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This study analyzes the structure and emission of a biogas-hydrogen diffusion flame in a
synthetic atmosphere composed by oxygen, nitrogen and carbon dioxide in a flameless
regime. Particular attention is paid to the oxygen content in the oxidizer and the chemical
effect of CO2 on the flame structure. The study is carried out in a laminar counter flow
configuration over a wide range of strain rates. Detailed chemistry (GRI 3.0 mechanism)
and complex thermal and transport properties are adopted in the calculations. The results
obtained indicate that the structure of the flame, temperature and species, is very sensitive
to the composition and to the amount of oxygen in the oxidizer stream. Pollutant species
such as NO are reduced by a combination of decreased Oz content and increased CO:
volumes in the oxidant stream. The CO2 chemical effect is present as long as the O2

concentration is greater than 3% for the whole strain rate range. This effect leads to a
decrease in temperature peaks, OH and NO.

1. INTRODUCTION

The degradation of animal remains and organic matter by
microorganisms under anaerobic conditions (in the absence of
oxygen) generates gases. The latter is called biogas, it is
mainly characterized by its chemical composition and by the
resulting physical characteristics. It consists of a mixture of
methane (CH4) and carbon dioxide (CO3).

Combustion is the state-of-the-art pathway for energy
production; however, the major drawback of this technology
is emissions which have a harmful effect on human health and
environment [1]. Environment protection regulations are more
and more constraining. They are particularly pushing to use
alternative fuels and unconventional combustion modes. In
order to overcome these issues of conventional combustion,
two complementary research orientations have been identified,
namely the utilisation of renewable fuels such as biogas [2-4]
and MILD combustion mode [5]. In this mode, the flame is not
visible; it is stable with uniform properties with very low
emissions such as CO and NO. The MILD regime is obtained
by the dilution of the fuel and oxidant jets with a strong
recirculation of the combustion gases before the reaction so
that the concentration of oxygen becomes very low [6]. Biogas,
despite its renewable nature, has a low calorific value.
Previous investigations have shown that it is possible to
improve its combustion characteristics by adopting
simultaneously H, enrichment and O dilution which is
required in MILD regime. Few researches on combustion in
MILD mode of biogas enriched by hydrogen have been
conducted. Moreover, the structures and emissions of these
flames, over a wide range of H, concentration and operating
conditions are not well understood yet.

In the following, the most recent contributions on biogas-

hydrogen blended flames in conventional and MILD regimes
with synthetic atmosphere are reviewed. In an opposed jets
configuration of CHy /air, Park et al. [7] have numerically
studied the effect of the air dilution by H,O, CO, and N, on
the flame structure and NO emission. Detailed chemistry is
adopted and heat loss by radiation at low strain rate was
considered. It is found that the maximum flame temperature
reduction was important when dilution is operated by CO,
followed by H>O and then N». Despite of the high heat capacity
of Hy0, the reduction of the flame temperature is due to
thermal effect of CO,; whereas, in the case of H,O addition the
reduction results from chemical effect. In an experimental
study Zhen et al. [8] considered the flame stability of a biogas
enriched by hydrogen with addition of CO, and N,. The
authors found that hydrogen addition stabilize the flame; also,
the increase of CO» in biogas reduces the temperature and soot
more efficiently than N,. The impacts of scalar dissipation,
volume of hydrogen and carbon dioxide in the biogas, on the
characteristics of the flame and its emissions have been taken
into account by Mameri and Tabet [9]. The opposed jet
configuration is adopted at atmospheric pressure. The authors
proved that CO, augmentation reduces flame temperature and
NO emission. The flameless combustion regime approves the
importance of the preheating of air flow by combustion
products such as CO; and H,O, which plays the role of a
diluent by their physico-chemical properties [10, 11]

Few works examined the biogas enriched by hydrogen in
MILD regime, Chen et al. [12] demonstrated the effects of air
preheating, composition of oxidizer and hydrogen volume in
the fuel mixture on the biogas flame structure. Latice-
Boltzman method was used in an opposed jet diffusion flame
in MILD regime. For the low oxygen concentration, the
temperature and emissions are significantly reduced whereas
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they are all increased with hydrogen addition to the fuel [13].
Diluents in gaseous mixtures can act on the reduction of the
reaction rate by decreasing the concentration of the reactants
in the reaction zone for a pure dilution [14]. Also, they can
change flame temperature and heat transfer between gases and
flame, by their thermal effect [15]. Furthermore, diluents can
decrease the concentration of reactive radicals such as OH and
CH in the flame in an active dilution or chemical effect [16].
Dilution by H»O is handled in a numerical study by Hadef et
al. [17], the authors considered the MILD combustion of

biogas (75% CH4+25% COy) in an opposed jet diffusion flame.

