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ABSTRACT
Nowadays, combustion intervenes in more than 80% of primary energy consumption, the control of the
combustion process is essential. Fuel consumption, emissions reduction and energetic efficiency increasing
are challenges to which researchers are faced. The most interesting invention that meets nearly all these
prerequisites is the flameless combustion regime. This regime is based on the dilution and preheating of
reactants by recirculated exhaust gases. This regime is well adapted for the low calorific fuels such as biofuels.
In this context, this work presents a contribution to flameless combustion which differs from the conventional
one by its low emissions and high efficiency. This numerical study considers the effects of air contained
nitrogen substitution by water vapor, the oxygen volume concentration in the oxidizer stream and hydrogen
doping of the fuel. To simplify analysis, the opposed jet configuration is adopted with a full diffusive transport
approach. The MILD combustion is described by the well-known Gri 3.0 mechanism. It has been noticed that
oxygen reduction within a range of 4% to 6%, which is a characteristic of flameless combustion, reduces
significantly temperature and emissions whereas hydrogen addition to the fuel, which increases temperature
and emissions, has a lower impact. Dilution by water vapor reduces temperature and emissions by thermal and
chemical effects except OH radical.
Keywords: Hydrogenated biogas; Dilution by H2O; Flameless combustion; Thermal and chemical

effects of H2O.
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1.

dilution by H2O reduces the formation of thermal
NO, CO and CO2. Soot precursor namely CH2O is
also reduced by H2O addition whereas C2H2 is
increased by H2.

INTRODUCTION

Conventional combustion produces emissions such
as carbon monoxide (CO), carbon dioxide (CO2)
and nitric oxides (NOx) which are harmful for the
human being and biosphere, moreover, carbon
dioxide is a greenhouse gas. With population
growth, fuel consumption increased considerably
which amplifies combustion emission effects. To
minimize harmful emissions, restrictive regulations
are issued, several works are devoted to enhancing
the combustion process. A new combustion regime
was discovered by Wunning et al. (1991) in
Germany; it is named FLameless Oxidation (FLOX)
of MILD combustion. In this regime no visible
flame is detected, it is stable with uniform property
fields and with very low (CO and NO) emissions.
To meet the MILD or FLOX regime, it is necessary
to dilute fuel and oxidizer jets with a strong
recirculation of flue gases before reaction so that
oxygen concentration is very low, Peng Fei et al.
(2011). In an opposed jet configuration, De Joannon
et al. (2009, 2012a, b) studied the characteristics of
the diffusion MILD combustion of CH4+N2/air
where they evaluated numerically the temperature
distribution and the heat release in function of
several parameters. FLOX regime boundaries and
the reaction zone structure of a nitrogen diluted
methane with a highly preheated oxidizer was
studied by Maruta et al. (2000). Results showed that
extinction limits expanded with air preheating
temperature, moreover, when this temperature
exceeded 1300K the extinction limits vanished. The
impact of the preheating air temperature and oxygen
concentration reduction in the oxidizer on the NOx
formation in an opposed jet diffusion combustion
were studied by Fuse et al. (2009). The authors used
the well-known Gri 3.0 mechanism to describe
MILD combustion kinetics and NOx formation,
results were confronted experimentally. Mohamed
et al. (2009) showed that NOx mass fraction is
sharply reduced in flameless regime when diluting
methane by nitrogen. Zhang et al. (2015) studied the
diluent effect on the self-ignition temperature and
the total reaction rates in both conventional and
FLOX combustion regimes.

Flameless combustion is known for its ability to
reduce emissions such as carbon monoxide, nitric
oxides NOx, carbon dioxide (CO2), unburnt
particles and soot which are primary pollutants
Derudi et al. (2007). In the combustion process, fuel
carbon is transformed in successive chemical
reactions to CO2 and CO whereas NOx are produced
when combustion temperature exceeds 1700K.
Under these constraints, it is necessary to find a
substitution, several solutions were considered
among which the use of renewable energies like
solar and wind energy, however they are
intermittent and inefficient.
The use of biogas, a renewable energy, which is
naturally diluted by CO2 gives significant
advantages, environmental and economical,
compared to other fuels. This means that biogas
containing methane have a low CO2 emission level
compared to hydrocarbon since its carbon/hydrogen
ratio is slow. Moreover, the use of the biogas in lean
combustion systems can also reduce NOx,
unfortunately; its flame is weak and unstable, for
that reason hydrogen is used to give more reactivity
and to stabilize the flame. Many studies handled the
case of hydrogen doped mixtures of biogas-air
under several conditions Mameri et al. (2016).

