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Abstract: This paper is devoted to the analysis of the effect of gas injection on the efficiency of
gaseous fuel burning. A coaxial burner with a perforated inner wall is presented in which the
methane–air acceleration is observed. With the use of numerical analysis, it is demonstrated that
the flame acceleration is related to the flow separation from the inner wall that, in turn, leads to the
reduction in heat losses to the wall as well as to vortex formation and reduction in momentum losses.
On the basis of the obtained results, a new technology of efficient burning of gaseous fuels can be
proposed with the use of gas and/or liquid fuel injection.

Keywords: combustion; gas injection; flame-vortex interaction; flame acceleration; numerical analysis

1. Introduction

An important issue of contemporary combustion physics is the development of ap-
plied techniques for energy-efficient, safe, and clean utilization of different types of fuels.
Although there is a clear progress in the development of alternative energetic materials,
hydrocarbon fuels are still the most commonly used. Among particular problems of hy-
drocarbons burning are fuel supply, combustion mode control, and reduction of pollutant
emissions. Here, one of the promising ways to provide energy-efficient and, at the same
time, safe and clean combustion is to use compositions of different fuels or fuel blends
with incombustible substances. Among the wide-spread approaches considered nowadays,
there are blends of hydrocarbons with hydrogen [1–4]. For instance, blends of hydrogen
with diesel and biodiesel fuels allow reducing emissions and increasing fuel conversion effi-
ciencies [1,3]. Hydrogen addition to hydrocarbon fuels is also possible within nanobubbles
that can significantly decrease fuel consumption levels and improve engine brake power [4].
At the same time, hydrogen addition, as well as the use of stoichiometric compositions of
hydrocarbon fuels with air, leads not only to the more stable combustion but also to the
intensification of emission of carbon and nitrogen oxides [5] under higher temperatures in
the reaction zone. To reduce the temperature in the reaction zone, and thereby to inhibit the
emission of harmful pollutants, two basic approaches can be considered. The first one is
the chemical inhibition via the addition of less active hydrocarbon fuels or the utilization of
lean compositions [6]. The second one is the organization of additional heat losses via the
injection of water or emulsion droplets [7]. However, the use of both concepts leads to the
instability of combustion modes [8]. That motivates further investigations of principally
new approaches elaborated to achieve stable combustion modes with low emission.

One of the concepts considered nowadays for the maintenance of stable combustion of
lean mixtures is the transfer of chemical and thermal energy from the combustion products
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to the fresh mixture in order to accelerate the initiation of chemical reactions and thereby
to intensify the burning process [9]. Further, the catalysts can be used to reduce heat losses
from the combustion zone to the channel wall. One of the leading mechanisms responsible
for lean combustion stabilization is the exceeding of the adiabatic combustion temperature
inside the reaction zone [10,11] that can be realized artificially via heat transfer from the
combustion products to the fresh mixture [12]. The concentration combustibility limits can
be extended due to an increase in the combustion temperature [13,14]. So, if one reduces the
heat losses from the flame front, then the combustion stability will be maintained. Different
approaches can be used to do this. Thus, for example, Sirignano et al. [15] proposes to use
fuel film flowing down the channel wall. Under such conditions, the evaporation of the
fuel and its burning in the near-wall region provide heat screening of the lean combustion
zone. In turn, such a reduction in heat losses from the reaction zone determines the stable
flame propagation. The liquid fuel-in-water emulsion can be injected through the porous
element that would cause its foaming, and the combustible foam [16–21] will play the
role of heat screen. In view of this, multiphase systems are of paramount interest for heat
screening of lean flames. However, at the same time, it is also possible to utilize gaseous
heat screens. As is shown in [22], gas injection into the flow through the porous wall can
affect the temperature of the wall noticeably. Therefore, such an approach is suitable for
the maintenance of stable combustion in low-reactive combustible mixtures, including
lean mixtures. Besides, the gas injection causes flow perturbations that can promote
the combustion process. Various aspects of flow-induced combustion enhancement and
flame-vortex interactions are comprehensively discussed in the literature [23–25]. In a
series of papers [26–28], Akkerman et al. have analyzed theoretically and numerically
flame interactions with regular vortex patterns of relatively low amplitude. Such a system
represents a model of weakly turbulent flow that can be established, for example, in a
combustor with fuel inflow through perforated walls considered in the present paper.
Bychkov et al. have conducted comprehensive theoretical research on the flame-turbulence
and flame-vortex interactions and obtained fundamental results in that field, which were
reflected in [29].