The hydrogen and water vapor are added to fuel side. It is
noticed that species CO, NO, CO» and C,H; are all reduced by
H>0; whereas, the hydrogen addition increases soot precursor
CyH,. The NO formation in MILD regime is also studies by
Shua et al. [18], preheated air is respectively diluted by Na,
H,O and CO,. The chemical and physical effects of these
species on the emissions reduction are elucidated.

The objective of this study is the numerical simulation of
the structure of the diffusion flame emissions of hydrogen and
biogas mixture (BG75-H;). Synthetic atmosphere was
considered under several operating conditions with emphasis
on the effect CO; chemistry. The investigation is performed in
counter-flow laminar diffusion flame configuration at ambient
pressure. The operating conditions considered are the
following: O, percentage from 0 to 9%, CO, from 12% to 78%
and the strain rate from 200 to 600 s™!. The chemical effects of
CO; are determined by the insertion instead of CO», an inert
artificial species [16], which has the same properties as
CO,.The manuscript is organized into four sections; A brief
explanation of the modeling and a detailed description of the
simulation are presented in the first two sections. The results
are then presented and interpreted in the third section; the last
section presents the conclusion.

2. GEOMETRY CONFIGURATION,
MATHEMATICAL FORMULATION AND
CALCULATION STRATEGY

Figure 1 shows the geometry of a counter-current laminar
diffusion flame. The first jet at the lower part injects a mixture
of biogas and hydrogen while the second jet at the upper part
feeds a preheated oxidant composed with a low content of O,
N> and co2. The two jets impact and thus form a stagnation

plane in a position that depends on the momentum ratio of the
two jets. In this configuration, the diffusion flame takes the
form of a flat sheet established near the stoichiometric
composition plane, which permits the analyze by a one-
dimensional model.

Table 1 summarizes operating condition, namely:
composition of the synthetic atmosphere and reactants
injection velocities. The relation between strain rate and
reactants velocities and compositions is given by [19]:

_ 2(-up) ur_ |pF
a=— [1+(_u0)\/;] (1)

where, u and p denote velocity and density respectively,
subscripts "O" and "F" refer to oxidizer and fuel flows. The
distance between the two injectors is L=1.4 cm, the ambient
pressure is 1 atm, and oxidizer injection temperature 1200 K.
The mathematical model uses governing equations of the
combustion phenomena, in the configuration of opposed jets,
the equations are given by Lutz et al. [20].

d(pw) _
o =0 2
d (FG nG?  d d (G
H-2 () + -+ Ll ()] =0 )
daT 1d daTr
P“a—;a(%ﬂ+ .
Lyc, VeVeZL+ly hea,—d=0 @
cpkpkkkdxcpkkkcp
ay, d .
pud—xk + - (pYiVi) — Wy = 0 (5)

where, G = —pv/r, F = puand H = (1/r)(dp/ dr). Cp is the
specific heat capacity and A the coefficient of thermal
conductivity. The species k in the mixture has a mass fraction
Yy, a diffusion velocity Vi, a specific enthalpy hy, and a
molecular mass W.

The flames studied fit into the optically thin model (OTM),
where the radiating species are CO, CO,, CHs and H,O, and
the losses per unit volume are expressed by [21]:

Gr =~ 40 Kp(T* — T2 (©)

Table 1. Oxidizer stream composition

Constant Total Volumetric Oxidizer Flow

3% O2
% CO2 18 28 38 48 58 68 78
% N2 79 69 59 49 39 29 19
Ratio CO2/N2 | 0.23 0.41 0.64 0.98 1.49 2.34 4.11
T 1200 K | 1200 K | 1200 K | 1200 K | 1200 K | 1200 K | 1200 K
6% O2
% CO2 15 25 35 45 55 65 75
% N2 79 69 59 49 39 29 19
Ratio CO2/N2 | 0.19 0.36 0.59 0.92 1.41 2.24 3.95
T 1200 K | 1200 K | 1200 K | 1200 K | 1200 K | 1200 K | 1200 K
9% O2
% CO2 12 22 32 42 52 62 72
% N2 79 69 59 49 39 29 19
Ratio CO2/N2 | 0.15 0.32 0.54 0.86 1.33 2.14 3.79
T 1200 K | 1200 K | 1200 K | 1200 K | 1200 K | 1200 K | 1200 K
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Figure 1. Opposed flow geometry, x indicates the axial
direction, and r the radical one

In this equation, KP is the average absorption coefficient, it
is computed in function of the species concerned by radiation
(CO», H>0, CO and CHy) by:

Kp = Feo2Kcoz + Pi20Kn20 +FeoKeo +Feraena (7
where, o is the Stefan Boltzmann constant, T is the radiating
substance temperature, T, is the ambient temperature and P,
is the partial pressure of the species.