2.

GEOMETRY
AND
MATHEMATICAL FORMULATION

The two opposed jets configuration (Kee et al.,
1988) is adopted in this study, the first jet is
composed by fuel, the second injects oxidizer (Fig.
1). This geometry facilitates the laminar flame
structure study, since it permits important
simplifications of the flow equations. In this
configuration, the reaction zone develops in a stable
diffusion layer, this makes the flow steady and
unidimensional in y direction.

Mameri et al. (2018) have studied the influence of
several operating conditions (biogas composition,
hydrogen enrichment and oxidizer dilution) on
MILD combustion structure and emissions in an
opposed jet. Attention is paid to the chemical effect
of added CO2 to the oxidizer. It has been noticed that
oxygen reduction in the oxidizer side has a
significant effect on temperature and emissions
while hydrogen addition is less significant.
Combustion temperature and emissions are
considerably reduced by oxygen reduction in the
oxidizer and augmented by hydrogen increasing in
the fuel. Temperature maximums and species are
not influenced by biogas composition in MILD
combustion of biogas. In the same context Hadef et
al. (2018) numerically studied the effect of water
vapor addition to the biogas in MILD combustion in
an opposed jet diffusion configuration. Composition
of biogas was 75% CH4 and 25% CO2, strain rate
120s-1 and pressure 1 atm. The results show that

Fig. 1. Geometry of opposed jet configuration.
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Fig. 2. Boundary conditions of an opposed jet
configuration.
The schematic representation of the flow is given in
Fig. 2, the fuel is a hydrogen doped biogas BG75
(75% CH4+ 25 CO2) and the oxidizer is a preheated
air diluted by water vapor. The distance between the
two jets is L = 1.4 cm, the strain rate is a = 120 s-1
and is kept constant by calculating injection
velocities of both oxidizer and fuel, 𝑣0 = 𝑣𝐹 from
Eq. (1) (Fisher et al., 1997); the pressure is constant
and equal to 1 atm.
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Where σ is the Stefan-Boltzmann constant, T and T∞
are respectively radiant substance temperature and
ambient temperature, Pi is the partial pressure, Ki is
the mean absorption coefficient of the species i.
Chemical kinetics is described by the GRI 3.0
mechanism Smith et al. (2000), which is formed by
325 elementary reactions of 53 species.

(2)

4.

(3)

RESULTS AND DISCUSSION

In this section, numerical procedure is validated and
effects of different parameters on combustion
structure are exposed and discussed.

4.1 Validation of the Numerical Procedure

The Chemkin program (2013) is used to solve the
governing Eqs. (4) – (6) with the boundary
conditions (8)

Where H=

F

With

Where  ,  are numbers of moles of H2 and H2O
added to biogas.

d  FG  3G 2 d  d  G  
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The oxidizer is composed by a volume of 4%
oxygen, 17% of carbon dioxide and two varied
fractions of nitrogen and water vapor, the
volumetric composition is given by:

H 2

 Y kV k   uY k

The set of differential equations which governs the
flow are solved by assuming that each species
diffuses with a different velocity, this implies that
Lewis number is not constant. Heat loss by radiation
is modeled by the optical thin model, radiating
species are CO2, H2O, CO, and CH4.