In this paper, an experimental setup is proposed to analyze the effect of gas injection
into the reacting flow on the combustion mode of the low-reactive mixture. As an example,
the methane–air mixture is considered. Obtained new experimental results illustrate
the possible combustion intensification related to the gas injection. Detailed numerical
analysis is carried out to understand the mechanisms of flame propagation mode under
the considered conditions.

2. Problem Setup

To study the effect of gas injection on the combustion mode let us consider the
following problem setup. The combustible gas (stoichiometric methane–air mixture) is fed
into the coaxial burner through the perforated inner wall (Figure 1) with the varying flow
velocity. The ignition is initiated at the upper exit of the external tube by the pilot flame.
Then, the flame is formed, it propagates downwards and interacts with the flow generated
via gas injection through the wall. The experiments were conducted under normal ambient
conditions. Methane and air (NIIKM Ltd., Moscow, Russia, 99.9% purity) were supplied
into the inner channel of the coaxial reactor from the high-pressure vessels through the
pressure valves and mass flow controllers (Bronkhorst EL-FLOW Prestige). The gases from
two mass flow controllers were fed to the common gas line, where the methane–air mixture
was formed and subsequently supplied to the inner channel. The flow rate was varied in
the range from 1.1 L/min to 5.5 L/min. The flame propagation was registered with the use
of the high-speed camera (Evercam 2000-8-C).
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Figure 1. Photography of the coaxial burner (1—outer channel made of glass, 2—inner steel channel
with perforated wall, 3—feeding system), instant photo of the flame front (4) and scheme of the
inner channel.

3. Numerical Methods

Two-dimensional axisymmetric calculations are carried out to get additional data
for interpretation of the effect of gas injection on the combustion mode. The intensity
of stoichiometric methane–air mixture combustion is moderate. The normal burning
velocity of this compound is about 40 cm/s [30]. Flame propagation in the considered
combustion system may be assumed as quasi-isobaric that opens up the possibility to
neglect the compressibility effects by utilizing the low-Mach model. Low-Mach number
approximation permits to partially bypass the restrictions imposed on the time step of
integration by the explicit numerical technique implemented here that allows performing
calculations on the larger spatial and temporal scales.

The combustion dynamics were modeled via the full Navier-Stokes system of the
conservation laws in the low-Mach number approximation. Thermal conductivity, multi-
component diffusion, and energy release associated with the chemical transformations were
taken into account. The solution was obtained for the following system of the governing
equations [31]:

∂ρ

∂t
+∇ · (ρ~u) = 0 (1)

∂ρYk
∂t

+∇ · (ρYk~u) = ∇ · (ρYk~Vk) + ω̇k (2)

∂~u
∂t
− ~u× ~ω +∇H − p̃∇

(
1
ρ

)
=

1
ρ
[∇ · σ] (3)

∂ρhs

∂t
+∇ · (ρhs~u) =

dp̄
dt
−

N

∑
k=1

ω̇k∆h0
f ,k −∇ ·

(
ρ

N

∑
k=1

hs,kYk~Vk

)
−∇ · (κ∇T) + σ : ∇~u (4)

σ = µ(Yk, T)
[
∇~u +∇~uT − 2

3
(∇ · ~u)

]
(5)

p̄ = ρRT ∑
k

Yk
Mk

(6)
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dhs = Cp(Yk, T)dT (7)

Here ρ is the mass density, ~u is the mass velocity vector, Yk is the mass fraction of k-th
component of gaseous mixture, Mk is the molecular weight of k-th component of gaseous
mixture, p̃ is the dynamic component of pressure fluctuations, which is much smaller by the
order of magnitude compare with thermodynamic pressure p̄ and p(~x, t) = p̄(t) + p̃(~x, t),
σ is the viscous stresses tensor, H =

∣∣~u2
∣∣/2 + p̃/ρ is the stagnation energy per unit mass,

~ω = ∇× ~u is the vorticity vector, hs is the specific enthalpy of the mixture, hs,k is the
specific enthalpy of k-th component of gaseous mixture, T is the temperature, κ(Yk, T) is
the thermal conductivity coefficient, µ(Yk, T) is the viscosity coefficient, h0

f ,k is the specific

enthalpy of formation of k-th component of the gaseous mixture, ~Vk is the diffusion velocity
vector component of k-th specie, Cp(Yk, T) is the specific heat capacity at constant pressure
of the mixture. Term ω̇k represents the change in mass fraction of k-th specie due to the
chemical reactions.