Oppdiff program developed by Lutz et al. [20] is used to
solve Eqgs. (2)-(5) considering a Lewis number different the
unity [22] and a low Mach number. Chemical kinetics is
represented by the GRI-Mech 3.0 mechanism which includes
53 species and 325 elementary reactions [23].

3. NUMERICAL PROCEDURE VALIDATION

To validate the numerical procedure, the experimental
investigation of Jongmook Lim et al. [24] on opposed flow
flame is used. The distribution of the molar fractions of the
species is presented in function of the distance between the
oxidant and fuel nozzle (L=15 mm in this case). The ambient
pressure is P=1 atm, the air temperature is 560 K, the fuel
injection temperature is 300 K under a strain rate a=193 s™.
Figure 2(a) represents the consumption of reactants (CHa, O,
N2) which is well predicted relatively to the experimental
measures. The molar fractions of major and minor species (Ha,
CO, CO3, NO) in Figures 2(b) and (c) are consistent with the
experimental results. the mean error of Hy, CO, CO; and NO
are 4.70, 12.01, 11.02 and 8.33% respectively (Figure 2(d)).
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Figure 2. Comparison of measured and calculated values,
symbols represent experimental results and lines calculated
and mean error

4. RESULTS AND DISCUSSION
4.1 The flame relative temperature

The concept of fractional flame temperature fis used to take
into account the radiation of the flame. f is defined as follows
[25]:

Tnr=Tr

f= ®)

TTI.T

where, T, and 7, denote the adiabatic and radiating flame
temperatures respectively. Figure 3 illustrates the evolution of



fin the mixture fraction space for several operating conditions.
It is noticed that the enrichment in oxygen and the increase in
CO; fractions, in the synthetic atmosphere, decrease the value
of f (Figure 3(a) and (c)). On one hand, increasing oxygen in
the oxidizer, in this case, enhances reaction and adiabatic
flame temperature increases, which reduces the flame relative
temperature. On the other hand, increasing strain rate, reduces
the flame volume and obviously the radiation losses, which
reduces the flame relative temperature. When CO» volume
increase in the mixture Figure 3(b), the relative temperature of
the flame increases significantly since COs is a strong source
of gaseous radiation [26].
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Figure 3. Relative temperature evolution for different values
of mole fractions of O,, CO- and strain rate a

4.2 Effects of oxygen enrichment on the flame structure

The Figure 4 shows the flame structure in term of
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temperature and the species OH, CO, C;H, and NO for
different volumetric compositions of the synthetic atmosphere
(0,=3%, 6% and 9% and CO,=0 and 60%). It is noticed that
in the absence of CO; in the oxidant mixture, the decrease in
oxygen from 9 to 3% induces a reduction in temperature
(Figure 3(a)) and a slight shift towards the oxidizer side.
Indeed, the maximum temperature falls from 1800 K for 9%
of Oz to 1400 K for 3% of O, i.e., a decrease of 22%. Probably,
this is the consequence of lack of oxygen which makes the
mixture locally rich and by the way the decrease in
temperature.

The same behavior is observed when N is replaced by CO»
(at CO2=60%) in the oxidizer stream for the same oxygen
concentration. In this case the decrease in maximum
temperature is about 16% and it is the result of the higher heat
capacity of CO, compared to N». It should be noted that MILD
regime is reached at these operating conditions since the
difference between maximum flame temperature and oxidant
temperature is 600 K, lower than the self-ignition temperature
of the fuel mixture which is more than 800 K.

The species profiles in Figure 4 follow the same trend of
variation of temperature. There is a reduction in their peak and
a shift in profiles towards the oxidizer side. The respective
percent diminutions are reported in Table 2.

Table 2. Percentile decrease
BG 75%+20% H,, 6% O,, P=1 atm and a=200 s™!

Species  Decrease with 60% CO>
OH 66.41%
Cco 20.31%
CaH2 95.28%
NO 99.32%
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Figure 4. Axial profiles of temperature and molar fractions
of OH, CO, C;H;, and NO

The C,H, species is a precursor of soot formation [27]
which is responsible for the nucleation of soot by these
elementary reactions. Increasing the oxygen content as shown
in Table 1 induces oxidation of this species. It should be noted
that replacing N in the air with CO; in the oxidizer stream

leads to a very significant reduction in CO, C,H, and NO.

