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a b s t r a c t

A numerical study on CH4–air premixed combustion in micro-combustors was undertaken by solving the
2D governing equations. The effects of combustor size and geometry, inlet velocity profile and slip-wall
boundary condition on the flame temperature were investigated. The simulation results showed that a
larger combustor (d = 2 mm) gives higher flame temperature only when the flow velocity is below a certain
level. With regard to the combustor geometry, a 2D planar channel (H = 1 mm) represents higher flame
temperature than a cylindrical tube with d = 2 mm (equal hydrodynamic diameter), over the velocity range
covered by the present study. In addition, it was noted that the flame temperatures in the cylindrical tube
umerical simulation
lame temperature
oundary conditions

and 2D planar channel are quite close when H = 0.65d is satisfied. The fully developed velocity profile
applied at the inlet plane was found to have the flames anchored further from the entrance than the
uniform profile, but no remarkable difference in terms of flame temperature (≤3 K) was observed. A
simple analysis of the competing time scales (axial convection and radial diffusion) was presented to
address the difference of flame structure between the methane–air and hydrogen–air mixtures. Finally, it
was shown that in a combustor with d = 1 mm the effects of slip-wall boundary are negligible, compared

ases
to the bulk velocity and g

. Introduction

The demand for miniaturized power source is increasing with
he proliferation of MEMS devices. Since Epstein and Senturia
1] proposed the concept of the ‘micro-heat engine’, a series of

EMS-based power generators have been prototyped, including
he micro-gas turbine [2–4], the micro-thermoelectric device [5]
nd the micro-thermophotovoltaic (TPV) system [6,7]. Such work
as mainly motivated by the fact that hydrogen and most hydro-

arbon fuels represent much higher energy density than the most
dvanced lithium-ion batteries [8]. A key component of these
arious systems is a micro-combustor in which the fuel–air mix-
ure is burned. The characteristic length of such micro-combustors

ay range from several millimeters down to the sub-millimeter
cale. As a result of the reduced size of the combustors, com-

ustion becomes less efficient due to the intensified heat loss
rom the flame to the combustor wall, radical destruction at the
as–wall interface and reduced residence time, making the sys-
em efficiency relatively low [9]. Despite the challenges ahead,
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the studies of ‘micro-combustion engine’ are still regarded as
one of the promising frontiers of MEMS in the next 5–10 years
[10].

For most hydrocarbon fuels, the quenching distance (also
referred to as ‘quenching diameter’ for cylindrical tubes) is about
a few millimeters, which is of the same order of magnitude of the
flame thickness. For hydrogen, the flame can sustain in even smaller
combustors. Previous experimental studies [11–13] demonstrated
that self-sustained flames of CH4–O2 mixture can be achieved in
a tube sized down to 0.5 mm in diameter. In the meanwhile, the
numerical approach, which is able to yield detailed information
of parameters within the small space, has been widely employed
to study micro-combustion processes. Some numerical studies
[14–20] and their major results are listed in Table 1. The simula-
tion results of these studies revealed that (1) combustion (hydrogen
and some hydrocarbon fuels) in micro-combustors sized down
to the sub-millimeter scale is feasible, provided the heat losses
are properly managed or the incoming unburned mixture is pre-

heated; (2) heat recirculation through the wall via conduction is
key in sustaining the flames in micro-combustors; (3) the dimen-
sions (such as the length, gap/diameter, wall thickness and so on)
of micro-combustors should be optimized in order to ensure effi-
cient flames. By examining the effects of the key parameters such as

http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:mpecsk@nus.edu.sg
dx.doi.org/10.1016/j.cej.2009.02.015
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Nomenclature

Ak pre-exponential factor of reaction rate (consistent
unit)

cp specific heat (J/(kg K))
d inner diameter (m)
dm molecule diameter (m)
D diffusion coefficient (m2/s)
Di diffusion coefficient of the ith species (m2/s)
Ek activation energy for the ith reaction (J/(kg mol))
h enthalpy (J/kg)
hconv convective heat loss coefficient (non-insulated wall)

