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Abstract — The increase in energy demand worldwide led to the excessive use of fossil fuels, thus, critical
changes in the earth's climate due to its high emissions, which led to the search and the use of less
polluting fuels and more sustainable such as Propane and Bio-Syngas. We have used the Chemkine code
fed by the USC ver 2.0 mechanism and the Gri Mech 2.11 N sub mechanism for NOx assessment to
conduct a numerical study on the flame structure and NOx emissions characterisation of the Propane-
syngas mixture diffusion flame. It was found that rich-Syngase mixtures flames generate high flame
temperatures, thus high NO emissions. In contrast, rich-Propane mixture flames generate low flame
temperatures, thus high NO2 emissions.

Keywords —

NOx emissions are primarily generated by human
activities  such  as  industrial  processes,
transportation [7], and fossil fuel combustion [8].

I. INTRODUCTION
The earth’s climate has witnessed lately several

critical changes that threaten the lives of its
creatures. One of the main changes is the increase
in the earth’s temperature [1] due to the effect of
global warming caused by greenhouse gases, such
as carbon dioxide; NOx emissions also contribute
to the greenhouse effect [2] and climate change,
exacerbating global warming. In addition, NOx
emissions contribute to smog formation and
ground-level ozone [3], [4]. High ozone
concentrations can harm vegetation, damage crops,
and negatively affect ecosystems [5]. Moreover,
nitrogen oxides are major contributors to acid rain
formation [6], which can harm aquatic life and
forest ecosystems.

Addressing NOx emissions is crucial for
safeguarding both the environment and human
health.  Implementing a combination  of
technological advancements in combustion science
and less polluted fuels, known as environmentally
friendly fuels, can help minimise these emissions
and mitigate their detrimental effects.

Environmentally friendly fuels such as bio-
syngas, which is primarily a gas mixture of carbon
monoxide and hydrogen obtained from the
gasification of biomass, the nature of biomass
control of the syngas mixture composition has
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witness lately an increasing interest due to its
features such as its considerable energy density, the
sustainability of its production source as well as
being suitable for many combustion systems such
as gas turbines [9] and Internal combustion engines
[10].

In addition, LPG fuel which is mainly composed
of propane [11] has proven to be a strategic fuel for
many applications due to the advantages that it
provides in terms of economic impact; even though
the LPG fuel economy is lower than petrol, from
20% to 25% [12] but due to its low cost compared
to petrol by 40% to 50% [13] makes it a more cost-
effective option. Moreover, in terms of
environmental impact, One of the most
environmentally friendly conventional fuels is
LPG. When compared to diesel, oil, wood, or coal,
it creates far less NOx emissions.

In light of the mentioned above, we conducted a
numerical investigation of the impact of Oxygen
enhanced-combustion, Preheated air combustion
and fuel mixture composition on the NOX
emissions especially NO and NO2 produced from
syngas-propane diffusion flame.

Il. MATERIALS AND METHOD

1) SIMULATION OF THE PROBLEM

The physical model of opposite flow laminar
diffusion flame in Ansys Chemkin code was
considered. The model consists of two opposite
nozzles separated with a distance equal to 1.5 cm
Fig. 1. The upper nozzle represents the oxidiser
stream which is air. In contrast, the lower one
represents the fuel stream which is a mixture of
propane and syngas assumed to be composed of
hydrogen and carbon monoxide. The effects of fuel
mixture composition, oxygen concentration, and
air injection temperature are considered. The flame
structure is assumed to be uniform in the
longitudinal direction (r) and one-dimensional,
with properties dependent only on the transverse
direction (x). A section perpendicular to the flame
(x direction) is produced to characterise the flame
structure. The study's operating conditions are
listed in Table 1.

*

Ceidimen

Stagnation
Plane

Fig. 1 — Opposed flow geometry in cylindrical
coordinates

Table 1 — The operating condition

Fuel M1 M2 M3 M4
CsHs 0.4 0.5 0.6 0.7
H> 0.3 0.25 0.2 0.15
CO 0.3 0.25 0.2 0.15
Tr(K) 300
OXD
02 0.21
N> 0.79
To (K) 300

2) THE GOVERNING EQUATIONS

The governing mathematical equations that
describe the combustion phenomenon in the
axisymmetric counter-flow configuration is based
on the equations of continuity, momentum, species
and energy conservation. These equations are
proposed by the mathematical model of [14].for the
geometry shown in Fig. 1:

The equation of continuity is:

dpu 1 dpvw) _
dx r o 9r =0 @

In Eq. (1), r represents the radial direction, x is
the axial direction, u and v are the axial and radial
velocity, respectively, and p is the mixture density.

