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Abstract: In this paper specious transport and gaseous combustion have been modeled numerically using
computational fluid dynamics method. A cylindrical combustor burning methane (CH,) in air is studied using the eddy-
dissipation model. Eddy dissipation combustion model has been coupled with the standard k£ —¢ model to simulate this
highly complex turbulent reactive fluid flow field. Effects of air and fuel velocities have been investigated on the reactant
mass fractions, temperature and velocity profiles and NOx production.
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1. INTRODUCTION

Combustion is an interdisciplinary topic which
combines the most sophisticated phenomena of fluid
dynamics and chemical reactions. Combustion involves
many complex phenomena, such as turbulence,
recirculation, mixing, fuel chemistry, turbulence—
chemistry interaction, heat and mass transfer. The
chemical reaction takes place in a turbulent
environment where the highly unsteady fluid motions of
a wide range of length and time scales are present.
Turbulence—combustion [1] and [2] interaction is one of
the most complicated products of this combination.
Study of turbulence effect on chemical reaction is
challenging in many aspects. Comprehending of the
complex effects of a macro level phenomenon
(turbulence) on a molecular lever phenomenon
(chemical reaction) is the main challenge Natural gas
offers an interesting alternative to traditional fuels to
reduce pollutant emissions and to lower the energy
dependence of road vehicles on oil. The addition of
hydrogen to natural gas has even more advantages in
terms of pollutant reduction, thermal efficiency, and
combustion stability allowing some combustion
systems to operate with lean fuel mixtures. Hydrogen
offers high flame speeds, a wide flammability range
[3-5], low minimum ignition energy and no emissions of
HC or CO, [6, 7]. It is actually considered as one of the
most promising alternative fuels for future engines.
Combination of hydrogen with other fuels is one
effective approach to use of hydrogen for clean
combustion. Recent studies on internal combustion

*Address correspondence to this author at the Department of Mechanical and
Materials Engineering, Florida International University, Miami, FL 33199, USA;
Tel: (305) 348-1932; Fax: (305) 348-2569; E-mail: malma016@fiu.edu

E-ISSN: 2409-5761/16

engines with hydrogen-enriched fuels showed that
hydrogen addition could increase thermal efficiency,
improve lean burn capability and mitigate the global
warming problem [6, 8-10]. Due to lower temperatures
of very lean flames, NOx emissions also decreased
significantly [11]. In this study a cylindrical combustor
burning methane in air is studied using the eddy-
dissipation model. Eddy dissipation combustion model
has been used for modeling the combustion and & —¢
model has been applied for solving the turbulent flow.
Effects of air and fuel velocities and their temperatures
have been studied on temperature and NO emission.

2. PROBLEM DEFINITION

The cylindrical combustor considered in this paper
is shown in Figure 1. The flame considered is a
turbulent diffusion flame. A small nozzle in the center of
the combustor introduces methane at 80m/s. Ambient
air enters the combustor coaxially at 0.5m/s. The
overall equivalence ratio is approximately 0.76
(approximately 28% excess air). The high-speed
methane jet initially expands with little interference from
the outer wall, and entrains and mixes with the low-
speed air. The Reynolds number based on the
methane jet diameter is approximately 5.7x10°.
Structure mesh has been used with the accumulation
of the grids near the bottom wall. The convergence
criteria for momentum and continuity is 10e™ and 10e™®
is for energy and turbulence equations. Second order
upwind for momentum and for kinetic and dissipation
first order upwind has been used.

3. REACTION EQUATION

In this work the generalized eddy-dissipation is
modeled to analyze the methane-air combustion
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Figure 1: Geometry and grid generation of the problem.

system. The combustion is modeled using a global CH4+ 20,— CO,+ 2H,0 (1)

one-step reaction mechanism, assuming complete
conversion of the fuel to CO, and H,O. The reaction The reaction rate is determined assuming that turbulent
equation is: mixing is the rate-limiting process, with the turbulence-

Figure 2: Temperature contour for inlet velocities of air at 0.5(m/s) and methane at 80(m/s).