(W/(m2 K))
hi enthalpy of the ith species (J/kg)
hrad radiative heat loss coefficient (non-insulated wall)

(W/(m2 K))
H spacing between the parallel plates (m)
k thermal conductivity of gas (W/(m K))
kB Boltzmann constant (1.380662 × 10−23 J/K)
ks thermal conductivity of solid (W/(m K))
L combustor length (m)
Le hydrodynamic entrance length (m)
L̂e temperature-modified hydrodynamic entrance

length (m)
m mass of a molecule (kg)
ṁ mass flow rate (kg/s)
p pressure (Pa)
q volumetric heat generation rate (W/m3)
qw heat loss from the non-insulated wall (W)
r radial coordinate (m)
r0 inner radius (m)
Ru universal gas constant (8314.41 J/(kg mol K))
R0 outer radius (m)
t wall thickness (m)
T temperature (K)
T̄ mean temperature (K)
T0 ambient temperature (K)
Tf flame temperature (K)
Tg gases temperature at the interface (K)
Ts temperature of solid (K)
Tu temperature of unburned mixture (K)
Tw wall temperature at the interface (K)
Two temperature of the non-insulated wall (K)
u axial velocity or x velocity (m/s)
u0 incoming flow velocity (m/s)
ug axial velocity of the gases at the interface (m/s)
Ui axial velocity or x velocity of the ith species (m/s)
uw axial velocity of the wall at the interface (m/s)
v radial velocity or y velocity (m/s)
Vi radial velocity or y velocity of the ith species (m/s)
x axial coordinate or x coordinate (m)
y y coordinate for 2D parallel plates (m)
Yi mass fraction of the ith species (kg/kg)

Greek symbols
ˇk temperature exponent of the ith reaction
� specific heat ratio
� density of the mixture (kg/m3)
ε wall emissivity
� mean free path (m)
�C time scale for axial conduction (s)
�D time scale for radial diffusion (s)
˚ fuel–air equivalence ratio
� Stefan–Boltzmann constant

(5.67 × 10−8 W/(m2 K4))

�� momentum accommodation coefficient
�T thermal accommodation coefficient
� dynamic viscosity (N s/m2)
ωi production rate of the ith species (kmol/(m3 s))

Dimensionless numbers
Kn Knudsen number
Le Lewis number
Pr Prandtl number
Re Reynolds number

Sc Schmidt number

the flow rate, fuel–air equivalence ratio, wall thermal conductivity
and heat losses from the non-insulated wall, these studies [14–19]
were focused on the effects of design factors and operating condi-
tions on the flame stability limits in micro-combustors. However,
the flame structure inside micro-combustors was not given enough
attention.

Flame temperature is one of the most important parameters
to characterize a combustion process. In the context of micro-
combustion, the understanding of flame temperature is necessary
to choose the proper material for a micro-combustor. Besides silicon
and some other semiconducting materials [2–4], high temperature
materials such as SiC and Al2O3 have been used for the practical
micro-combustors [10]. In this study, the effects of the combustor
size and geometry, inlet velocity profiles and slip-wall boundary
condition (at the gas–solid interface) on the flame temperature
will be investigated. In view of the experimental work [12] that
has developed a nearly ‘quench-less’ wall material which is resis-
tant to radical quenching, the surface reactions occurring at the
gas–solid interface are not included (same as Refs. [14,16–19]).
Although our previous study [20] reported the simulation results
of H2–air premixed combustion in micro-combustors, the differ-
ences between hydrogen and methane as a result of fuel properties
are quite significant to give rise to new observations, as can be
seen in Table 2. Another reason for choosing methane as the fuel
is that compared to those more complicated hydrocarbons, the
detailed reaction mechanism has been well studied, allowing us to
focus on the thermal issues without compromising the accuracy of
kinetics.

