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In this work, the effects of the composition of the syngas, the deformation rate and the
chemical effect of Hz2 and CO on the internal structure of the flame as well as the soot
formation, in a laminar diffusion flame of a syngas mixture / ethylene. The configuration
has two opposite jets and is used at an interval of the ignition deformation rate at extinction
under atmospheric pressure. Chemistry in the gas phase is coupled according to the soot
model based on polycyclic aromatic hydrocarbons (PAH), by the moment’s method. The
insertion of the inactive species FH2 and FCO will also be included to determine the

chemical effect of Hz and CO. The results have shown that the increase in hydrogen in the
syngas leads to a decrease in the growth rates of the soot in dilution effect as well as by
chemical effects due to the abolition of the abstraction reaction of H in the hydrogen-
addition hydrogen abstraction sequence of C2Ha.

1. INTRODUCTION

Soot is a by-product of an incomplete hydrocarbon
combustion process that has been of global concern in recent
years because of its effect on global warming and human
health. Therefore, its reduction has become essential.

On this perspective, numerous studies have been launched
on the soot training mechanism and the tools to reduce it [1].
Many chemical and physical phenomena in the formation of
soot, are not yet fully understood. The pyrolysis of
hydrocarbons fuels leads to the formation of soot precursors in
the flame area, such as acetylene and propargyl which gives
the benzenic cycle. Before the soot formation, the Hydrogen-
Additional Addition mechanism of C;H, (HACA), established
by Appel et al. [2], plays an important role in the growth of
polycyclic aromatic hydrocarbons (PAH).

In areas where the presence of oxygen is important in an
opposite jet configuration, the axial distribution of the soot is
non-monotonous relative to the oxygen concentration. Then
the reduction in the volume fraction of the soot is linked to the
elimination of the birth of soot and favored phenomenon of
oxidation of the soot through the critical value the of oxygen
fraction [3]. Several works have shown that the dilution of the
fuel or oxidizer by non -combustible elements (N, H>O and
AR), or fuel such as (H, and CO) affects the soot formation by
four important mechanisms which are the attenuation effect
that modifies the total mass oxidation of the fuel, the thermal
effect resulting from modifications of the thermal properties
of the reagents and the chemical effect of the reactive diluent
during participation in chemical reactions [4, 5].

Hydrogen represents the cleanest energy vector. To improve
the efficiency of the flame and the reduction of pollutants, it is
widely used as a doping substance [6]. In previous studies,
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Wang et al. [7] have studied the chemical impact of hydrogen
on soot formation and analyse the main training paths of
benzene and Pyrene (Ci¢Hio) to see how hydrogen affects its
composition in the flames of methane and ethylene.

They have concluded that added hydrogen improves the
storage of the soot in the methane flame by producing H and
C,H>, which leads to the formation of the first aromatic cycle
by the HACA mechanism. On the other hand, the addition of
hydrogen to the C,H4 flame reduces the nucleation rate and the
growth rate on the surface of the soot. An experimental and
numerical investigation was carried out by Zhang et al. [8], in
laminar diffusion flames of ethylene/air, with a variation in the
content of O, in the oxidant from 21% to 50% and a
replacement of N, by CO,. They studied the internal structure
of the flame and the soot formation by the chemistry model C,.
The increase in the quantity of oxidant causes high flame
temperatures and a rapid increase in the volume fraction of
soot with a displacement of the upper center of flame. The
thermal and chemical effects of CO; reduce the formation of
soot, the formation of species C,H», C6H6 and CisHio are
affected by the replacement of N, by the CO, in oxidant. The
effect of hydrogen and nitrogen on the soot formation in an
ethylene-air flame using the COFLAM code was carried out
by Khanehzar et al. [9]. Also, the authors studied various
effects of chemical, thermal and transport hydrogen on the
structure of the flame and the formation of soot. The results
have shown that adding hydrogen and nitrogen reduced the
radiation and the volume of soot; they concluded that the
HACA mechanism and the PAH condensation rate were
responsible of this decrease. The work of Liu et al. [10], shown
that hydrogen enrichment increases the production of free
radicals H and OH by the chain ramification reaction H, +
O=H + OH. Since the radical H has increased the growth on
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the surface of the soot according to the HACA mechanism
which leads to the increase in the concentrations of acetylene
and propargyl. Latter generates the benzene by a
recombination reaction.

