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Numerical Simulations of Nitric Oxide (NO) Formation in
Methane, Methanol and Methyl Formate in different Flow
Configurations

P. N. Kioni, J. K. Tanui, and A. Gitahi

Abstract—Methane/air, methanol /air and methyl formate
/air have been numerically simulated in three different flow
configurations: homogeneous system; freely propagating flame;
and diffusion flame. These simulations have been done with an
aim of establishing the influence of fuel oxygenation on
generation of pollutant. Various chemical kinetic mechanisms
have been employed and extensively tested so as to ensure
validity of the results. For each of the three configurations, a
comparison of temperature, NO and its immediate dominant
precursor species (CH and N) concentration profiles in the
three fuels have been done. It has been established that, under
the different flow configurations considered, CH; has high
amount of total NO present in the flame region as compared to
the oxygenated fuels (CH;OH and CH3;OCHO). The
temperatures attained in freely propagating and diffusion
flames are relatively low (approximately < 2000 K). This
temperature favours prompt-NO formation, and therefore, a
significant difference of the amount of NO (one order of
magnitude higher) is observed in CH,; as compared to
oxygenated fuels due to low values of CH and N observed in
these fuels (CH;0OH and CH;0CHO). High flame temperatures
(approximately 2900 K) due to high initial temperatures are
observed in the homogeneous system. Therefore, in
homogeneous system it was observed that the amount of NO
produced by the three fuels is within the same order of
magnitude due to availability of the O atoms and nitrogen
molecules (important species in thermal NO mechanism
(Zel'dovich mechanism)).

Index Terms—Methane, methanol, methyl formate, prompt
NO, thermal NO.

I. INTRODUCTION

The understanding of chemical pathways formation for
NO in a fuel oxidation is very important in determining the
reduction techniques to be employed in a combustion system.
NO in a flame is formed mostly through thermal NO
(Zel'dovich mechanism) and prompt-NO. Thermal NO is
formed at high temperature flame zone, whereas prompt-NO
is formed at low temperature flame zone. NO formations in
different fuels have been the subject of many studies. NO
formations in methane as well as methanol have been well
understood [1]-[6]. However, nitric oxide formation in
methyl formate has not been studied widely. We recently
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reported [7], [8] on NO formation in methyl formate in a
homogeneous system and a freely propagating flame. The
aim of this paper is to investigate the influence of different
flow configurations: homogeneous system; freely
propagating flame; and diffusion flame, on generation of NO
in a methyl formate.

The chemical kinetics of a real fuel, which consists of large
carbon chain, is complex. For instance, a typical biodiesel
fuel has C14-C18 fatty acid methyl esters: methyl palmitate,
methyl stearate, methyl oleate, methyl linoleate and methyl
linolenate in different compositions. However, several
kinetics models for both small-chain and long-chain methyl
esters have been developed. These include: detailed chemical
kinetic mechanism for methyl formate [9]-[11], methyl
butanoate [ 10], methyl hexanoate and methyl heptanoate [12],
methyl-5-decenoate and methyl-9-decenoate [13], methyl
stearate and methyl oleate [14]. Recently, Westbrook et al.
[15] developed a mechanism for the five major components
of soy biodiesel and rapeseed biodiesel fuel. These
mechanisms usually have numerous chemical species taking
part in enormous reactions, for instance, Naik et al. [14]
chemical reaction mechanism has 3500 species taking part in
17,000 chemical reactions. These detailed mechanisms can
only be used to model fuels in zero dimensional homogenous
transient system. It is impractical to implement them in one
and two dimensional flame codes due to computational
limitation. However, a skeletal (reduced) mechanism can be
derived from the detailed mechanism, such as those used by
Sarathy et al. [16], and Valeri and Junfeng [17].

The kinetics models described in the preceding paragraph
have been used to study several aspects of methyl esters
combustion: intermediate species production; ignition and
extinction; the effects of saturation; the effects of molecular
structure, et cetera. However, kinetics models for NOy
formation in esters do not exist in literature.

NO concentration profiles for methyl formate in all
configurations studied in this paper have been compared to
those of methane/air and methanol/air flames which are well
understood. Various chemical kinetic mechanisms have been
employed for the different fuels. Methane and methanol
flames are computed using GRI-Mech 3.0 reaction
mechanism [18], while methyl formate flame is computed by
combining the Dooley et al. [19] oxidation mechanism with
the Leeds NOy oxidation mechanism [20], GRI-Mech 3.0
reaction mechanism has been validated and tested in previous
investigations: [5], [21]. Dooley et al. [19] oxidation
mechanism has also been validated in a wide range of
conditions, viz, a variable pressure flow reactor, shock tube
facility, outwardly propagating flames and burner stabilized
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flames. Similarly, Leeds NO, oxidation mechanism has been
validated in flow reactors, perfectly stirred reactors and low
pressure laminar flames by Hughes et al. [22].

