
INDIAN JOURNAL OF APPLIED RESEARCH  X 217 

Volume : 3 | Issue : 9  | Sept 2013 | ISSN - 2249-555XRESEARCH PAPER Engineering

A numerical study of methane-air premixed flame in 
a diverging micro-channel

Mohit Gupta Rajesh Gupta
Graduate Student, Department of Mechanical 

Engineering, M.A.N.I.T, Bhopal, India
Associate Professor, Department of Mechanical 

Engineering, M.A.N.I.T, Bhopal, India

KEYWORDS Flame Temperature, Micro combustors, Microflame, Diverging channel, Flame stability

ABSTRACT In the present paper, numerical study on the characterization of flame stabilization behaviour in a 2.0 mm 
wide diverging channel are carried out with premixed methane-air mixtures by solving the appropriate form 

of two-dimensional governing equations. The effects of combustor divergent angle, equivalence ratio and boundary condi-
tions (wall and inlet) on the flame temperature are reported in this work. The simulation results show that the temperature of 
the flame was highest for a fuel-air mixture having stoichiometric ratio. The diverging portion of channel is preheated from 
the bottom side with a sintered metal burner to provide a positive temperature gradient along the direction of fluid flow 
which helps in stabilizing a flame in the channel. Further, it was noted that flame is stable for velocity limits between 0.2 m/s 
and 1.9 m/s for a range of mixture equivalence ratios. There was no significant change in flame temperature irrespective of 
divergent angle. The boundary conditions such as wall temperature affected the stabilization of flame.

Nomenclature
Ak  pre-exponential factor of reaction rate 
hi  enthalpy of the ith species (J/kg)
H spacing between the parallel plates (m)
k  thermal conductivity of gas (W/(mK))
ks  thermal conductivity of solid (W/(m K))
Le  hydrodynamic entrance length (m)
m  mass of a molecule (kg)
m˙  mass flow rate (kg/s)
q  volumetric heat generation rate (W/m3)
qw  heat loss from the non-insulated wall (W)
r0  inner radius 
R0  outer radius 
t  wall thickness 
T  temperature 
T0  ambient temperature 
u  axial velocity or x velocity 
u0  incoming flow velocity 
ug  axial velocity of the gases at the interface 
Ui  axial velocity of the ith species 
uw  axial velocity of the wall at the interface 
v radial velocity or y velocity 
Vi  radial velocity of the ith species 
Yi  mass fraction of the ith species 
ϕ  fuel-air equivalence ratio
α  diverging angle of combustor

1. Introduction: 
In the present Era, the most powerful tool for the industrial 
development is Energy. For various equipment like vehicle, 
robots, computers, laptops, communication devices, space 
technology systems, we need a powerful energy system, 
may be in the form of batteries. For developing such en-
ergy devices, we need to focus on some important factors 
like size, energy density, mass transfer coefficient, cost ef-
fectiveness of the system and time required to recharge 
the system. For this, we are searching possibilities in hy-
drocarbon fuels in place of advanced Li-ion concept based 
electrochemical batteries [1, 2]. So, now we are switching 
on micro-combustion field. A lot of work has been carried 
out in the field of micro- combustors which may be a good 
alternative of traditional batteries [4-6]. The base concept 
of heat engine was proposed by Epstein and Senturia [3] in 
1997. On the basis of previous work carried out it is found 
that micro-combustor may be a better option for portable 
production of energy because we know that hydrocarbons 
have significantly larger energy density in comparison of 

traditional Li-batteries [7]. Maruta et al. [8] did experimental 
work on characteristics of flame propagation by using pre-
mixed methane-air mixture as a fuel in a 2.0 mm diameter 
straight quartz channel with a wall temperature gradient. He 
found stability of flame on higher and lower velocities and 
pulsating flames on intermediate velocities. Similarly, Hua 
et al [9] work on micro tube combustor combustion with 
different diameters for different wall thermal conductivities 
and heat transfer coefficient. Some other researcher have 
done a lot of work in the field of flame stabilization behav-
iour in micro can combustor [13], radial channel combus-
tor [14], micro gas turbine engines [3, 10] & micro thermo 
photovoltaic system [11, 12] and some other important con-
cepts of micro combustors [15-22].Pan et al [12] have done 
research work on the effect of wall thickness to combustor 
diameter ratio, hydrogen to oxygen mixing ratio on micro 
combustion. Chao et al [15] found in his experiment that a 
preheat of tube / channel is required to stabilize the flame 
for example for 2.0 mm diameter quartz tube 1173K pre-
heat temperature required to stabilize methane –air flame. 
In addition of this, an experimental work on methane –air 
combustion in a diverging micro channel done by B. Khan-
delwal, S. kumar [23].In this paper, the numerical simula-
tion of wall temp done in respect of experiment done by 
B. Khandelwal, S. Kumar [23]. We are also trying to find out 
the effect of diverging angle and equivalence ratio on the 
stabilization of flame by using methane-air as a fuel.

