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ABSTRACT
The present work is the numerical study of non-premixed combustion within a vertical porous cylinder using
turbulence model with various angle of fuel injection with and without thermal radiation effects. In such a problem,
two aspects need to be considered for a precise evaluation of the thermal radiation: the turbulence–radiation
interactions, and the local variation of the radiative properties of the participating species, which are treated here
with the weighted-sum-of-gray-gases model. The chemical reactions rates were considered as the minimum values
between the Arrhenius and Eddy Break-Up rates. A two-step global reaction mechanism is used, while the
turbulence modeling was considered via standard k–ɛ model. The source terms of the energy equation consisted of
the heat generated in the chemical reaction rates as well as in the radiation exchanges. The discrete ordinates method
is employed to solve the radiative transfer equation. Comparisons of simulations with/without radiation
demonstrated that the temperature, the radiative heat source, and the wall heat flux were importantly affected by
thermal radiation, while the influence on species concentrations proved to be negligible. The results show the
importance of thermal radiation for an accurate prediction of the thermal behavior of a combustion chamber. The
governing equations: continuity, axial momentum, radial momentum, turbulent kinetic energy, turbulent kinetic
energy dissipation, energy, CH4, O2, CO2, CO and H2O mass fraction. The results show that CO2 is not a passive
diluent and can also interact through radiative transfer and this radiation effect is very significant. In addition, an
increase in angle of inlet gas enhances the mixing rate, peak temperature, and water and carbon dioxide volume
fraction inside the middle region of the chamber. The locations of the maximum temperature and product
concentration shift closer to the combustor inlet with increase in inlet angle.
Keywords: Methane/air Flame, Turbulent model, Numerical simulations, Non-premixed, turbulent combustion,
porous media.

Nomenclature
d

fuel injection hole diameter (m)

D

burner throat diameter (m)

G

axial flux of angular momentum (kg.m2.s-2)

Gx
h

axial flux of linear momentum (kg.m.s-2)
enthalpy (j.kg-1)
mass fraction
mass density (kg.m-3)
particle number density(m-3)
Avogadro's number
radial direction (m)
universal gas constant (j.kg-1.k-1)
reaction rate mass of the j th species
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energy conservation equation source term
mean temperature (k)
axial velocity component (m.s-1)
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radial velocity component (m.s-1)
swirl velocity (m.s-1)
molecular weight (kg.kmol-1)
axial direction (m)

Greek letters




mj

molecular viscosity of gas phase (kg.m-1.s-1)
gas phase density (kg.m-3)
collision efficiency of soot particles
laminar exchange coefficient