II. NUMERICAL MODELS

A. Homogeneous System

The system has been modeled as an adiabatic
homogeneous mixture with constant internal energy and
constant volume, which represent the experimental
conditions behind a reflected shock in a shock tube apparatus.
Methane/air, methanol/air, and methyl formate/air mixtures
have been studied at constant volume of 200 cm3, low
pressure of 2.7 atm, and temperature of 1300 K. The
governing equations for this configuration are single point
transient (zero-dimensional time dependent), as derived in
[23], are as follows:

aY;

PS5, = Wi i=1,..,N, )
aT
peyar = =Tk uw; + 3, @
Yi
p = pRT L, (7). 3)

Here, p is the density, ¢ is the time, ¢, is the specific heat
capacity at constant volume, p is the pressure, R is the
universal gas constant, 7 is the temperature, N is the total
number of species, V is the reactor volume, Q is the rate at
which heat is transferred across the reactor, while u;, w;, Y;
and W, represent the internal energy, the rate of production by
chemical reactions, the mass fraction and the molecular
weight of species i, respectively.

B. Freely Propagating Flame

A laminar, one-dimensional premixed, freely propagating
flame configuration as shown in Fig. 1 has been considered.
The cold fuel-air mixture enters the computational domain
through the left boundary, and hot combustion products exit
the domain through the right boundary.

Combustion
product side

Flame
front

Fuel/air
side

_>y

Fig. 1. Flow configuration for a freely propagating flame

This flame is assumed to be free from external
disturbances which may be imposed by the presence of
near-by walls and flame-anchoring devices. In addition, the
thermodynamic part of the pressure is taken as spatially
uniform, the effect of viscous dissipation and the body forces
are neglected. Thus the governing equations, as derived in
[23], are as follows:

ap 10 .
2 Tasy pVyA) = 0; “)
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dp 10
2. hyw; + e Z@(qRA)
i=
+Ashs(T - Ts) 5 (6)
p = pRT X, (51)- (7

Besides the quantities defined before, y is the spatial
coordinate, A4 is the spatially variable cross sectional area, p is
the pressure, V, is the velocity in y direction, A is the thermal
conductivity, A, is the heat transfer coefficient between gas
and solid phase, qg is the radiant heat flux, 4 is the local
wetted surface area per unit void volume, 7, is the
temperature at the solid surface, while V}, 4, and c,; represent
the diffusion velocity, the specific enthalpy, and the specific
heat capacity at constant pressure of species i, respectively.

C. Diffusion Flame

The flow configuration considered is as shown in Fig. 2,
with the fuel and air side positioned at left and right hand side,
respectively. The temperature of both the fuel and air stream
is taken as 300 K. The flames are computed at a constant
pressure of 1 bar and a strain rate of 50 s™'. At the fuel nozzle,
pure fuel concentration (mole fraction of 1) is specified,
while at the air nozzle, the mole fractions concentration of O,
and N, are specified using the air standard composition.

Stagnation plane

Flame

—_—

r
\/

1
1
J :
1
Fuel : Oxidizer
:
\ |
1
|
1
]
1
1
]
:
1
Fig. 2. Flow configuration for a diffusion flame
The flame is assumed to be embedded in a thin

boundary-layer formed by stagnating flow; hence the
computation requires the use of the boundary layer theory
approximations. Though the flame is two-dimensional, under
this assumption the equations of conservation reduced to
one-dimensional forms. In addition, the thermodynamic part
of the pressure is taken as spatially uniform, the effect of
viscous dissipation, the Soret and Dufour, and the body
forces are neglected. Thus the governing equations, as
derived in [23] are as follows:

L,(1) =0, ®)
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Here L1 is the accumulative-convective operator given by

a(pd) . (pVy®)
Ly(®) = 222+ 202 1 pGo,

(12)
Besides the quantities defined before, the function G(y,?) =
V/x, @ denotes the dependent variables and p is the dynamic
viscosity. The term in P’ appearing in the momentum
equation (9) represents a temporal forcing term defined by

da

P'© = py (T +al),

where a is the strain rate which is prescribed.

III. NUMERICAL SOLUTION METHOD

The flames are numerically simulated using the RUN1DL
code in the software package [24]. Conservation equations
are discretized with finite difference method. Both central
and one-sided difference (upwind) schemes are adopted in
the discretization of first-order derivatives, while central

difference scheme is adopted for the second-order derivatives.

For the case of upwind scheme applied to first-order
derivatives, first-order accuracy is achieved. When
second-order accurate central difference scheme is applied to
a second-order derivative in a non-uniform grid, one order of
accuracy is lost. Numerical accuracy is enhanced by having
many grid points in the region of high gradient and having the
grids points which are approximately equally spaced. This
has been achieved by applying adaptive selection of grid
point technique. Modified Newton method has been applied
to the resulting nonlinear differential algebraic equations.

The thermodynamic properties (the frozen specific heat
capacities at constant pressure of the pure species i, ¢,;, the
frozen specific heat capacity at constant pressure of the gas
mixture, c,, and the enthalpy, #; for pure species i) are
calculated using polynomial curve fits of NASA type [25].
The transport properties required are the dynamic viscosity, [t
and the thermal conductivity, A, of the gas mixture, which are
calculated using the method illustrated in [23].