2. Mathematical formulation:
Fig. 1 shows cross-sectional view of a typical two-dimension-
al sintered metal heating burner with a dotted curve near 
the outlet of the channel. In this channel, methane and air 
burning takes place. In Fig. 1, x-axis denotes the longitudinal 
direction (from starting point of diverging section) and y-axis 
denotes the transverse direction. Premixed methane-air mix-
ture flows along the positive x direction. The origin is fixed 
at centre line of the combustor inlet. X and Y co-ordinates 
show axial and radial variations respectively in micro combus-
tor. The flow is considered steady and axi-symmetric which 
renders the problem 2D symmetric. By certain design and 
computational assumptions the swirl component of velocity 
is taken as zero. The computations are performed only in half 
of the domain for the sake of economic usage of computa-
tional time. The following assumptions are also invoked to 
further simplify the problem:

1) There is No work done by pressure and viscous forces
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(2) No gas radiation occurs
(3) Dufour ‘s effect neglected.
With these assumptions, the equations of continuity, momen-
tum, species and energy in the gas phase (for the divergent 
micro-combustor) can be written as follows:

Continuity Equation: 
 (1)

Momentum Equation:
 (2)

Radial Momentum Equation:
 (3)

Energy Equation:
(4)

Species Conservation Equation:
 (5)

Boundary Conditions: 
The boundary conditions are given as follows:

Inlet:
At inlet (x = 0): Tu = 300K, u0 = 0.2 to 1.8 m/s.

ϕ = 0.8 to 1.8. YCH4 & YO2 can be derived for an equivalence 
ratio.

Centre line:
At symmetry plane, both diffusive as well as convective fluxes 
are considered zero, i.e. at r = 0, ∂u/∂r=0, ∂T/∂r=0, ∂Yi/∂r=0, 
v = 0.

Gas–solid interface: 
No-slip boundary conditions apply at walls, and diffusive flux 
normal to the interface are considered zero. The heat flux at 
the interface is computed by making a energy balance be-
tween conductive heat flux with the convective heat flux at 
the wall. 

At r = r0, u = 0, v = 0, ∂Yi/∂r=0. 

Heat losses from the wall exposed to the surroundings 
are taken as:
Where, heat transfer coefficient hconv and the wall emissivity ε 
are assumed as 50 W/m2 K for free convective environment 
and 0.2 for polished surface with slightly oxidized surface. 

Fig.1. Schematic of the 2-D computational domain  of di-
verging micro-channel.

3. Results & Discussion:
Reference case:
Every result needs a reference to validate itself. For this pur-
pose, we are going to validate results from reference case 
experimental work [paper]. There are three wall temperature 
profiles shown in the figures 2a, 2b, and 2c in comparison 
with the experimental wall temperature profiles. Fig. 3 shows 
the inside wall temperature profile along the longitudinal di-
rection of the micro channel from the reference point ‘0’ for 
cold flow conditions at different velocities. These are used 
for proper measurement of initial wall temperature profile. 
The premixed methane-air mixture is subjected to these wall 
temperature profile conditions. In the curve we are seeing 
that the wall temperature increases in the divergent section. 
This is because of the heat provided by sintered metal burner 
to the combustor. The measured temperature varies along 
the centreline of the micro channel from an average of 400 
K (+_50 K) to 600 K (+_100 K) with an increase in the flow.

Fig. b
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Fig. c
Fig.2 compares of wall temperature of the channel along 
the direction of flow with different flow rate conditions for 
experimental and simulation work.