2. Numerical model

Fig. 1 shows the cross-sectional view of the micro-channel
(cylindrical tube and 2D parallel plates) in which steady-state com-
bustion of a CH4–air mixture takes place. The origin is fixed at the
center of the inlet plane. x depicts the axial or downstream dis-
tance, and r or y represents the radial distance or distance from the
centerline of the cylindrical tube or 2D parallel plates, respectively.
An assumption is made that the swirl velocity component is zero,
meaning a symmetrical flow with respect to the centerline. Thus,
the case is simplified to a 2D problem. Only half of the combustor
is considered to save the computational time. In addition, the fol-
lowing assumptions are made: (1) no Dufour effects [22]; (2) no gas
radiation [16,17]; (3) no work done by pressure and viscous forces;
(4) steady-state. With these assumptions, the governing equations
of continuity, momentum, species and energy in the gas phase (for
the cylindrical micro-combustor) can be written as follows:
Continuity

∂(�u)
∂x

+ 1
r

∂(�vr)
∂r

= 0 (1)
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Table 1
Numerical studies on micro-combustion in simple geometries.

Authors Fuel-oxidizer Combustor geometry Combustor size Reaction mechanism Major scope and focus

Raimondeau et al. [14] CH4 + air (˚ = 1.0) Tubular micro-channel Down to d = 200 �m Detailed gas phase
reactions

1. Discontinuity of temperature
and species at the gas–solid
interface;
2. Preheated fuel–air mixture.

Karagiannidis et al. [15] CH4 + air, fuel-lean Plane channel H = 1 mm, L = 10 mm Detailed gas phase and
surface reactions

1. Hetero/homogeneous
combustion;
2. Elevated pressure up to 5
bar;
3. Limits of flame stability.

Norton and Vlachos [16] C3H8 + air Parallel plates H = 600 �m, L = 10 mm One-step global
reaction

1. Flame stability in terms of
extinction and blowout;
2. Parametric study.

Norton and Vlachos [17] CH4 + air (˚ = 1.0) Parallel plates H = 600 �m, L = 10 mm One-step global
reaction

1. Flame stability in terms of
extinction and blowout;
2. Parametric study.

Hua et al. [18] H2 + air (˚ = 1.0) Cylindrical chamber Down to d = 0.1 mm Detailed gas phase
reactions

1. Expansion step as flame
holder;
2. Adiabatic & non-adiabatic
walls.

Kaisare and Vlachos [19] CH4 + air C3H8 + air (˚ = 1.0) Parallel plates H = 600 �m One-step global
reaction

1. Simplified 1-D reactor
model;
2. Effects of fuel properties
(CH4 and C3H8);
3. Optimum reactor
dimensions (gap, length, wall
thickness, etc.).

Li et al. [20] H2 + air (˚ = 0.5) Cylindrical tubes d = 0.4–0.8 mm Detailed gas phase 1. Comparative study;

as well as heat transfer in the solid phase are treated explicitly.
The governing equations are discretized using the finite-volume
method and solved by Fluent® Release 6.3 [25]. A first-order upwind
scheme is used to discretize the governing equations and SIMPLE
algorithm is used to deal with the pressure–velocity coupling. The

Table 2
Comparison of fuel properties between methane and hydrogena.