Figure 3: Velocity magnitude for inlet velocities of air at 0.5(m/s) and methane at 80(m/s).
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chemistry interaction modeled

dissipation model.

using the eddy-

4. RESULTS AND DISCUSSIONS

Figure 2 shows the contours of temperature for inlet
velocities of air and methane at 0.5 and 80m/s
respectively. As can be seen the temperature
increases as the two reactants mix and the combustion
occurs. This value increases up to 2211K from its
primary values for both air and methane at 300K.

Velocity magnitude for inlet velocities of air at 0.5
(m/s) and methane at 80 (m/s) is shown in Figure 3. As
expected the velocity has its maximum value at the
inlet where the fluids are injected to the domain.

Figure 4 displays the CO, mass fraction for inlet
velocities of air and methane at 0.5 and 80m/s
respectively. As can be seen from Eq. (1), CO, is one
of the products of the combustion on the right hand
side of the equation. As shown in the figure, the
concentration of CO; is high when the inlet reactants
mix and combustion happens. The CO, mass fraction
value is 0.146 when combustion occurs.

Figure 5 depicts the H,O mass fraction for inlet
velocities of air and methane at 0.5 and 80m/s
respectively. H,O is also one of the combustion
products as seen in Eq. (1). As shown in the figure, the
concentration of H,O is at its highest after combustion
occurs. Mixing of inlet reactants produces H,O mass
fraction of 0.119. As seen H,O concentration is at its
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Figure 4: CO, mass fraction for inlet velocities of air at 0.5(m/s) and methane at 80(m/s).
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Figure 5: H,O mass fraction for inlet velocities of air at 0.5(m/s) and methane at 80(m/s).
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Figure 6: CH4 mass fraction for inlet velocities of air at 0.5(m/s) and methane at 80(m/s).
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Figure 7: O, mass fraction for inlet velocities of air at 0.5(m/s) and methane at 80(m/s).

highest close to the bottom wall of cylinder where the
methane injects to the chamber and mix with the
inlet air.

Figure 6 presents the CH4 mass fraction for inlet
velocities of air and methane at 0.5 and 80m/s
respectively. As expected the CH, has its maximum
value at the inlet where the fluids are injected to the
domain. Methane as one of the inlet reactants injected
in the cylindrical chamber has its highest concentration
on near the bottom surface where it is injected to the
domain. At the inlet methane has its maximum value
which reduces as it moves downstream of the domain
as it consumes when the combustion occurs.

Figure 7 demonstrates the O, mass fraction for inlet
velocities of air and methane at 0.5 and 80m/s

respectively. As seen the O, has its maximum value at
the inlet where the fluids are injected to the domain. Air
as one of the inlet reactants injected in the cylindrical
chamber has its highest concentration on near the top
wall where it is injected. At the inlet O, has its
maximum value which reduces as it moves down-
stream of the domain as it consumes when the
combustion occurs.

Figure 8 shows the NO mass fraction for inlet
velocities of air and methane at 0.5 and 80m/s
respectively. As seen the mass fraction of NO is very
low in the region near the inlet where the inlet reactants
start to mix. This value increases as more mixing
happens and combustion gets complete. After
complete combustion the concentration of NO grows
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Figure 8: NO mass fraction for inlet velocities of air at 0.5(m/s) and methane at 80(m/s).

and this value continue increasing toward the outlet of
the chamber.

Figure 9 displays the temperature profile for inlet
velocities of air at 0.5, 0.9 and 1.4(m/s) and methane at
80(m/s). Here the effects of different air velocities with
constant methane velocity have been studied on outlet
temperature at the exit of the chamber. As shown the
temperature reduces from 1900 to 1300 and 900K as
the inlet air velocity increases from its primary value of
0.5 to 0.9 and 1.4m/s respectively.