Where  O ,  F ,  O and  F are respectively the
oxidizer injection velocity (which is equal to the one
of the fuel), fuel injection velocity, oxidizer density
and fuel density. The fuel is injected at a temperature
of TF =300 K and the oxidizer at TO =1200 K. Biogas
is composed by 75% of methane and 25% of CO2 and
doped by a volume of hydrogen ranging from 10%
to 30%. The fuel composition is given by:

0.04O2  0.17CO2  (0.79   )N 2   H 2O

2

uY F 

3. COMPUTATIONS DETAILS

(1)

0.75 1   CH 4  0.25 1   CO2   H 2

0uO

;G  0;T  T F ;

The opposed jet configuration is largely used in
numerical and experimental studies. Many fuels and
oxidizers are tested (Smith et al., 1995; Seungro et
al., 2015 and Sheng, 2011), this configuration
simplifies flow equations and combustion structure.
Unfortunately, there are no experimental results
which used biogas in MILD combustion regime in
this configuration, the validation is based on the
work of Sung et al. (1995) which uses methane in
conventional combustion. The experimental device
is composed by two convergent nozzles of
diameters of 1.4 cm and a distance between the jets

(4)

𝜌𝑢
𝑟

(5)
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of 1.4 cm. Oxidizer is composed of 23% oxygen and
77% nitrogen, whereas fuel by methane; they are
injected with a velocity of v = 25,5 cm / s, which
corresponds to a train rate of a = 42 s-1, ambient
pressure is constant and equal to 1 atm.

near the position x = 1.1 cm. In Fig. 6(a) it is shown
that when oxygen is reduced in the oxidizer stream,
temperature is highly decreased, and its profile is
shifted to the oxidizer side. The flameless
combustion regime is specified by low oxygen
concentration in the oxidizer (O2 = 4 % to 6 %),
which generates low temperature levels. When
hydrogen is added to the fuel, the mixture becomes
more reactive (hydrogen LHV=120 MJ/Kg) and the
temperature increases with a shift of its profiles to
the fuel side since hydrogen is a very diffusive
species.

In Fig. 4, a comparison between numerical
computations and experiments are shown.
Confrontation between temperature and major
species namely CH4, O2, H2O, CO2 and CO show
good agreement, also the maximum flame
temperature is well reproduced that means that
radiation losses are modeled accurately.
P=1 atm, a=42 s-1
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Fig. 4. Comparison between experience and
computations (the symbols represent
experimental results).

4.2 Radiation Effect
To illustrate the radiation effect in the combustion
zone, the relative temperature is introduced (Park et
al., 2008):

f 

T nonrad

 T rad 

T nonrad

(12)

where Tnonrad and Trad are respectively the flame
temperatures without and with radiation.
Profiles of the relative temperature of the BG75
biogas in atmospheric pressure are presented in Fig.
5. Figure 5(a) shows the effect of hydrogen doping
(10% to 30%) on the relative combustion
temperature, oxygen volume is 6% in the oxidizer.
It can be seen that hydrogen addition to the fuel
reduces the relative temperature since it is a low
radiating gas. Whereas in Fig. 5(b), the relative
temperature is increased by H2O to the fuel, this is
obvious because water vapor is a radiating species.
Also, the substitution of CO2 by the oxygen in the
oxidizer side reduces relative temperature since CO2
is a good radiating species (Fig. 5(c)).

4.3 Structure of the Combustion Zone
Figure 6 illustrates profiles of combined effects of
the oxygen and hydrogen mole fraction variation in
the oxidizer and in the fuel respectively. Combustion
structure is presented by temperature, mole fractions
of major and minor species. Maximum values of
temperature, major and minor species are recorded

Fig. 5. Effect of addition H2, H2O and O2 on
relative temperature.
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Fig. 6. Temperature, major and minor species evolution.

The minor species OH mole fraction is presented in
Fig. 6(b); this species is reduced by oxygen
reduction in the oxidizer and increased by hydrogen
doping of the fuel. The OH species presents a
slightly shifted profile to the oxidizer side relatively
to temperature.

the temperature decreases from 1882K to 1471 with
no effect of H2O/N2 ratio.. On the other hand, when
dilution by water vapor is applied, the maximum
temperature reduces by 8.3% for 4% oxygen and by
4.04% for 10% O2.
2000

In Fig. 6(c), the mole fraction of CO is reduced by
oxygen reduction in the oxidizer stream which
induces a small shift of the profile to the oxidizer
side. When oxygen is increased, the mixture
becomes more reactive and the CO production
increases.