Properties Methane Hydrogen

High heating value (HHV) 55.5 MJ/kg 141.9 MJ/kg
Laminar flame speed (˚ = 1.0, p = 1 atm) 40 cm/s 210 cm/s
x momentum

∂(�uu)
∂x

+ 1
r

∂(�uvr)
∂r

= −∂p

∂x
+ ∂

∂x

(
4
3

�
∂u

∂x

)
+ 1

r

∂

∂r

(
r�

∂u

∂r

)
− ∂

∂x

(
2�

3r

∂(vr)
∂r

)
+ 1

r

∂

∂r

(
r�

∂v
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)
(2)
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Energy

∂
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r
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)
+ 1
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− 1
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∂
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YihiVi

)
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+ q (4)
Species conservation

∂(�uYi)
∂x

+1
r

∂(�vrYi)
∂r

= ∂

∂x

[
Di

∂(�Yi)
∂x

]
+1

r

∂

∂r

[
Dir

∂(�Yi)
∂r

]
+ωi (5)
reactions
2. Effects of Knudsen number
(velocity slip and temperature
jump).

The energy balance in the solid phase is given by

∂

∂x

(
ks

∂Ts

∂x

)
+ 1

r

∂

∂r

(
ks

∂Ts

∂r
r

)
= 0 (6)

The skeletal mechanism (shown in Table 3) for methane oxi-
dation (16 species and 25 reversible reactions) developed by
Smooke and Giovangigli [23] is employed. The mechanism showed
a good agreement between predicted and measured structures
of one-dimensional macro-flames under a wide range of mixture
compositions. In addition, its application in the simulation of micro-
flames [24] was also found to be able to yield reasonable results.
Compared to the one-step global reaction [17,19], the skeletal mech-
anism can better represent the reaction process as it involves partial
oxidation, reverse reactions and intermediate products. Based on
the above governing equations, the 2D fully elliptic simulations
are performed such that heat and mass transfer in the gas phase
Adiabatic flame temperature (˚ = 1.0,
p = 1 atm, with air)

2226 K 2400 K

Quenching distance (cold-wall, ˚ = 1.0,
p = 1 atm, with air)

2.5 mm 0.64 mm

a Source: data from Ref. [21].
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Fig. 1. Schematic of the computational dom

quations are solved implicitly with a 2D segregated solver using
n under-relaxation method. The solver first solves the momentum
quations, then the continuity equation, followed by the updating
f the pressure and mass flow rates. The energy and species equa-
ions are subsequently solved. Iterations are monitored and checked
ntil a converged solution is obtained. The convergence criteria for
he scaled residuals are set to be 1 × 10−3 for continuity, 1 × 10−3

or velocity, 1 × 10−6 for energy and 1 × 10−3 for species concentra-
ion. The gas density is calculated using the ideal gas law. The gas
iscosity, specific heat and thermal conductivity are calculated as a

ass fraction-weighted average of all species. The specific heat of

ach species is calculated using a piecewise polynomial fit of tem-
erature [26]. Numerical convergence is generally difficult because
f the inherent stiffness of the matrix (chemistry) and the disparity

able 3
keletal mechanism for methane–air reactiona.

eactions Ak (m, kmol, s) ˇk Ek (J/kmol)