1. INTRODUCTION
In recent years, advancement of technology from micro [1] to nanoscales [2], many theoretical phenomena have
found their importance in emerging applications. In coal furnaces, diesel internal-combustion engines and pool fires
there is non-premixed combustion, in which there are two distinct streams of fuel and oxidizer before burning [1-2].
Resistance of the flow of fluids through simple and complex porous media whose matrices are composed of
randomly packed spheres is interested because usually the non-premixed combustion flames contain locally fuel-rich
regions where because of lack of oxidizer is the all set for the pollutant productions [3]. At those regions products
yield larger hydrocarbons instead of being to carbon dioxide and water and the soot formation is sturdily hooked on
on the fuel concentration and temperature. So the highly porous media can be used to control the combustion [4].
In some combustion chambers in laminar and simple turbulent jet diffusion flames the injectors located in the
manifold and the fuel is injected along with the angle of the injector and the spray characteristics of the injector is
important to obtain the optimum combustion performances. As well as the onset of turbulence in a regular porous
medium is important in fluid modeling [5-6] some studies assume the turbulent models to obtain more precise
temperature distribution and mass fraction of chemical species [7]. The results of numerical modeling of directed
axisymmetric premixed turbulent flames within non-homogeneous porous ceramics [8] are presented in many
numerical studies which normally have showed good agreement with the experimental measurements [9-11].
Effect of fuel flows direction is useful in many technical applications particularly in furnaces and gas turbines which
can be used to improve flame stabilization [12], ignition stability [13], mixing enhancement [14], pollutant reduction
[15] and blow-off characteristics [16]. Combustion in porous media happens under the influence of the geometric
parameters, thermo physical and thermochemical properties, and flow, heat and mass transfer conditions [17-20].
Those studies assumed mediums with local thermal and chemical non-equilibrium to design of many processes and
systems [21-24]. Studies on the effects of heat transfer characteristics on the rate of burning and flame structure
[25], by numerical solution of two-dimensional model on a two layer multi-step porous furnace, the effects of
adding hydrogen on methane combustion in furnaces were analyzed. The effects of the properties of porous
materials such as volumetric heat transfer coefficient and diffusivity on flame stability were investigated [26-28],
and the multi-step chemical kinetics effects on cellular fuel combustion and pollutant formation were studied. Also
many numerical modeling were conducted to predict the thermal efficiency, temperature distribution and pressure
drop using multi chemical mechanism [29-30]. As the effects of geometry, pore size, thermal conductivity, and the
thermal conductivity ratio on burning rate is performed. The effects of excess air emissions on temperature
distribution were investigated [31]. Consideration of and radiation parameters of the solid phase is assumed within
some studies [32].
The numerical simulation [33-37] of combustion processes involves the coupled solution of complex phenomena,
such as turbulent fluid flow [38-45], chemical kinetics [46-51] of gaseous species and soot, and combined
convection–radiation heat transfer [52-58]. Natural gas, which mainly consists of methane, offers considerable
economic and environmental advantages such as improved efficiency, availability, and pollutant emissions and is
commonly used in several applications [59-63]. Methane can reach to high temperatures like other hydrocarbon
fuels and produces lesser emissions. Due to the formation of participating gases at high temperature, thermal
radiation is generally the dominant mechanism, and, in particular, soot can play an important role in the radiative
exchanges even in relatively small concentrations [64-65]. Therefore, an accurate description of gas–soot combined
radiation is of great importance in the simulation of combustion.
Inert porous media combustion can only enhance heat recirculation, improve thermal capacity, and intensify gas
mixing or diffusion. However, the inert porous media itself cannot promote the fuel combustion or reduce the
pollutants emissions. Inert porous media combustion technology has certain limitations regarding fundamentally
reducing the fuel activation energy and the flame temperature. Catalytic combustion is a modified technology for
lean methane/air premixed combustion that can overcome the above limitations for the inert porous media
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combustion. Comprehensive studies have been dedicated to further understanding the catalytic combustion. These
studies mainly focused on catalysts, supports, and combustion performances optimizations [66-73].
Although the effect of many parameters on combustion in porous media has been investigated by many
investigators, but the influence of fuel injection angle has not been studied. The aim of this paper is to study the
effect of fuel injection angle on fluid, mass transfer, and thermal characteristics of a methane/air flame in turbulent
diffusion flames at vertical cylindrical porous combustor.

2. COMPUTATIONAL DOMAIN
The three dimensional computations performed in this work have been carried out using the commercial software,
FLUENT. The flow is assumed to be steady and laminar. The Navier–Stokes equations and energy equation have
been solved, along with the conservation equations for the species participating in the chemical reaction. FLUENT
uses a control volume-based technique to convert the governing equations to algebraic equations that can be solved
numerically. The second order upwind scheme was used for spatial discretization of all the governing equations. The
SIMPLE algorithm is used for pressure and velocity coupling. Pressure interpolation of the pressure values at the
faces is done using momentum equation coefficients (standard pressure interpolation scheme). The double-precision
segregated solver was utilized for solving the discretized set of algebraic equations.
A common fuel injection valve of a combustion chamber, including a concave conical surface, fuel injection holes at
its surface, and a portable needle valve. But here that valve is not modeled through the combustion chamber and just
its effect on fuel injection angle is considered. As shown in the Figure 1 a vertical combustor with a circular crosssection is assumed to confine the flame and prevent gas composition fluctuations subsequent from the ambient air.
The combustor is 25 cm in diameter (D) and 100 cm in length (L) that a 1 cm diameter (d) hole at the center is using
to deliver the fuel (CH4) with the velocity magnitude of 80 m/s to the burner and the air (0.23 O2 0.77 N2) is entered
from the annular between that hole and burner with the 20 m/s velocity. The fuel injection angle is measured from
the axis of symmetric of the combustion chamber. The wall and inlet are held at environment temperature (300 K).
Also the computational mesh of the half of the burner with boundary layer mesh t the inlet and the axis of symmetry
is illustrated in figure 1. The flames of lean H2 (25%)–CO (25%)–CO2 (50%) mixtures at 1 atm and 303 K were
found to exhibit cellular nature. The mixture composition and inlet velocity in the simulations were kept the same as
those in the experiments for which photographs were taken.