Ying et al. [11] conducted a detailed study of the chemical
effect of hydrogen on soot formation in a methane flame with
air. He It was concluded that adding hydrogen reduces the
production of acetylene (C.H,), Ketene (CH>CO) and
increases the concentrations of H, OH and O. Moreover,
radical H directly affects the growth of the soot surface
through the HACA mechanism. Wei et al. [12] studied the
effect of adding hydrogen (0%, 20% and 40%) on soot
formation using the Monte-Carlo method to solve the dynamic
particle model, the coagulation and surface reaction. The
results have shown that the molar concentrations of significant
soot species, such as C;H, and PAH, are inhibited by the
increase in hydrogen in the fuel. Consequently, the volume
fraction of the soot was reduced. In the last decade, research
has concluded that syngas can be used as a source of hydrogen.
Syngas is an organic fuel composed mainly of hydrogen and
carbon monoxide, its addition to a hydrocarbon improves the
quality of combustion and reduces emissions [13]. An
experimental study of an opposed jet methane/ ethylene flame
was carried out by Xu et al. [14] to elucidate the impact of
hydrogen on the soot formation. The results obtained show
that the role of the chemical effect of hydrogen in the
formation of soot depends not only on the type of fuel
(ethylene or methane), but can also be sensitive to the
composition of the oxidizer.

The objective of this paper is to study the effects of the
composition of the syngas, the strain rate on the internal
structure of the flame as well as the soot formation, in a
laminar diffusion flame opposed to a syngas mixture /
ethylene. The inactive species FH, and FCO will also be
included to determine their chemical effect. The reason for the
choice of CoHs as a fuel is based on the fact that ethylene plays
an important role in the oxidation of large hydrocarbons.

2. CONFIGURATION AND CALCULATION METHOD

The axisymmetric geometry with two opposed jets with an
asymmetric geometry is used (Figure 1), mathematically that

means that all derivatives in the third direction theta vanish

;—9 = 0. This configuration allows the formation of a diffusion

flat stationary flame between the two injectors. The structure
of the flame is supposed to be uniform in the longitudinal
direction of the flame (direction r), this assumption gives a
one-dimensional flame with properties depending only on the
cross direction (direction x). It consists of two opposite
nozzles with a distance D=2.9 cm, one injecting an Ethylene /
Syngas mixture and the other oxidizing it with a temperature
of 300 K (Table 1 and 2).

Oxidizer

Flame

' Soot zone

Stagnation

Plane

Fuel

X

Figure 1. Geometric configuration of an opposed jet

324

Table 1. Fuel composition: Volumetric composition mixtures

The denomination CHs H> CO
FO1 040 0.15 0.45
F02 0.40 0.20 0.40
FO3 040 0.25 0.35
F04 040 0.30 0.30

Table 2. Oxidizer composition

02
0.21

N2
0.79

In order to ensure that the stagnation plane was in the center,
the momentum ratio of the species to the opposing nozzles was
the same. Eq. (1) shows the definition of the global strain rate

[15].
3
Po

where, the index O represents the oxidant, F the fuel, u is the
speed in the x direction, of p is the density, as well as the
overall strain rate a.

The description of the equations governing the opposite
flow flame model is as follows [16]. The mass conservation
equation is:

a

_ 2(-up) |:1+ Up )

L (~uo)

o(pu) 1) _

OX r or @)

where, U and Vv are the axial and radial velocity components,
respectively.

With G(X)=@ and F(x) :% the continuity Eq. (1)

becomes:
dF(x)
G(X)=——— 3
(9= ®
The equation of conservation of momentum is written:
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The species conservation equation is:
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where, v is the speed in the direction r, cp is the specific heat
capacity at constant pressure, 4 is the coefficient of thermal
conductivity, Yy is the mass fraction of the k species, Vi is the
rate of diffusion of the k species, hy is the specific Enthalpy of
the k™" species, and W is the molecular mass of the k' species.