4.3 Oxygen and diluent effects on the maximum

temperature and species

The Figure 5 shows the variation of maximum temperature

1191

and species (OH, NO and C;H>) in function of the CO; in the
oxidizer stream, for different O, contents and strain rate values
at atmospheric pressure. It is noticed that the temperature
(Figure 5(a)) decreases with the decrease of O, and the
increase of CO; regardless of the value of the strain rate. This
is due to the slowdown of the chemical reaction in the O, poor
atmosphere and also to the high heat capacity of CO,
compared to N,. It can also be seen that the decrease in
maximum temperature increases with the rate of deformation
due to the reduction in residence time. The species considered
such as OH (Figure 5(b)) and C,H> (Figure 5(c)) present the
same tendency as the temperature. NO is less sensitive to CO»
than C,H» within the range of the considered strain rate (Figure
5(d)). Indeed, NO vanishes from 30% of CO, for O, content
higher than 3% whatever the value of the strain rate. Also, NO
and C;H; formations vanish both at 0,=3% at all the fraction
of CO; and the strain rate value.
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Figure 5. Effects of CO,, O, and strain rate on the variation
of maximums: (a) Temperature, molar fractions of (b)OH, (c)
Csz, and (d) NO

4.4 The chemical effect of CO: added to the oxidizer

This effect is computed at atmospheric pressure and at a
strain rate of 200 s™! for an oxygen volume of 3% and 6%, as
shown in Figure 6. An inert artificial species F_CO,, which
has properties (transport, radiation and thermochemical)
similar to those of CO», is introduced to characterize the CO;
chemical effects on the structure and emissions of the biogas
flame. Two computations are achieved. Then, the difference
between the flame properties calculated with the species
F_CO; and CO; represent this chemical effect. The Figure 6
(a) shows that, for a given volume of oxygen, CO, addition
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reduces maximal temperature. Also, this effect declines with
the O, decrease until vanishing at 3% for NO species.
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Figure 6. Chemical effect of CO- in the oxidizer on the
variation of the maximums of: (a) temperature and the molar
fractions of (b) OH and (c) NO

In Figure 6(b), CO; chemical effect decreases continuously
the maximum of OH, especially at 6% of O,. The low oxygen
content in the oxidant reduces considerably the formation of
NO. Figure 6(c) depicts that NO peaks are reduced by CO,
chemical effects and no effect is noticed at 3% of O.. The
chemical effects of the added CO, propagate according to the



reaction H+CO,=CO+OH; and H+O,=0+0OH represents the
reaction rate index. The consumption of the H radicals is
carried out in the step H+CO,=CO-+OH. Thus, the reaction
H+0,=0+0OH will not take place, this eliminates the main
branching chain [28]. It is noted that when hydrogen is added
to biogas, the rates of the reactions H+CO,=CO+OH and
H+0,=0+0H increase increases the temperature relative to
the reactivity of the H and OH chain carriers.

5. CONCLUSION

A numerical study of the characteristics of the diffusion
flame of hydrogen mixed with biogas (BG75-H,) in a synthetic
atmosphere was carried out. Different compositions of the
oxidizer were considered at diverse values of strain rate (200
s1, 400 s and 600 s'). Moreover, the chemical effect of CO;
was elucidated. The following conclusions can be drawn out:

The substitution of N, by CO, decreases the maximum
flame temperature significantly. Furthermore, chain-carrying
radicals such as OH and pollutants like C,H» and NO, are also
reduced independently of the O content and strain. However,
NO is found to be less sensitive to CO, than C,H;. Also, O»
reduction and CO; increase induce a reduction in NO and C;H,
productions. In addition, NO and C,H2 formations vanish both
at 0,=3% whatever the values of CO, and the strain rate.

The chemical effect of CO; is present over the entire strain
rate range considered. Whatever the CO; values, as long as the
02 concentration is greater than 3%, it leads to a decrease in
temperature, OH and NO peaks.
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NOMENCLATURE

a strain rate, s!

Cp specific heat, J kgt K

Dz diffusion coefficient, m?s?

h; enthalpy of species i, J kg

Nk Number of moles of species k, moles

f relative temperature

P operating pressure, atm

Ay radiative heat loss, W m

T, Temperatures without radiation, K

Tor Temperatures with radiation, K

T Local ambient temperature, K

Te Temperature of the radiating substance, K

Ye Feed stream mass fraction of the fuel

Yo Feed stream mass fraction of the oxygen

Greek symbols

A
p
o
Uo
Ur

thermal conductivity, W m1K!

density, kg m

steffan-boltzmann constant, 5.669 x 10 W m2K*
Velocity of the oxidant, cm.s™*

Velocity of the fuel, cm.s?
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