Figure 1: Schematic of the vertical cylinder combustion chamber and the computational mesh
3. MATHEMATICAL MODELING
In this study the combustion will be modeled assuming complete conversion of the fuel to CO2 and H2O. The mass,
momentum, energy, and species conservation equations are
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Where x and r are the axial and radial coordinates [m], u and v are the velocities in these respective directions
[m/s], w is the angular velocity [m/s], ρ is the density of the gaseous mixture [kg/m3], μ is the gaseous mixture
dynamic viscosity, and μt is the turbulent viscosity [Ns/m2], defined as μt = Cμρk2/ɛ. The term p∗ = p − (2/3) k is the
modified pressure [Pa], Cμ is an empirical constant of the turbulence model (Cμ = 0.09), p is the combustion
chamber operational pressure (p = 101325 Pa), and k [m2/s2] and ɛ [m2/s3] are the turbulent kinetic energy and its
dissipation.
Also, C1,ɛ and C2,ɛ are
empirical
constants
of
the
turbulence
model
(C1,ɛ = 1.44
and C2,ɛ = 1.92), σk and σɛ are the Prandtl numbers of the kinetic energy and dissipation, respectively (σk = 1.0
and σɛ = 1.3). Prt and Sct are the turbulent Prandtl and Schmidt numbers, Rα [kg/(m3 s)] is the volumetric rate of
formation or consumption of theαth chemical species (CH4, O2, CO2, CO, H2O) . T is the temperature of the
gaseous mixture [K], cp,α [kJ/(kg K)], and Tref,α [K] are the molecular mass, the specific heat, the formation enthalpy
and the reference temperature of each α th chemical species. Srad [W/m3] is the radiative heat source term, computed
as the negative divergence of the radiative heat flux. The turbulent stresses are calculated from an algebraic stress
model and wall-function approach is used in the near-wall.
Radiation heat transfer in participating media is governed by the radiative transfer equation (RTE), which
establishes a relation for the variation of the spectral radiation intensity Iη along a certain path in the medium. The
radiative transfer equation (RTE) for non-scattering media, in cylindrical coordinates, with the discrete ordinates
method (DOM), subjected to boundary conditions for diffusively emitting and reflecting opaque surface, is used
here.
The global solution of the radiative transfer requires the spatial and spectral integrations of Eq. (2-5). In this study,
the spatial integration is carried out with the discrete ordinates method to sweep the angular directions, and with the
finite-difference method for the discretization of the differential terms in Eq. (2-5). The discrete ordinates solve the
RTE for a set of discrete directions that span a total solid angle of 4π. The continuous integral over the solid angle is
approximated by a numerical quadrature scheme, in which the equations are solved for a series of L directions.
All the above discussion regarding the solution of the radiative transfer in the medium is applicable to instant
quantities that fluctuate in a turbulent flow, while the RANS turbulence model can only provide time-averaged
(mean) quantities and, possibly, their mean square fluctuations.
4. RESULTS AND DISCUSSION
The conservation equations are solved using the OpenFOAM with the method described in [11]. Figure 2 shows the
simulated contours of axial and radial velocities, stream function, water (H2O), carbon dioxide (CO2), and nitrogen
(N2) mass concentrations inside the combustor for fuel injection parallel to the axis of burner. As shown the radial
velocities are at the one tenth order of the axial velocities, and stream function generally is parallel to the the axis of
combustion chamber. The mass concentrations of the oxygen (which is not shown here) is similar to the nitrogen
and generally divided to the two regions of inlet and chemical reactions. In order to study the contribution of soot
radiation to the radiation heat transfer inside the combustion chamber, two different scenarios were considered. In
the first scenario, formation of soot in the chamber was neglected, so only the radiation from the gaseous species
was considered. The second scenario considered the formation of soot, taking into account the influence of soot on
the radiative heat transfer combined to the gaseous species. Comparisons were made to verify how the different
radiative scenarios affected the temperature and radiative heat source fields in the medium, the heat flux distribution
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on the chamber wall and the radiant fraction. The most of nitrogen exited from the cavity near the wall and the
minimum amount is occurred at the axis of it. The fuel is consumed at the small region near to the inlet and for the
products of reaction (water and carbon dioxide) there are three regions in the chamber which are zero at air inlet and
maximum at the outlet near the wall of the chamber and in moderate concentration in other sides. The results show
that an increase in injection angle cause to create the four regions for the water and carbon dioxide in the chamber
which are zero at air inlet and maximum at the middle of the chamber and in moderate concentration in other sides.
Because there are not a great change for the pressure inside the chamber that contours are not presented here.
The figure 3 shows that the increase of the inject angle increases combustion efficiency, due to enhancement of
mixing rates between the fuel and oxidant and augment the combustor peak temperature. Furthermore it causes the
combustion zone of the diffusion flame enlarged and the location of the maximum temperature shifts inside the
chamber.
Formation of carbon particles, or soot, is a phenomenon frequently observed in combustion of hydrocarbons, and is
recognized as one of the most difficult ongoing research field in combustion. Formation of soot involves chemical
and physical processes that are strongly coupled. In terms of fundamental processes, formation of soot consists in
three main sub-processes: nucleation of soot particles, coagulation and agglomeration, and surface reactions
(growing and oxidation).