The effects of radiation per unit volume are taken into
account by:

O =—40Kp(T*-T7) ()
p is the species affected by the radiation, namely CO,, H»O,
CO and CH4

Kp =Feo2Kco2 + Pi20Kh20 + FeoKeo +

)

l:’CH4KCH4 + Kparticule

where, o is Stefan Boltzmann's constant, 7'and T, are the local
and ambient temperatures, respectively, Kp is the average
absorption coefficient. Px and K are the partial pressure and
the mean absorption coefficient of species k, kparticule 1S the soot
absorption coefficient [17], which is proportional to the
volume fraction of soot:

K particule=1307 - f, T (10)

The soot formation is modeled by a statistical method
(Method of moments) established by Frenklach [18]. The
entire quantity x; which is weighted by a probability density
function p;:

an

The probability density function is taken equal to the
concentration of class particles i N;. The size x] is linked to
the mass where the mass m; = i-m, and m; of the small
particle of soot represents, so the moment M, of order r
becomes:

(12)

With the first moment M, corresponds to the total
concentration of the particles while the volume fraction of soot
/v 1s calculated by the second moment:

Ml:ii N; =
i=1

ps represents the density of the soot particle.

Chemkin's Oppdiff program established by Kee et al. [19]
is used for solving flow equations for chemical kinetics, the
reaction mechanism developed by Appel et al. [20] which is
composed of 101 species and 543 reactions which include
PAH growth reactions until pyrene is adopted.

ToN=f, L
i1 M m

(13)
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3. VALIDATION

The configuration with opposite jets has been used in
several studies with different fuels and oxidants. The
investigation of Zhou et al. [21] is carried out on an
experimental installation which consists of two opposite
nozzles of interior diameter of 10 mm separated by a distance
of 8 mm. The ethylene is ejected from on the lower side with
a speed of 21.6 cm/s, while the oxidant is ejected from by the
upper side with a speed of 22.1 cm/s. The oxidizer and fuel
have the same temperature and initial pressure, which are
respectively 300K and 1 atm.

Figure 2 represents flame temperature profiles and molar
fractions along the axial distance, the consumption of species
such as C;H, and O, the production of minor and major
species (CO», CO, H,, C;H») and the soot volume fraction. All
these species are well predicted, according to experimental
measures.
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Figure 2. Temperature and species profiles
(Experimental results (symbols) and prediction(lines))

4. RESULTS AND DISCUSSION

4.1 The effects of hydrogen and the strain rate on the
maximum flame temperature

Depending on the different compositions of the mixture
(Table 1), the wvariation in the maximum combustion
temperature at a constant pressure P=1 atm as a function of the
strain deformation rate is illustrated in Figure 3 (a).
Monotonous temperature growth is observed to reach
maximum value at a strain rate equal to 18 s\, then it decreases
to an extinction point. The latter differs from one mixture to
another, depending on the quantity of H» in the mixture, which
increases the resistance of the flame to stretch [22]. The
amount of hydrogen, which varies in volume from 15% to 30%
in the mixture, increases influences significantly on the rise in
temperature peak.

Elementary reactions cited in interpretations are:

O + H,=H + OH (R2)
OH + H,=H + H,0 (R3)
H+H+M=H,+M (RS)
2H + Hy=2H, (R6)

H + H + H,0=H, + H,0 (R7)
CO + OH=CO, +H (R31)
CH+H,= CH,+H (R40)
CH»+CO=C,H,+0 (R146)
CH;+CO=C,H,+OH (R150)
C:H, +CH,=C;Hs+H (R193)
C3H3+C3Hi=A1 (R234)

The maximum flame temperature (Tmax) increases when the
hydrogen fraction increases in the syngaz. Decomposition of
hydrogen provides a pool of free radicals such as H and OH
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according the elementary reactions: R2, R3, R5, R6 and R7
that increase species diffusion and reactivity as shown in the
Figure 3 (b). The increase percentage of temperature with
hydrogen added to the fuel (from mixture F1 to F4) ranges
from 1.04 % at a strain rate of 200 s™! to 2.13 % at a strain rate
of 18 s\,