1800 |-

Inlet CH, velocity=80 (m/s)

—Outlet teaperature~K)
S f=)
S S
T T

N

=1

S
I

1000 |-

0.6 0.8 1 1.2 1.4
Inlet velocity (m/s)

Figure 9: Temperature profile for inlet velocities of air at 0.5,
0.9 and 1.4(m/s) and methane at 80(m/s).

Figure 10 demonstrates the velocity profile for inlet
velocities of air at 0.5, 0.9 and 1.4(m/s) and methane at
80(m/s). Here the effects of different air velocities with

constant methane velocity have been studied on outlet
velocity at the exit of the chamber. As shown the
velocity values increase from 3.4 to 4 and 4.4m/s as
the inlet air velocity increases from its primary value of
0.5 to 0.9 and 1.4m/s respectively.
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Figure 10: Velocity profile for inlet velocities of air at 0.5(m/s)
and methane at 80(m/s).

Figure 11 depicts the NO mass fraction for inlet
velocities of air at 0.5, 0.9 and 1.4 (m/s) and methane
at 80(m/s). Here the effects of different air velocities
with constant methane velocity have been studied on
NO, concentration. As shown the NO, mass fraction
decreases from 0.004 to 0.0034 and 0.0026m/s as the
inlet air velocity increases from its primary value of 0.5
to 0.9 and 1.4m/s respectively.
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Figure 11: NO mass fraction for inlet velocities of air at 0.5,
0.7 and 0.9(m/s) and methane at 80(m/s).

Figure 12 shows Temperature profile for inlet
velocities of methane at 80, 110, 160(m/s) and air at
0.5(m/s). Here the effects of different methane
velocities with constant air velocity have been studied
on outlet temperature at the exit of the chamber. As
shown the outlet temperature increases from 1850K to
2125K for inlet methane velocities of 80m/s and
110m/s respectively and this value drops to almost its
initial value of 1850K at velocity of 160m/s.
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Figure 12: Temperature profile for inlet velocities of methane
at 80, 110, 160(m/s) and air at 0.5(m/s).

Figure 13 depicts the velocity profile for inlet
velocities of methane at 80, 110, 160 (m/s) and air at
0.5 (m/s). Here the effects of different methane

velocities with constant air velocity have been studied
on outlet velocity at the exit of the chamber. The outlet
velocity increases from 3.4 to 4.15m/s for inlet methane
velocities of 80m/s and 110m/s respectively. This value
decreases to 3.8m/s at velocity of 160m/s.
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Figure 13: Velocity profile for inlet velocities of methane at
80, 110, 160(m/s) and air at 0.5(m/s).

Figure 14 shows the NO mass fraction for inlet
velocities of air at 0.5, 0.9 and 1.4(m/s) and methane at
80(m/s). Here the effects of different methane velocities
with constant air velocity have been studied on NOy
concentration. As shown the NO, mass fraction
decreases from 0.004 to 0.0018 and 0.00025 as the
inlet air velocity increases from its primary value of 80
to 110 and 160m/s respectively.
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Figure 14: NO mass fraction for inlet velocities of air at 0.5,
0.7 and 0.9(m/s) and methane at 80(m/s).
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CONCLUSIONS

In this study a cylindrical combustor burning
methane in air is studied using the eddy-dissipation
model. Eddy dissipation combustion model has been
used for modeling the combustion and k£ —& model [2]
has been applied for solving the turbulent flow. Effects
of air and fuel velocities and their temperatures have
been studied on temperature and NO emission. The
numerical results have been shown and described
through graphs. The numerical results show that NOy
mass fraction decreases as both velocities of air and
methane increase. And also the outlet temperature in
both cases decrease as the inlet reactant velocities
enhance. Results also revealed that the outlet
velocities increase in both cases as the inlet reactant
velocities increase.
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