Isothermal boundary conditions with the temperature Twall = 300 K are imposed on
the solid boundaries of the computational domain. The governing Equations (1)–(7) were
integrated via the second-order predictor/corrector method described in [32]. To perform
mathematical modeling of low-Mach gasdynamics we implemented algorithms described
in [32] in the in-house code, which was thoroughly tested and validated previously on a
vast variety of gas dynamics and combustion problems [11,33]. The computational mesh
cell size was equal to ∆x = 0.2 mm, the overall amount of cells was 45,000. Data form the
JANAF tables [34] were used to calculate specific heat capacities and enthalpies of formation.
Diffusion was modeled in the zeroth-order Hirshfelder-Curtiss approximation [35]. Mixture
averaged transport coefficients were obtained from the first principles of the gas kinetics
theory [36]. Correction velocity approach proposed in [37] was implemented to calculate
diffusion velocities. Chemical kinetics of the stoichiometric methane–air mixture oxidation
was modeled via two-step oxidation scheme 2S_CH4_BFER [38], which allows precise
reproduction of the normal combustion velocity in the methane–air mixture in the wide
pressure and composition range. According to [38], the 2S_CH4_BFER scheme considers
two reactions:

CH4 + 1.5O2 ⇒ CO + 2H2O (8)

CO + 0.5O2 ⇔ CO2 (9)

Forward reaction rates are written as:

k f ,1 = A1 f1(φ)Tβ1 e(−Ea,1/RT)[CH4]
nCH4 [O2]

nO2,1 (10)

k f ,2 = A2 f2(φ)Tβ2 e(−Ea,2/RT)[CO]nCO [O2]
nO2,2 (11)

where Ak is the pre-exponential factor, Ea,k the activation energy, βk the temperature
exponent of the reaction k and nj,k the reaction exponent for species j in reaction k. The
subscript 1 denotes the methane oxidation reaction and subscript 2 denotes CO-CO2
equilibrium reactions. The reaction parameters are taken from [38].

4. Results and Discussion

After ignition at the upper exit of the coaxial burner, a combustion wave is formed and
propagates downwards. Herewith, the mode of flame propagation occurs to be non-steady,
as it can be seen from the analysis of the typical history of the flame speed along the burner
length (Figure 2). The value of U f ,L was obtained as time derivative of the trajectory of the
flame front leading point. First of all, one can observe the non-monotonic behavior of the
flame speed that illustrates that the flame propagates in an oscillating mode. Herewith, the
average flame speed occurs to be higher than one expected for a single-chamber burner
in which the flame speed in the laboratory reference frame can be calculated as a sum of
the burning rate (u f ) and flow velocity (u): U f L = u f + u. In the quiescent mixture, flame
speed equals the normal burning rate, while in the burner with the counter-flow the flame
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speed usually should be lower and turns to be equal to zero when the counter-flow speed
equals the normal burning rate by its absolute value (u = −u f ). Numerical analysis of
the flow through the burner shows that there is a certain reduction in the counter-flow
velocity after flowing through the perforated wall between the inner channel where the
mixture is fed and the outer channel where the mixture is ignited (Figure 1). The factor by
which the counter flow velocity is reduced for stoichiometric methane–air mixture equals
5.3. Thus, for example, in the case of the flow rate of 5.5 L/min the gas velocity at the
entrance of the inner channel equals 0.59 m/s, while at the exit of the outer channel, it
equals 0.11 m/s. Under such conditions, the flame speed can be estimated via U f L = u f + u
as 0.25 m/s, while the average value of the flame speed along the burner equals 0.66 m/s
in the experiment. So there is an obvious acceleration of the combustion process in the
considered burner. Figure 3 illustrates the dependence of the average flame speed on the
flow rate in the range from 1.1 to 5.5 L/min. Thin line represents the estimation according
to the formula U f L = u f + u. So, one can observe the permanent increase in the flame
speed with the flow rate in the whole considered range of the flow rates.

t, ms

U
f,
L
,
m

/s

0 50 100 150 200
0

0.5

1

j=1.1 /minL

j=3.3 /minL

Figure 2. Experimentally obtained histories of the flame speed in a laboratory reference frame for
two different flow rates.
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Figure 3. Dependence of flame speed averaged over the channel length on the flow rate. Signs—
experimental data. Dashed line—approximation with account of normal burning rate value (at j = 0).
Thin solid line—estimation of the flame speed in one-dimensional approximation.