Fig. 2a, 2b, 2c shows the results for wall temperature for 
cold flow conditions. Simulation results are very close to the 
experimental results. Variation in the wall temperature is +/- 
100K which is allowed between experimental and simulation 
results.

Effect of equivalence ratio on flame temperature:
Fig. 3 a, b, c shows the result for the effect of the equivalence 
ratio on the flame temperature. Temperature limits for ϕ=0.8 
to ϕ=1.2 is 300 K to 2900 K. It can be easily understand that 
for leaner as well as richer mixture of premixed ch4-air we 
get a maximum temperature limit 2600 K but this reaches 
maximum 2800 k for stoichiometric value, ϕ=1. It can be con-
cluded that in diverging micro-channel, it is possible to stable 
the flame at lower temperature limits for lean as well as rich 
mixture. As in experimental work we got completely stable 
flame for ϕ=1.1 & u=0.23 [paper]. It shows that we get stable 
flame for rich equivalence ratio and lower velocity for lower 
temperature of flames.

Fig.a

Fig. 3: Temperature contour for different equivalence ra-
tio

Effect of diverging angle on flame temperature:
Diverging angle also has significant effect on the flame tem-
perature and flame stability. As previous work reveal us about 
flame stability in a cylindrical tube / channel. In comparison 
of cylindrical channel, diverging micro channel gives us sta-
ble flame result on lower maximum temperature of flame. 
Fig. 4 a, b, c shows results for diverging 

Fig. 4: Temperature contour for different diverging angle 
(α)

angle α= 5 ̊, 10 ̊, 15 ̊, for these angle maximum flame tem-
peratures are 2255 K, 2245 K, 2225 K respectively. These re-
sults show that as we shift from lower diverging angle to the 
higher degree of angle, we get lower maximum temperature 
of flame with flame stability. This helps us to choose the an-
gle for the proper burning of the ch4-air mixture.

Effect of equivalence ratio (ϕ) on centreline flame tem-
perature:
For stoichiometric ratio ϕ=1, we see that flame has its maxi-
mum temperature. Fig. 5 shows the effect of equivalence ra-
tio on centreline temperature of the flame.

Fig. 5 Equivalence ratio (ϕ) effect on centreline flame tem-
perature 
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For inlet values: axial velocity (u) = 1 m/s, diverging angle of 
micro combustor (α) = 15̊, we see that centreline temperature 
of flame for equivalence ratio 1 is maximum in comparison of 
centreline temperature for equivalence ratio 0.8, 1.2. Here 
the value of maximum centreline temperature of flame for ϕ 
= 0.8 & 1.2 is nearly same. But it has maximum value in case 
of ϕ = 1.0. It means combustion zone in case of leaner & 
richer mixture is large to accommodate the effect of temper-
ature. This also indicates towards the fact that for the lower 
centreline temperature of flame we can reduce the size of the 
combustor. One more advantage is that we can get stable 
flame even on lower temperature with proper combustion of 
fuel. This may lead the economy of combustion and limita-
tion of material for combustion.

Effect of diverging angle (α) on centreline flame tempera-
ture:
Fig. 6 shows the effect of diverging angle (α) on centreline 
temperature of the flame. For inlet values: axial velocity (u) = 
1 m/s, equivalence ratio (ϕ) = 0.8, we see that centreline tem-
perature of flame has maximum value ~1500 K for diverging 
angle (α) = 5 ̊ & 15 ̊ . For diverging angle (α) = 10 ̊, centreline 
temperature of flame is ~1250 K. Here we see that centreline 
flame temperature is less in case of α = 10 ̊ in comparison 
of other angle but from fig. 6 maximum temperature occurs 
for α = 5̊ & 10̊ which is 2255 K & 2245K respectively. Here 
maximum temperature plays vital role in case of designing of 
combustor and in selection of combustor material. So from 
these point of view we prefer the diverging angle (α) = 15 ̊, as 
it is economical for combustion point of view.