T
— FO1
22004 /~

+ Fo4

2100 ~ extinction

2000
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Figure 3. Variation of the maximum flame temperature with
the deformation rate and the quantity of hydrogen

4.2 Internal structure of flame and soot formation

To analyse the effect of the strain rate on the soot formation
and internal flame structure, the extreme cases of the mixtures,
namely F1 and F4, are represented in terms of axial
temperature and major species profiles. Two values of strain
rate are considered, a relatively low and high ones (18 s! and
100 s'). At a train rate of 18 s!, when hydrogen volume is
15% in the mixture F1, the position of the maximum value of
the flame temperature, which represents the flame front noted
by Xrmax, 1s located at a distance Xtmax=1.57 cm from the fuel
nozzle, Figure 4 (a). Whereas, while strain rate increases to
100 s! (Figure 4 (b)), the flame front shifts towards the
stagnation plane, where the velocity is zero, noted by X stag,
in this case Xtmax=1.45 cm. When the quantity H, increases in
the fuel (flame F4), in the case of strain rate a=18 s°!, the flame
front moves to Xrmax=1.45 cm Figure 5 (a), while the
displacement Towards the stagnation plane Xjsa.g takes the
value of Xtmx=1.40 cm Figure 5 (b) according to a
deformation rate A=100 s™'.



The phenomenon of pyrolysis is initiated alongside the fuel,
which is not far from the flame front, to produce these gaseous
species such as CoH» and Cs;Hs, the latter promotes the
formation of benzene and the PAH which represent the
pioneers of soot. The decomposition of CoHy is affected by the
increase in the strain rate for the two flames FO1 and F04, it
delays its dissociation for the value of a=18 s!. The
dissociation phenomenon begins from the axial position x=0.8
cm where the consumption of the species C>Hs is not fast
enough Figure 4 (a). Compared to the same flame (F01), when
the strain rate increases to a=100 s™!, the dissociation position
shifts to x=1.1 cm and the consumption of the species is very
fast Figure 4 (b).

Similarly, for the flame (F04), the dynamic effect of the
strain rate affects the formation of C;H» species which begin
to occur from an axial position of X=0.8 cm for a low
deformation rate (a=18 s!) Figure 5 (a) to reach a maximum
value, then it disappears definitively in position X=1.5 cm.
Whereas, the production of acetylene is delayed by the
increase in the strain rate for a value of a=100 s™! Figure 5 (B),
its formation is rapid relatively to the rate a=18 s’ it begins at
the position x=1.05 cm and vanishes rapidly and definitively
at position x=1.4 cm.

The radical CsH; (propargyl) is very induced by the
variation in the strain rate in the two mixtures FO1 and F04.
On one hand, the decrease of C3H3 in Figure 4 (a and b), it is
mainly due to the consumption of CHj3 by the reaction R40,
since CH: is responsible for the production of C3Hs by R193
[22-24]. On the other hand, the rise in the strain rate reduces
the thickness of the zone of formation of these species, as well
as their rapid consumption. However, the increase in the
quantity of hydrogen does not represent as an essential source
for the formation of the radical Propargyl CsHs suspected of
being at the origin of the formation of the first aromatic nuclei
and the soot Figure 5 (a and b).

The stagnation plane is a surface where the axial velocity of
the two jets is zero, it is noted by X stag, its position is near the
fuel nozzle. In this region the onset of soot nucleation occurs
by soot particles such as the Benzene (A1), naphthalene (A2),
Phenanthrene (A3) and pyrene (A4).

These particles are transported through the thermal flow
produced by the flame to the stagnation plane. During this
period, the physico-chemical process plays an important role
in the growth of emerging particles to achieve maximum value
near the stagnation plan, the low diffusion of particles in this
stage leads to their elimination.
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Figure 4. Axial profile of major chemicals and precursor
soot and the volume fraction of soot for flame FO1