1f) H + O2 → OH + O 2.000E+11 0.000 7.034E+07
1b) OH + O → H + O2 1.575E+10 0.000 2.889E+06
2f) O + H2 → OH + H 1.800E+07 1.000 3.695E+07
2b) OH + H → O + H2 8.000E+06 1.000 2.830E+07
3f) H2 + OH → H2O + H 1.170E+06 1.300 1.518E+07
3b) H2O + H → H2 + OH 5.090E+06 1.300 7.782E+07
4f) OH + OH → O + H2O 6.000E+05 1.300 0.000E+00
4b) O + H2O → OH + OH 5.900E+06 1.300 7.130E+07
5) H + O2 + M → HO2 + Mb 2.300E+12 -0.800 0.000E+00
6) H + HO2 → OH + OH 1.500E+11 0.000 4.204E+06
7) H + HO2 → H2 + O2 2.500E+10 0.000 2.931E+06
8) OH + HO2 → H2O + O2 2.000E+10 0.000 4.187E+06
9f) CO + OH → CO2 + H 1.510E+04 1.300 −3.174E+06
9b) CO2 + H → CO + OH 1.570E+06 1.300 9.352E+07
10f) CH4 + (M) → CH3 + H + (M)c 6.300E+14 0.000 4.354E+08
10b) CH3 + H + (M) → CH4 + (M)c 5.200E+09 0.000 −5.485E+06
11f) CH4 + H → CH3 + H2 2.200E+01 3.000 3.663E+07
11b) CH3 + H2 → CH4 + H 9.570E−01 3.000 3.663E+07
12f) CH4 + OH → CH3 + H2O 1.600E+03 2.100 1.030E+07
12b) CH3 + H2O → CH4 + OH 3.020E+02 2.100 7.294E+07
13) CH3 + O → CH2O + H 6.800E+10 0.000 0.000E+00
14) CH2O + H → HCO + H2 2.500E+10 0.000 1.671E+07
15) CH2O + OH → HCO + H2O 3.000E+10 0.000 5.003E+06
16) HCO + H → CO + H2 4.000E+10 0.000 0.000E+00
17) HCO + M → CO + H + M 1.600E+11 0.000 6.155E+07
18) CH3 + O2 → CH3O + O 7.000E+09 0.000 1.074E+08
19) CH3O + H → CH2O + H2 2.000E+10 0.000 0.000E+00
20) CH3O + M → CH2O + H + M 2.400E+10 0.000 1.206E+08
21) HO2 + HO2 → H2O2 + O2 2.000E+09 0.000 0.000E+00
22f) H2O2 + M → OH + OH + M 1.300E+14 0.000 1.905E+08
22b) OH + OH + M → H2O2 + M 9.860E+08 0.000 −2.123E+07
23f) H2O2 + OH → H2O + HO2 1.000E+10 0.000 7.536E+06
23b) H2O + HO2 → H2O2 + OH 2.860E+10 0.000 1.373E+08
24) OH + H + M → H2O + Mb 2.200E+16 −2.000 0.000E+00
25) H + H + M → H2 + Mb 1.800E+12 −1.000 0.000E+00

a Rate constants are given in the form k = AkTˇk exp(−Ek/RuT).
b Third body efficiencies: CH4 = 6.5, H2O = 6.5, CO2 = 1.5, H2 = 1.0, CO = 0.75, O2 = 0.4

nd N2 = 0.4. All other species = 1.0.
c Lindemann form, k = k∞/(1 + kfall/[M]) where kfall = 6.3 exp(−7.536 × 107/RuT).
th some boundary conditions (not to scale).

between the wall and fluid thermal conductivities. For most cases,
it was found that energy (temperature) is the last parameter to get
converged. The larger number of elementary reactions and more
participating species require more intensive computational power
than the H2–air combustion. Therefore, the simulations were exe-
cuted using parallel computing on a cluster of PCs which have up
to 16 GB of RAM. The CPU time for each case is about 10 h or longer
(but less than 2 days), depending on the initial guess and the com-
plexity of the case. The cases with the slip-wall condition normally
take longer time to get converged.

The wall thermal conductivity is taken to be 20 W/(m2 K) (a typ-
ical value for stainless steel). The wall has a thickness of 0.2 mm
and the combustor length is 12 mm. At the inlet plane, the mixture
enters the combustor with a uniform temperature Tu = 300 K. Vla-
chos et al. [27] noted that for methane oxidation, the C1-path is the
principal channel for fuel-lean flames, while the C2-path (conver-
sion of CH4 to higher hydrocarbons) which consists of about 200
elementary reactions becomes important for sufficiently fuel-rich
mixtures. Therefore, the fuel–air equivalence ratio is chosen to be
0.9 to ensure that C1-path alone can give sufficient accuracy. At the
combustor outlet, a far-field pressure condition is specified. Same
as the cases for hydrogen combustion, the left and right sidewalls
are assumed to be adiabatic (zero heat flux boundary condition)
[16,17]. Heat losses from the non-insulated wall to the ambient are
given by

qw = hconv(Two − T0) + ε�(T4
wo − T4

0 ) (7)

where the convective heat transfer coefficient hconv and the wall
emissivity ε are taken to be 5 W/(m2 K) (weak natural convection)
and 0.2 (polished surface without serious oxidation), respectively.