 

Fig. 6 Diverging angle (α) effect on centreline flame tem-
perature

Effect of equivalence ratio (ϕ) on flame velocity about cen-
treline:
Flame velocity plays a crucial role in combustion. If flame ve-
locity is too high then there will be certainly unburned in the 
flue gases and if velocity is too low then combustion may 
occurs before it reaches to combustion zone. This may cause 
instability of the flame. Fig. 7 shows the effect of equivalence 
ratio (ϕ) on flame velocity profile about centreline. For the 
inlet axial velocity (u) = 1 m/s, combustor divergence angle 
(α) = 15̊, we see that axial velocity for ϕ = 1 is highest and for 
ϕ = 0.8 it is minimum. For these values deviation of maximum 
axial velocity occurs from 2.8 to 3 m/s. this is very small differ-
ence. So we equivalence ratio does not have much influence 
on axial velocity about centreline. So we choose ϕ for which 
flame is stable.

 

Fig. 7 Equivalence ratio (ϕ) effect on flame velocity about 
centreline

Effect of diverging angle (α) on flame velocity about cen-
treline:
For the proper combustion of fuel and stability of flame, ve-
locity is a dominant factor and this factor can get affected 
by divergence angle of combustor i.e. combustor geometry. 
Fig. 8 shows the effect of diverging angle (α) on flame veloc-
ity about centreline. For the inlet axial velocity (u) = 1 m/s, 
equivalence ratio (ϕ) = 0.8, we see that maximum axial veloc-
ity for α = 5̊, 10̊, 15̊ are 3.4 m/s, 3.8 m/s, 2.75 m/s approxi-
mately. Here axial velocity has remarkable difference with 
respect to divergence angle (α). Here one more important 
point is noticed that axial velocities for α = 5 ̊, 10 ̊, are steep in 
nature and increases till end of the combustor, so there may 
be chance of fuel getting out from combustor. This fuel may 
burn outside the burner which will result in unbalanced flame 
with improper combustion. So it is satisfactory to choose di-
verging angle for which flame found stable as well as com-
bustion is proper.

Fig. 8 Diverging angle (α) effect on flame velocity about 
centreline

Conclusion:
In this work, premixed combustion of ch4-air in a divergent 
channel investigated. Effect of various factor like wall tem-
perature, diverging angle, equivalence ratio discussed in this 
paper work. From the above discussion following conclusion 
can be summarized:

1. Wall temperature is a key factor which helps to stabilize 
the flame in the combustor. This also ensures the uni-
form heating of the fuel entered into the combustor and 
uniform burning which results in lower emission rate and 
finally healthy environment condition.

2. Equivalence ratio can be taken as a dominant and con-
trolling factor which directly relates to the flame stabi-
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lization and its temperature. As in above discussion we 
see that maximum temperature of flame occurs for unit 
equivalence ratio or stoichiometric ratio in this case. So 
for the economy point of view we can switch over other 
optimal option to get well stabilized flame with less emis-
sion. Here rich equivalence ratio provides us stable flame 
with comparatively lower maximum temperature of com-
bustion.

3. In case of diverging micro channel combustor, diverging 
angle also become a good factor for the designing of 
combustor as well as controlling factor for flame tem-
perature about centreline in combustion zone. Here we 
find out a conclusion that as we increasing the diverging 

angles from 5̊ to 15̊, maximum temperature of the com-
bustion flame reduces which helps to stabilize the flame. 
In this work, for 15 ̊ angle, flame temperature about cen-
treline (1500 K) is maximum in comparison of others but 
it does not have such importance as maximum tempera-
ture (2225 K) of flame is far greater than it.

4. Similarly, the effect of divergence angle of combustor can 
be concluded. Here the divergence angle play important 
role as for lower value of diverging angle of combustor 
velocity is high than that of velocity for higher value of 
diverging angle. So it reveals about the fact that diverg-
ing angle must be 15̊ for the given case.

REFERENCE [1] C.H. Kuo, P.D. Ronney, Numerical modeling of non-adiabatic heat-recirculating combustors, Proceedings of Combustion Institute 32 (2007) 
3277. | [2] N.I. Kim, S. Kato, T. Kataoka, T. Yokomori, S. Maruyama, T. Fujimori, K. Maruta, Flame stabilization and emission of small swiss-roll 