According to this scenario, the molar fractions of several
aromatics, such as benzene (Al), naphthalene (A2),
phenanthrene (A3) and pyrene (A4) as a function of the strain
rate and the volume of hydrogen in the fuel are represented.
The reduction in residence time, which is represented by the
increase in the strain rate, and the content of H, in the fuel,



reduces the formation of benzene (A1) to the value of 0.925
ppm for flame FO1 for a=18 s™! and to 0.705 ppm for a=100 s°
! Figure 4 (c and d). In the case of the FO4 flame, where the
quantity of hydrogen is increased, the value of Al increases
from 0.850 ppm (at a= 18 s') to 0.550 ppm (at a=100 s™)
Figure 5 (c and d). This is mainly due to the fact that benzene
is produced later by route R234. The evolution of the
production and consumption of A2, A3 and A4 takes the same
path as benzene.
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Figure 5. Axial profile of major chemicals and precursor
soot and the volume fraction of soot for flame F04

According to the results obtained, we note that when the
strain rate increases, the thicknesses of the flames and the
maximum values of Al, A2, A3 and A4 consequently
decrease, the particle volume fraction reduced in a significant
manner Figure 4(c and d) and Figure 5(c and d).

4.3 H2 and CO chemical effect on soot formation

4.3.1 H, chemical effect

Soot formation is directly related to soot generation and
surface reactions, which are coupled with the gas phase
chemistry of the flame to initiate the generation of gas phase
soot precursors [23]. A discussion of the chemical effect of H,
addition on soot formation in the FO1 and F04 flames is shown
in Figure 6 (a-d).
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Figure 6. Chemical effects of H, added to the fuel side on
flame temperature and soot formation

Figure 6 (a) shows that the elimination of the chemical
effect of H, by the insertion of an inert species FH, plays a
major role on the maximum temperature value, through the
absence of H, reactivity which directly reduces the value of
the combustion temperature. In the presence of FHo,
Tiax=1964K and T, =1878 K, while in Hy Tax=2123 K and
Tmax=2160 K.

Acetylene plays a major role in the production of C3H3 by
the reaction R193, the latter contributes in part to the formation
of benzene (A1) by the dominant reaction (R234), in a direct
way the elimination of the chemical effect of hydrogen which
represents a link in the formation of C;H, reduces the
formation of benzene Figure 6(b) For naphthalene (A2) Figure
6.c it can be directly seen that it is very much induced by the
chemical effect of H, with a gap that increases as a function of
the amount added to the fuel, and for the formation of A4 this
gap is constant Figure 6(d) relative to the increase of H; in the
fuel.

4.3.2 CO chemical effect

Carbon monoxide is a reactive combustible substance with
a calorific value lower than 10.90 Mj/Kg, so the elimination of
the chemical effect of this substance reduces the combustion
temperature and the species such as Al, A2, A4 by a
significant value.

In Figure 7 (a), the maximum combustion temperature for
the four flames is very much induced by the elimination of the
chemical effect of CO, while this decrease is reduced
proportionally to the amount of CO by volume of the mixture.

Carbon monoxide enhances the production of the soot
precursor CoH» via the reaction pathways R146 and R150 and
the H-radical via R31, i.e., it indirectly affects soot formation
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via an HACA (H-Abstraction C;H>-Addition) mechanism.

Figure 7. Chemical effects of CO added to the fuel side on
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The latter reactions are eliminated in the absence of the
chemical effect, which is why we find that when carbon
monoxide is present, the soot formation process is more
important than in the presence of the FCO.

Figure 7 (b) illustrates the reduction of benzene following
the increase of CO in the syngas by eliminating the reactivity
of carbon monoxide. This reduction is minimal for the A2
formation Figure 7 (c) and more negligeable for A4 Figure7

(d).

5. CONCLUSIONS

The effects of strain rate and mixture composition, as well
as the chemical effects of hydrogen and carbon monoxide on
the internal flame structure and sooting of an ethylene/syngas
mixture in a jet configuration opposite, the conclusions when
they can be drawn are the following:

* Displacement of the flame front which is represented by
the maximum temperature towards the fuel nozzle following
the increase in hydrogen in the fuel.

* The increase in the rate of deformation delays the
dissociation of C;Hy4, which will impact on the formation of
C,Ho.

* The formation of soot is highly induced by the increase in
H2 and the strain rate.

* The chemical effects of H, and CO play an important role
in the reduction of the maximum flame temperature and the
formation of soot.
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