware) was used to model the flow field and heat transfer
for diffusion turbulent methane/air flame impinging ver-
tically on a flat surface with a reduced reaction mecha-
nism (8 species are considered).

The general form of transport equations for two di-
mensional stationary turbulent reactive flows can be
written as:

@,
X
) , olr%e) :i[r%j+Q[F%j+ 5 @
OX oy ox\_ ox/) oy\ oy

where ¢ denotes 1, Vx,vy,h,Yi and diffusion coefficient

M

r is 0, ,u,CL and D,, respectively. S, is a source
P
term. Fluent uses a control-volume-based technique to
convert the governing equations to algebraic equations
that can be solved numerically.
In order to resolve the turbulent flow problem we are
used K-Epsilon turbulent RNG based model.
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ou, 'S
where G=-uu,— and v, =C,—
OX; £
The model constants appearing in the above equations
are

C,=0.09,C, =1.44,C,=1.92,5,=1.0 and &, =1.0.

The effects of the mean strain rate and mean rotation on
turbulent diffusion have been affected by using the re-
normalized RNG k- ¢ model Yakhot et al., 1992 [21],
which employs equations of the same form as the standard
k- ¢ model. The RNG k- & model assumes different
model coefficients evaluated by the renormalization group
theory which vary with the ration of the turbulent to the
mean strain, n, as described below:

C,=0.0845
C, =142 %)
C,= 1gg 4 S (1 (V48)) (1_(n/43'8))
14+0.012n
with
o,=0,=0.7194
where

kS 12 1{oU. oU.
- g=(28S. I Bt At
= (S'S') -5 2(axj +6>gj ©

Though the modification of the above constants of the
model, it is intended to simulate and control the modelling
of the energy dissipation. The RNG k- £ model is a

modification version of the standard k- £ turbulent model.

It adopts a non-equilibrium strain parameter n=kS/e,
Where S is the strain rate modulus and the ratio k/¢ is
the turbulence time scale.

2.2. Modeling Non-Premixed Combustion

In non-premixed combustion, fuel and oxidizer enter the
reaction zone in distinct streams. This is in contrast to
premixed systems, in which reactants are mixed at the
molecular level before burning. Examples of non-pre-
mixed combustion include methane combustion, pulve-
rized coal furnaces, and diesel (compression) internal-
combustion engines.

In order to resolve the turbulent chemistry interaction
we are focused to use Pre PDF model based on the reso-
lution of mean transport species equation and its variance

2 [20].

%(pf_)+V~(pvf_):V-[ﬁVf_J 7
%(pﬁ)w-(pvﬁ):v-(ivﬁj ®)
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The species fractions considered in this investigation
are (C3H8,C4H10,CH4,02,N2,H20,NO,C02,CO,OH).

In order to model nitric oxide formation in a flame, the
chemical reactions involving nitrogen compounds must
be taken into account. The reactions
(N+0,,N+OH,N, +0) are the principle mechanisms
in forming Zeldovich “thermal” NO; the reactions
(N,O+H,N,0+0) are the major paths in forming
Fenimore “prompt” NO. In the numerical work, both
Zeldovich thermal and Fenimore prompt formation of
NO were included.

2.3. Computational Domaine

Using a 2D model, the impingement surface is parallel to
the fuel jet; and the jet was spreading vertically on the
impinging plate. The diameter of the fuel jet is 10 mm
Figure 1 a total of seven transport equations (continuity,
axial, and radial momentums, turbulence kinetic energy
and its dissipation rate, energy, and radiative intensity),
are solved using the commercial CFD package FLUENT
[20]. A second-order discretization scheme was used to
solve all governing equations. Solution convergence was
determined by two criteria. First is ensuring that the re-
siduals of the solved equations drop below specified
thresholds set at 10~ for all variables, while a residual of
107® was used for the energy equation. The second con-
vergence criterion is ensuring that the value of a sensitive
property (e.g., concentration of a radical species) at a
critical spatial location has stabilized and is no longer
changing with iterations.