combustors as heaters, Combustion and Flame 141 (2005) 229-240. | [3] A.H. Epstein, S.D. Senturia, Macro power from micro machinery, Science 276 (1997) 1211. 
| [4] A.C. Fernandez-Pello, Micro-power generation using combustion: issues and approaches, Proceedings of the Combustion Institute 29 (2002) 883-899. | [5] S.A. 
Jacobson, A.H. Epstein, An informal survey of power MEMS, the International symposium on micro-mechanical engineering, Tsukuba, Japan, Dec. 1-3, 2003. | [6] V.V. 
Zamaschikov, Combustion of gases in thin-walled small diameter tubes, Combustion Explosion and Shock Waves 131 (1995) 10-16. | [7] Combustion in microscale 
heat-recirculating burners. in: L. Sitzki, K. Borer,E. Schuster, P.D. Ronney, S. Wussow (Eds.), The Third AsiaePacific Conference on Combustion (2001) Seoul, Korea. | [8] 
K. Maruta, T. Kataoka, N.I. Kim, S. Minaev, R. Fursenko, Characteristics of combustion in a narrow channel with a temperature gradient, Proceedings of the Combustion 
Institute 30 (2005) 2429-2436. | [9] J.S. Hua, M. Wu, K. Kumar, Numerical simulation of the combustion of hydrogen-air mixture in micro-scaled chambers-Part I. 
Fundamental study, Chemical Engineering Science 60 (2005) 3497-3506. | [10] H. Shih, Y. Huang, Thermal design and model analysis of the swiss-roll recuperator 
for an innovative micro gas turbine, Applied Thermal Engineering | 29 (2009) 1493-1499. | [11] W.M. Yang, S.K. Chou, C. Shu, H. Xue, Z.W. Lil, Development of a 
prototype micro-thermophotovoltaic power generator, Journal of Physics D: Applied | Physics 37 (7) (2004) 1017-1020. | [12] J.F. Pan, J. Huang, D.T. Li, W.M. Yang, 
W.X. Tang, H. Xue, Effects of major | parameters on micro-combustion for thermophotovoltaic energy conversion, | Applied Thermal Engineering 27 (2007) 1089-
1095. | [13] Y. Yahagi, M. Sekiguti, Kenjiro Suzuki, Flow structure and flame stability in a micro can combustor with a baffle plate, Applied Thermal Engineering 27 | 
(2007) 788-794. | [14] S. Kumar, K. Maruta, S. Minaev, Experimental investigations on the combustion behavior of methane-air mixtures in a new micro scale radial 
combustor configuration, Journal of Micromechanics and Microengineering 17 (2007) 900-908. | [15] C.Y.H. Chao, K.S. Hui, W. Kong, P. Cheng, J.H. Wang, Analytical 
and experimental study of premixed methane-air flame propagation in narrow channels, International Journal of Heat and Mass Transfer 50 (2007) 1302-1313. | [16] 
W.M. Yang, S.K. Chou, C. Shu, Z.W. Li, H. Xue, Combustion in micro-cylindrical combustors with and without a backward facing step, Applied Thermal Engineering 22 
(2002) 1777-1787. | [17] Y. Fan, Y. Suzuki, N. Kasagi, Experimental study of micro-scale premixed flames in quartz channels, Proceedings of the Combustion Institute 
32 (2009) 3083-3090. | [18] Y. Zhang, J. Zhou, W. Yang, M. Liu, K. Cen, Effects of hydrogen addition on methane catalytic combustion in a microtube, International 
Journal of Hydrogen Energy 32 (2007) 1286-1293. | [19] S. Kumar, S. Minaev, S.K. Maruta, On the formation of multiple rotating pelton like flame structures in radial 
microchannels with lean methane-air mixtures, Proceedings of Combustion Institute 31 (2007) 3261-3268. | [20] A. Fan, S. Minaev, S. Kumar, W. Liu, K. Maruta, 
Experimental study on flame pattern formation and combustion completeness in a radial micro channel, Journal of Micromechanics and Micro engineering 17 
(2007) 2398-2406. | [21] S. Kumar, K. Maruta, S. Minaev, R. Fursenko, Appearance of target and quasi-steady- spiral flame patterns in radial micro-channels with rich 
methane-air mixtures, Physics of Fluids 20 (2008) 024101. | [22] J. Li, S.K. Chou, Z.W. Li, W.M. Yang, Experimental investigation of porous media combustion in a planar 
micro-combustor, Fuel 89 (2010) 708-715. | [23] Bhupendra Khandelwal, Sudarshan Kumar, Experimental investigations on flame stabilization behavior in a diverging 
micro-channel with premixed methaneeair mixtures, Applied Thermal Engineering 30 (2010) 2718-2723.