BG75,H2=20%,P=1atm

Maximal temperature (K)

1900

The NO mole fraction is shown in Fig. 6(d), this
species is considerably reduced by oxygen
reduction, which is specific to MILD combustion
(O2 = 4 % to 6 %) and slightly augmented by
hydrogen addition to the fuel. In the specific
conditions of the MILD combustion, the
temperature decreases considerably which inhibits
the NO formation. When the volume of oxygen
increases in the oxidizer up to 10%, the temperature
increases relatively, and NO is produced since the
regime is similar to the conventional combustion.

O2= 10%

1800
1700
1600

O2= 6%
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1400
1300
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O2= 4%

0,2

0,4

0,6

0,8

1,0

1,2

1,4

1,6

1,8

The ratio H2O/N2 in oxidizer

Fig. 7. Maximum temperature variation in
function of H2O/N2.
Figure 8(a) illustrates OH mole fraction
augmentation which is considerably affected by
oxygen increasing in the oxidizer and hydrogen
addition to the fuel. The OH species production is
governed by the following elementary reactions
Hwang et al. (2004) :

Figure 7 illustrates maximum temperature variation
in function of the ratio H2O/N2, N2 being substituted
by H2O in the oxidizer stream. Oxygen volume is
varied from 4% to 10%, hydrogen volume is kept
constant and equal to 20% and strain rate 120s-1.
When hydrogen volume is reduced from 10% to 4%,
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Fig. 8. Variation of the maximums of major and minor species mole fraction in function of H2O/N2.
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hydrogen volume of 20%. Dominant chemical
reaction in the CH2O species production are R3 and
R6, moreover this species is highly affected by
oxygen addition and H2O dilution of the oxidizer
(Glarborg et al. (2003). This species is principally
produced from radical CH2OH in a slightly
exothermic step. It increases with oxygen increasing
which is augmented by H2O dilution (Fig. 8(e)). In
Fig. 8(f), the maximum NO mole fraction is
presented, when the oxygen volume is reduced in
the oxidizer, the nitric monoxide falls drastically, it
has a fraction of 2.7 ppm when hydrogen volume is
20%. Also, dilution by water vapor reduces the
maximum of NO mole fraction by 98%.

For 4% of oxygen volume, the production of OH
species is dominated by the reaction (R46) Fig.
8(a.1), it follows a non-monotonic behavior, OH
production reaches a maximum and then reduces
gradually. The OH species is consumed in reactions
R84, R92, R98, R101 and R101 showed in Fig.
8(a.2, 3, 4, 5, 6).
The variation of maximum CO mole fraction is
presented in Fig. 8(b). This species is reduced by
61% with oxygen decreasing in the oxidizer stream
from 10% to 4%, also, it is reduced with increasing
H2O/N2 ratio. The species C2H2 and CH2O are soot
precursors whereas radicals OH and O can favorize
soot oxidation and reduce its formation according to
the
following
elementary
reactions:
C2 H 2  O  H  HCCO and O  C2 H 2  CO  CH 2
(Liu et al., 2001; Ruiz et al., 2007; Chernov et al.,
2014 and Liu et al., 2014)]. Increasing of C2H2 rate
of formation is significantly enhanced by oxygen
and reduced by H2O dilution (Fig. 8(c)). The Fig.
8(d) illustrates the evolution of the maximum of the
species CH2O production rate when the ratio
H2O/N2 varies from 0 to 1.72 and with a doping

Fig. 9. Thermal and chemical effect of H2O
addition to the oxidizer on maximum
temperature.
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Fig. 10. Thermal and chemical effect of H2O addition to the oxidizer on major and minor species.

COmax mole fraction is increased by chemical effects
and reduced by thermal effects. Chemical effects are
nearly constants for each value of oxygen volume
contained in the oxidizer stream.