The momentum equation writes:

2 () ()]
(2

With G(x) = =22, F(x) =&

19P
and H = =— = cste
r or
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The species conservation equation is:
dyg . d
Pl T
(3) o _ _ _
Where the diffusion velocity of the species k is
given by:

(pYKVK) - d)KMK = 0, (K = 1, ,n)

1 dX, DI 1drT
Vi = — Dy —= — £ =— Such as:
XK dx P T dx
_ 1-Yg
Dmk " |
Zj¢kD K

With Djy, Dy and DI are, respectively, the
diffusion coefficients of the multi-composition, the
mean mixture, and the thermal diffusion
coefficients of species k.

The energy conservation equation

ar 1 d ar p dar
pu;-;;(/‘{a) +azkcpk Ykaa'i'
1 . 1 .
C_Zk hy wg + C_Qrad =0 (4)
p p

These equations involve various parameters, where
C,, represents the mixture's specific heat capacity,
h,. is the molar enthalpy of species k, W represents
the molar mass of species k, and wy represents the
chemical production rate of species k.

It would be very useful to characterize NOx
emission using the NOx emission index so it would
be possible to compare with other flames, it is
defined by [15]:

d .
Jo WNox®Nox dx

EINOx = =% (5)

- fo W ruel® fuer dx

Both the fuel and the oxidizer are injected with
the same velocity, extracted from the
corresponding strain rate, which is defined by
[16]:

_ —(uox) UFy ’Pﬂ _ 2(-upx)
a=— +2 2 s a4 [1+

Uy ToxWFu
’ 6
(—uox) TFuWOx] ( )

111.RESULTS AND DISCUSSION

The paper comprises two sections; in the first
section, we will focus on the impact of the fuel and
the oxidizer injection velocities. In contrast, the
second section will be more on the impact of fuel
composition.

1) The impact of the strain rate

In this section, the impact of the fuel
composition on the flame temperature, the
production of the free radicals H /OH as well as
NO and NO> emissions, will be examined. Propane
mole fraction will be increased from 0.4 in M1 to
0.7 in M4, leading to syngas reduction from 0.6 in
M1 to 0.3 in M4. The fuel and oxidizer injection
temperature equals 300 k; the pressure is constant
and equal to latm; the fuel and the oxidizer
injection velocity are the same and equal to the
strain rate corresponding to the highest flame
temperature. The injection velocity will be
determined in the next section.

1.1) On peak flame temperature

Figure. 1 represents the impact of the injection
velocity representative in the stain rates on the
peak flame temperature; the graphs exhibit a peak
pattern at an intermediate value of strain rate equal
to a = 25 St for all mixtures, where the peak flame
temperature exhibits a maximum in each mixture
2125 K for M1, 2098 K for M2, 2073 for M3 and
2052 for M4. Before the intermediate value of
strain rate, the peak flame temperature increase
with the strain rate as a result of the decrease in the
residence time of the radioactive species in the
reaction zone, which will inhibit energy losses due
to flame radiation, thus, higher flame temperature.
However, after that, the impact of radiation is no
longer critical, and the combustion reactions will
not have the necessary time to be completed due to
the continuous decrease in the residence time with
the stain rate increase, thus a decrease in the peak
flame temperature.

In order to examine the impact of the fuel
composition on flame structure and its NOXx
emission, the strain rate will be fixed at the value
corresponding to the highest flame temperature a =
2551
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Fig. 1 - Maximum flame temperature in different fuel
mixtures as a function of scalar dissipation rate

2) The impact of the fuel composition

2.1)  On the temperature distribution
Figure.2 represents the temperature distribution in
each mixture in the function of the distance
between the nozzles; the temperature increases in
M1, M2, M3, then M4, respectively, due to the fact
that rich syngas fuel mixture contains more
hydrogen, which is more diffusive and reactive.
The temperature keeps increasing until it reaches
its peak at the flame front where T(M1) = 2125 K
at x =0.88 cm, T(M2) = 2098 K at x = 0.89 cm,
T(M3) =2073 K at x = 0.9 cm and T(M1) = 2052
K at x =0.91 cm, we note that the flame
temperature levels decreased with propane
enrichment from M1 to M4 even though that the
power input is increased, however after the flame
front we note the opposite results the temperature
levels increased with propane enrichment from M1
to M4, such finding could be explained by the fact
that more propane rich mixture more oxygen it
needs to be completed burn, due the lack of oxygen
on the fuel side leads to incomplete combustion
thus fewer temperature levels, In contrast on the
oxidizer side more oxygen will be available thus
more complete combustion process and higher
temperature levels.
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Fig. 2 — Temperature distribution