0.6
0.5
0.4
0.3
0.2

0.1

00 0.1 0.2

Figure 1. Schematic of mesh domain and boundary condi-
tionsfor jet diffusion flame.
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3. Numerical Results

In this simulation the temperature and concentration of
major species C4H;y, CsHg, CH,4, Hy, H,O, CO,, N,, and
O, and minor species NO, CO, and OH was performed
using Fluent software code. CH4, C3Hg, C;H;o, was used
as the fuel in the impinging jet.

Velocity magnitude, flame temperature and the struc-
ture of the turbulent flame region were compared with
different fuel jet flames.

Figures 2-6 show contours plots for temperature and
mass fractions of OH and CO, and OH and NO and pro-
duction rate plotted versus mixture fraction for flames
C,4H,y, C3Hg, and CH, at the same axial location.

The effect of N, dilution level, in the fuel stream, on the
flame temperature is quite substantial with a drop from
1700 K in the case propane flame, to 1400 K in case of
butane flame. The temperature at the centerline is 420
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400
350
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K and is the same for all cases. The mean temperature in
the jet vicinity of the flow is 1200 K and is also consis-
tent between all flames Figure 2 this result is compared
with the experimental data in references [16-19] for the
same authors. When we look in Figure 3 we observe that
the mass fraction of CO, is maximal for the butane jet
flame. The same results are obtained in Figure 4.

Figures 7 and 9 show how the calculated NO and CO,
concentrations vary with the three jet fuels for the same
simulation conditions.

Figures 7-10 show radial profiles of temperature and
mass fractions of OH and CO and NO and turbulent in-
tensity for turbulent flames C4H;o, C3Hg, and CH, at an
axial position of 100 mm above the jet exit.

Figure 7 shows radial profiles of mean NO mole frac-
tions for the same flames and positions as those in Fig-
ure 10 the NO distribution for flame C4H;, is different

Figure 2. Contours of temperature for different hydrocarbon fuels.

DG
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Propane

Figure 3. Contours of CO, massfraction for different hydrocarbon fuels.
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Figure 6. Contours of NO massfraction for different hydrocarbon fuels.
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Figure 7. Dioxide mass fraction for methane, propane and
butane flames.
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Figure 8. Turbulent intensity profiles for methane, propane
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Figure 10. Concentrations of fuels mass fraction for meth-
ane, propane and butane flames.

from the other two flames. At the first axial position (100
mm), the NO distribution is quite wide and the mean
peak NO is almost three times that of other flames.

The NO formation rate is significantly higher in the
case of butane fuel compared with methane and propane
fuels Figure 9 due to the higher O atom and CH con-
centrations promoted by the fuel oxidation.

Also shown in Figures 11-13 is the concentration of
the NO production in the three flames zone on the same
horizontal positions calculated from the turbulent flames
modeling for the propane and butane flames more NO
concentration near the impinging wall due to the effect of
molecular weight on the mixing with the surrounding air.

The mean NO mole fractions for flame CH, at the po-
sitions of 100 and 200 and 300 mm and 500 mm have the
same peak of 2.5 ppm. For flames C;Hg and C4H;, the
NO distribution is different from that of CH4 flame. A
distinct peak close to the reaction zone location appears
for both flames. At locations 100 and 200 mm, flame
C;Hg has a mean NO peak level which is almost half that
of the peak level for flame C4H;(, while at location 200
mm, the peak level for both flames is similar. It is worth
noting that the peak temperature is roughly the same for
all locations and that the peak NO levels reported here
for all flames are very small when compared with stan-
dard diffusion flames with similar Reynolds numbers.
This indicates that dilution effects are presented in Fig-
ures12 and 13.

4. Conclusions

In this study, we investigated the characteristics of three
hydrocarbons methane, propane and butane fuel flames.
The temperature and species and NO production of tur-
bulent jet flames under non-premixed conditions are in-
vestigated.
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The flame temperature varied with the fuel type with
the increasing of CH atom. We obtain an increase in
flame temperature level. From the numerical results
of simultaneous Methane Propane Butane calcula-
tions,

We concluded that the turbulent flame propagation
velocity varied from a fuel to another and the chang-
ing in the fuel type will influence on the NO masse
fraction produced. The same conclusion is obtained
for the other species CO, CO,.
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