Let us now consider the possible causes of the observed behavior of the flame in the
considered coaxial burner. As it was shown recently in [22], the important roles in the
heat transfer near the porous (or perforated) wall belong both to the dissipation of kinetic
energy and convective heat transfer in the formed boundary layer. In view of this, the flow
separation from the perforated wall due to the gas injection defines the specific mode of
heat transfer to the wall. In particular, the formed boundary layer screens the bulk flow
from the heat losses to the wall. Under such conditions, there is a certain reduction of heat
losses from the flame front that makes it more stable even inside a relatively narrow channel.
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The vortices formed in the channel due to the gas injection affect the flame propagation
as well, as the numerical analysis of the flow indicates. The intensity of these vortices is
relatively low, so the perturbed flame surface maintains its continuity. However, at the
same time, it occurs to be stretched. That determines the combustion intensification related
to the increase in the flame surface. As a result, one can observe local flame acceleration
in the region of flame-vortex interaction. Such an interaction is demonstrated in Figure 4,
where the results of numerical simulations are presented for the case of the flow rate equal
to 5.5 L/min.

ω, 1/s

1.5∙10
1

3.0∙10
0

9.0∙10
-2

6.0∙10
-3

0.0

-6.0∙10
-3

-9.0∙10
-2

-3.0∙10
0

-1.5∙10
1

Figure 4. Calculated vorticity field in the coaxial burner at subsequent time instants (from left to
right: at 70 ms, 120 ms and 170 ms after ignition). Vorticity is defined as ω = ∂uy/∂x− ∂ux/∂y. Solid
lines—flame front, dashed lines—boundaries of the calculation domain. z = 0 corresponds to the
upper exit of the burner.

The performed calculations demonstrate only single flame-to-vortex interaction that
is related to certain limitations of two-dimensional axisymmetric problem setup. These
limitations are associated primarily with the lower dimensionality and approximate model
of the flow through the round holes in the inner wall, and one should expect a more
complex flow pattern related to the jet-like gas injection in reality. Every hole represents a
source of vorticity, so the process of flame propagation through the outer channel can be
considered as an interaction of propagating flame with a vortex street. Such a behavior
of the flame can be observed in a more pronounced way at the high intensity of the flow.
Thus, for example, at a high flow rate, the oscillations of the flame speed occur to be quite
regular and correlate with the positions of holes (Figure 5). The flow pattern is qualitatively
similar to that considered in [26,27], where several vortices were evenly distributed along
the closed tube volume. Numerical analysis performed in [26] shows that the regular
pattern of vortices distributed in the combustion chamber can sufficiently increase the
flame propagation intensity and reduce the burn-out time. Herewith, the intensity of
vortical flow determines the acceleration of the burn-out process that is consistent with the
flame acceleration at the rising flow rate depicted in Figure 3.
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j=5.5 L/min

Figure 5. (a) Experimentally obtained history of the flame speed along the channel length at flow
rate of 5.5 L/min and (b) corresponding position of the holes in the wall of inner channel.

The obtained results illustrate the effect of the gas injection on the flame behavior and
consequently on the efficiency of the burning process inside the burner operating on the
gaseous fuel. The phenomenon of accelerated flame propagation under the effect of gas
injection through the perforated wall can be used in different technical systems to improve
the efficiency of the burning process and/or to reduce the emission of harmful pollutants.
With the use of a gas injection system, one can improve the stability of the burning pro-
cess when using slowly-reacting mixtures, including lean mixtures characterized by the
relatively low temperature of combustion products and thereby low emissions of harmful
pollutants. As well, it is promising to inject multiphase mixtures containing, for example,
liquid droplets to reduce the temperature of the combustion products in the vessel. At
the same time, the effects discussed above should keep the flame stable, reducing the heat
losses on the shell of the reactor.

5. Conclusions

In this paper, a new concept of flame stabilization via gas injection into the pre-flame
zone is discussed. Gas injection is realized in a coaxial burner with a perforated wall
between inner and outer channels. The experimental results for stoichiometric methane–
air mixture indicate stable flame propagation in such a system with an average flame
speed greater than the normal burning rate that in turn indicates the mechanism of flame
acceleration. In particular, this mechanism is related to the flow separation from the wall
by the injected gas and therefore to the certain reduction in the heat losses to the wall. At
the same time, there is a vorticity generation in the bulk flow due to the gas injection. As a
result, the perturbed flame accelerates due to the flame-vortex interactions. The proposed
concept is recommended for utilization in novel technical systems in order to improve the
stability and energy efficiency of the slowly-reacting mixtures combustion. In turn, this
opens the possibility to reduce emissions of harmful pollutants.
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