4.4 Thermal and Chemical Effect of H2O
Addition to the Air
Figure 9 shows the effects (thermal and chemical)
of H2O addition in MILD combustion of a
hydrogenated biogas. Here H2O substitutes nitrogen
with a molar ratio H2O/N2 ranging from 0 to 1.8 and
for oxygen volume of 4% which is specific to MILD
combustion regime. In order to characterize
chemical effects of H2O added to the oxidizer, an
artificial inert species, F_H2O, which has similar
transport and thermodynamic characteristic
injected. The difference between results with H2O
and F_H2O is due to the chemical effects of added
H2O. The temperature is considerably reduced by
H2O chemical effect for a volume of 4% of oxygen,
but when this later increased to 10% the temperature
is slightly affected by H2O chemical effect.
Figure 10(a) illustrates the thermal and chemical
effects of water vapor on OH maximal mole
fraction. This radical is reduced by both thermal and
chemical effects of H2O addition which are very
important for the case with 10% oxygen and
negligible in MILD regime when oxygen is about
4%. In this regime the maximum value of OH
remains constant for all dilution percentages,
whereas maximum value of OH is reduced by the
combined thermal and chemical effect of H2O.

The maximum mole fraction of C2H2 species is
significantly affected by the increase of oxygen,
chemical effect of water vapor reduces this species,
this reduction is more important with water vapor
increasing in the air. MILD regime is characterized
by low oxygen contained in the oxidizer, the C2H2 is
significantly reduced by the thermal effects and
slightly affected by chemical ones.
The thermal and chemical effects of H2O addition
on NO production are illustrated in Fig. 10(d) for the
two cases of 4% and 10% oxygen in the oxidizer
stream. In MILD combustion (4% oxygen), both
effects are negligible whereas in the near
conventional regime (10% of oxygen) the effects are
visible and reduce the NO production especially
when the water vapor increases in the oxidizer.

5.

CONCLUSION

This study presents the effects of dilution by water
vapor on the hydrogenated biogas MILD
combustion. Water vapor content in the combustion
air is characterized by the ratio H2O/N2 which is
varied from 0 to 1.72 and the oxygen ranges from 4
% à 10 % in the oxidizer which is preheated at

The thermal and chemical effects on maximum CO
(COmax) value are presented in Fig. 10(b). The
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1200K. Moreover, the fuel is enriched with a
volume of 0 % to 30 % of hydrogen and injected at
300K. Pressure and strain rate are kept constant and
respectively equal to 1 atm and 120 s-1. The
following conclusions can be deduced:

Proceedings of the Eastern States Section of the
Combustion Institute 191-194.
Fuse, R., H. Kobayashi, Y. Ju, K. Maruta and T.
Nioka (2002). NOx emission from high
temperature air/methane counterﬂow diffusion
flame. International Journal of Thermal
Sciences 41,693–698.

a) In flameless regime, the heat released by
combustion is lower than that produced in
conventional combustion mode, this reduces
significantly emissions.

Galletti.A, Parente.A, Derudi.M, Rota.R and
Tognotti.L,(2009),
Numerical
and
experimental analysis of NO emissions from a
lab-scale burner fed with hydrogen-enriched
fuels and operating in MILD combustion,
international journal of hydrogen energy 34,
8339– 8351.

b) Oxygen reduction in the MILD combustion mode
reduces temperature and all emissions.
c) The considered biogas didn’t burn when the
volume of oxygen is 4% until adding hydrogen
which reactivated the mixture.

Glarborga, P., M. U. Alzuetab, K. Kjærgaarda and
K. Dam-Johansena (2003). Oxidation of
formaldehyde and its interaction with nitric
oxide in a flow reactor. Combustion and Flame
132, 629–638.

d) Oxygen increasing in the oxidizer breaks down
the MILD regime and increases temperature and
emissions.
e) Temperature is highly affected by the chemical
and thermal effects of H2O in a flameless regime,
whereas in the conventional combustion it is
only affected by the thermal effect.

Hadef, A., A. Mameri, F. Tabet and Z. Aouachria
(2018). Effect of the addition of H2 and H2O on
the polluting species in a counter-flow
diffusion flame of biogas in flameless regime.
International Journal of Hydrogen Energy
3475-3481

f) The OH and CO species are strongly affected by
chemical effects of H2O in both flameless and
conventional combustion modes.

Hamdi.M., B.Hmaeid and M.Sassi (2009).
Numerical modeling of the effects of fuel
dilution and strain rate on reaction zone
structure and NOx formation in flameless
combustion,
Combusion
Science
and
Techologie 181,1078–1091.

g) Combined effects of H2O on the production of the
pollutants species C2H2 and NO are negligible in
flameless combustion.
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