IV. RESULTS AND DISCUSSIONS

NO production in combustion system is mainly controlled
by temperature. Maximum flame temperatures of
approximately 1930 K - 1980 K (shown in Fig. 3) are
observed for the three fuels in freely propagating flames.
Under these temperatures, NO is produced mainly through
prompt-NO. The maximum total NO produced in this flame

153

type, as shown in Fig. 4, is to the order of 10” for CH4 and
10°® for CH;OH and CH;0CHO. In prompt NO, reaction: CH
+ N, = HCN + N is the determining step. A small amount of
dominant immediate precursor species CH (Fig. 5) and
subsequently N (Fig. 6) atoms in CH;0H and CH;0CHO
explain the low values of NO concentration as compared to
that for CHy.
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C——
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£1000 '8
2 /
500 /
—_—
0
-0.5 0 0.5 1 1.5
y [mm]

Fig. 3. Temperature profiles for methane, methanol and methyl formate/air
freely propagating flames, ® = 1
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Fig. 4. NO concentration profiles for methane, methanol and methyl
formate/air freely propagating flames
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Fig. 5. CH concentration profiles for methane, methanol and methyl
formate/air freely propagating flames
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Fig. 6. N concentration profiles for methane, methanol and methyl
formate/air freely propagating flames

Maximum flame temperatures of approximately 1960 K -
2050 K (shown in Fig. 7) are observed for the three fuels in
diffusion flames. The maximum total NO produced in this
flame type, shown in Fig. 8, is to the order of 10™ for CH,4 and
10° for CH;0H and CH;OCHO. Just like in the freely
propagating flames, the temperatures attained by diffusion
flames favour the production of NO mainly through
prompt-NO. With the small amount of CH (Fig. 9) and N (Fig.
10) atoms observed in CH;OH and CH;0CHO, the same

argument applies as in freely propagating flames.
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Fig. 7. Temperature profiles for methane, methanol and methyl formate/air

diffusion flames
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Fig. 8. NO concentration profiles for methane, methanol and methyl
formate/air diffusion flames
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Fig. 9. CH concentration profiles for methane, methanol and methyl
formate/air diffusion flames
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Fig. 10. N concentration profiles for methane, methanol and methyl
formate/air diffusion flames
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Fig. 11. Temperature profiles for methane, methanol and methyl formate/air
homogeneous mixtures at temperature of 1300 K and pressure of 2.7 atm

In homogenous system, maximum flame temperatures of
approximately 2900 K - 2930 K (shown in Fig. 11) are
observed for the three fuels. The maximum total NO

154
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produced in this flame type, shown in Fig. 12, is to the order
of 107 for all fuels. Under these temperatures, thermal NO
reaction by Zel'dovich mechanism is the dominating source
of NO. The rate-limiting step in the Zel'dovich mechanism:
N, + O =NO + N is the decisive reaction for NO formation at
high temperature. The availability of the O atoms and
nitrogen molecules in all three fuels considered result in a
similar amount of NO formed. The small difference in the
production of NO is attributed to the different maximum
temperatures attained by these mixtures and the prompt NO
formation (as depicted in Fig. 13 and Fig. 14, where the
prompt-NO precursor species CH and N, respectively, are
significantly high for CH4 as compared to CH;OH and
CH;0CHO).

Methane Methanol == == Methyl formate
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0 1000 2000 3000
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Fig. 12. NO concentration profiles for methane, methanol and methyl
formate/air homogeneous mixtures at temperature of 1300 K and pressure of
2.7 atm
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Fig. 13. CH concentration profiles for methane, methanol and methyl
formate/air homogeneous mixtures at temperature of 1300 K and pressure of
2.7 atm
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Fig. 14. N concentration profiles for methane, methanol and methyl
formate/air homogeneous mixtures at temperature of 1300 K and pressure of
2.7 atm

V. CONCLUSION

Numerical simulations of NO production in CH, CH;OH
and CH;OCHO under three different flame configurations:
homogenous system; freely propagating flame; and diffusion
flame; have been investigated.

It has been established that, under the different flow
configurations considered, CH,4 has high amount of total NO
present in the flame region as compared to the oxygenated
fuels (CH;0H and CH;OCHO). The difference in the amount
of NO produced by each fuel differ under different
configurations. A significant difference (one order of
magnitude higher) is observed in CH; under freely
propagating and diffusion flames as compared to oxygenated
fuels. In homogenous system the difference in the amount of
NO produced by the three fuels is within the same order of
magnitude. The NO formation in freely propagating and
diffusion flames is mostly through prompt NO since the
maximum flame temperatures attained are relatively low
(approximately < 2000 K). While the NO formation in a
homogeneous system is mostly through thermal NO
mechanism (Zel'dovich mechanism) since they attained high
flame temperatures (approximately 2900 K) due to high
initial temperatures.
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