2.2) On the production of H and OH

radicals

Figure.3 represents the production and the
distribution of the radical H -a- and the radical OH
-b- in each flame, we note that the behaviour of the
radicals is similar to the temperature; both radical’s
mole fractions start increasing in syngas-rich
flames first till they reach their maximum at the
flame front where for the radical H Xmax(M1) =
3.8E-03 at x = 0.88 cm, Xmax(M2) = 3.6E-03 at x
= 0.9 cm, Xmax(M3) = 3.4E-03 at x = 0.91 cm and
Xmax(M4) = 3.2E-03 at x = 0.93 cm, while for the
radicals OH Xmax(M1) = 8.7E-03 at x = 0.93 cm,
Xmax(M2) = 8.2E-03 at x = 0.94 cm, Xmax(M3) =
7.7E-03 at x = 0.95 cm and Xmax(M4) = 7.7E-03
at x = 0.96 cm. After that, at the oxidizer side, we
note that the radicals mole fraction is higher in
propane-rich flames, which also supports our claim
before on the temperature distribution because, as
known, radicals are very reactive species, so their
abundance will result in higher flame temperature
levels, it is also worth mention, that the position of
the production of OH radicals is just after the
position of the H radicals, which point to that the
OH resulted from the oxidation of the radical H.
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Fig. 3 — The production of the radicals H (a) and OH (b) in each flame

2.3)  On the production and the
distribution of NO and NO>

emissions

Figure.5 represents the production and the
distribution of NO and NO2 emissions in each
flame in terms of the distance between the
nozzles. We note that the production of NO
started first at the same position in which the
temperature started in increasing; after that, the
NO- mole fraction increased as well, indicating
that NOz is a result of NO oxidation. Both NO
and NO2 mole fraction keeps increasing towards
the oxidizer side till the NO2 mole fraction
ehxibits its first peak in the fuel side X(M1) =
5.35E-8 at x = 0.47 cm, X(M2) = 9.16E-8 at x =
0.49 cm, X(M3) = 1.46E-7 at x = 0.51 cm and
X(M4) = 2.12E-7 at x = 0.52 cm than NO;
decreases to almost zero while NO mole fraction
keeps increasing till ehxibits a peak at the
postion of the flame fron where X(M1) = 1.47E-
4 atx =0.88 cm, X(M2) =1.41E-4atx=0.9
cm, X(M3) = 1.35E-4 at x = 0.91 cm and
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-2,0x10° T T T T T T T T T

X(M4) = 1.3E-4 at x = 0.92 cm than after the
flame fron on the oxidizer side it starts in
decreasing; however NO2 mole fraction start in
increasing again till it ehxibits its highest peak
on the oxidizer side where X(M1) = 2.1E-6 at x
=1.14 cm, X(M2) = 2.09E-4 at x = 1.14 cm,
X(M3) = 2.1E-6 at x = 1.16 cm and X(M4) =
2.12E-6 at x = 1.16 cm. Overall we note that at
the same flame, NO production is at a high-
temperature region (flame front); this would be
attributed to NO production through the thermal
route reactions, which its rate of production is
directly proportional to the temperature, in
addition to NO production through NO>-
intermediate route which explains the decrease in
NO2 mole fraction first peak. In contrast, NO2
production is at a low-temperature region due to
the oxidation of NO to NO>. The availability of
nitrogen and Oxygen on the oxidizer side
explains why the NO2 mole fraction second peak
is much more significant than the first NO2 mole
fraction first peak.
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Fig. 4 — NO/NO2 species production in each flame

IV.CONCLUSION

We have conducted a numerical investigation
on the flame structure and NOXx emissions

characterization

of Propane-syngas mixture

diffusion flame using Chemkine code fed by
USC ver 2.0 mechanism coupled with Gri Mech
2.11 N sub mechanism for NOx evaluation. The
main findings are:

The flame temperature levels of each
flame exhibit a maximum at a value of
strain rate at which the heat losses due
to flame radiation are no longer
important.

Propane-rich flames need a high
amount of oxygen for a more complete
combustion  process compared to
syngas-rich flames.

Even though its low power input
syngas-rich flames generates higher
temperature levels than Propane-rich
flames.

NO emission production is favourable
in high-temperature regions, while NO>
emission is favourable in low-
temperature regions.
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