Figure 2: Axial and radial velocites , stream function , H2O, CO2, N2 mass concentrations

Figure 3: Temperature contours at various fuel injection angle a) α=0 b) α=45º c) α=80º
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As expressed before, the obtained temperature distribution of the flame is based on the assumption that the refractive
index of the mixture equals to that of the air. Therefore this can be an error source in the experiment. The refractive
index value of a mixture is identical to that of the air for partially premixed flames. Specifically the average error
caused by this assumption lies in the range of 1.9–2.3% for a 2-D axisymmetric flame for equivalence ratios in the
range of 1.5≤Φ≤2s. This error increases by increasing the equivalence ratio of the flame. Therefore the simplified
relation obtained for temperature measurement is efficient for relatively fuel-rich partially premixed flames and in
this study this constraint was considered for equivalence ratio. The refractive index of air is also dependent on the
temperature. Since determination of the air temperature by means of the measured refractive index at high
temperatures can be done by the Gladstone–Dale constant and the variation of air refractive index is negligible for
temperatures up to 6000 K and pressure changes from 0.1 to 10 atm. It was explained by the lack of notable
dissociation of nitrogen molecules as nitrogen dissociation develops in 6000–8000 K temperature range. Another
source of error is the deflection of the laser beam. When the laser beam passes through the test section it is slightly
deflected within the flame therefore it does not travel along its original path when reflected by mirror. This divergent
angle has no significant impact in Mach–Zehnder interferometer. Another source of error in combustion experiments
is due to equivalence ratio. The maximum uncertainty for the equivalence ratio is ±2.3% at Φ=2.1 for the
methane/air mixture.
6. CONCLUSIONS
This study presented an analysis of the effect of soot on the radiative heat transfer in a turbulent non-premixed
methane–air flame in a cylindrical combustion chamber. The radiation field was computed with the RTE model
using recently obtained correlations based on the up-to-date for the gaseous mixture and soot. Burning behaviors of
non-premixed methane-air flame are studied for different fuel injection angles. As shown the fuel injection angle is
an efficient parameter to control the fluid flow and combustion characteristics through the combustion chamber.
With the increase in H2 content in mixture of H2–CO with fixed CO2 dilution burning velocity increases
significantly. This is mainly due to the high reactivity of H2 leading to high heat release rates and this can be clearly
observed as the reaction of rates of H + O2 ⇄ O + OH and OH + H2 ⇄ H + H2O are three times for 4:1 H2:CO ratio
in comparison to those for 1:4 with 50% CO2 dilution.
From simulations of cellular flames, volumetric heat release rates were plotted at various horizontal planes parallel
to the burner surface. Such plots helped identify the cells in the simulation. The cell count and cell sizes in
simulations agreed very well with observations in corresponding experiments.
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