In the gas phase, the mesh density was finalized to be 240 grids
(an interval of 0.05 mm) and 25 grids (an interval of 0.02 mm) in
the axial direction and radial direction, respectively. Higher grid
densities were tested but no obvious advantage was found. A high
temperature (∼1600 K) is imposed on the entire computational
domain (both gases and solid) as an initial guess for the numeri-
cal iteration. It is important to use a temperature high enough to
‘ignite’ the mixture. Lower temperature may fail ignition for some
cases. The physical and boundary conditions summarized in this
section are applied to all cases in this study. Other conditions may
vary from case to case for the purpose of comparison and will be
stated in the respective sections.

3. Results and discussion

3.1. Reference case
A ‘reference case’ needs to be defined in order to facilitate com-
parison. The geometry of the reference case is a cylindrical tube
with an inner diameter of 1 mm. The boundary conditions are sum-
marized as follows:
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heat recirculation through the combustor wall is more significant
in the smaller micro-combustor. Norton and Vlachos [17] obtained
super-adiabatic flame temperature for the methane–air mixture in
the micro-channels, which was attributed to the preheating of the
J. Li et al. / Chemical Enginee

Inlet (x = 0): Tu = 300 K, u0 = 0.3, 0.5, 0.8 and 1.0 m/s, YCH4 = 0.05
(YO2 can be derived from ˚ = 0.9 and the air composition);
Centerline (r = 0): ∂u/∂r = 0, ∂T/∂r = 0, ∂Yi/∂r = 0, v = 0 (no diffusion
flux and zero convective flux across the symmetry plane);
Gas–solid interface (r = r0): u = 0, v = 0 (non-slip wall), ∂Yi/∂r = 0
(zero diffusion flux normal to the interface), and the heat flux
at the interface is computed using Fourier’s law and continuity in
temperature and heat flux links the gas and solid phase;
Non-insulated wall (r = R0): qw = hconv(Two − T0) + ε�(T4

wo − T4
0 ).

Compared to the velocity range used for hydrogen (u0 = 1–8 m/s)
20], much lower values are employed for methane, owing to its
ower burning velocity (see Table 2). Based on the simulation
esults, it is noted that as the inlet velocity increases the flame is
lown further downstream of the micro-combustor. Higher velocity
hich implies higher mass flow rate requires longer heating length

by the combustor wall) for the mixture to be heated up to igni-
ion temperature. For u0 = 0.3 m/s, the flame is anchored near the
ntrance and the highest temperature of gases lies at the center-
ine of the combustor. When the velocity increases to 0.5 m/s and
bove, the position of the highest temperature of gases shifts from
he centerline to the wall. Fig. 2 shows the contours of temperature,

ethane mass fraction and axial velocity for the case of u0 = 0.5 m/s.
t can be seen that a major part of methane is consumed within a
hin layer of reactions. Fig. 2 indicates that in the pre-flame zone,
he wall temperature is higher than the mixture temperature, sug-
esting the direction of heat transfer is from the wall to the fuel–air
ixture [16,17]. In contrast to the hydrogen–air mixture which has

he high temperature zone attached to the combustor wall [20],
he high temperature zone of the methane–air flames occupies a
ider span of the radial section. The difference in terms of flame

tructure between methane and hydrogen is mainly attributed to
he overall effects of the competing time scales for axial convection
flow velocity) and radial diffusion (mass diffusivity), which will be
urther elaborated in the following sections.

.2. Combustor size and geometry

For the hydrogen–air mixture, it was shown that over the entire
elocity span (1 ≤ u0 ≤ 8 m/s) that was simulated—the smaller the
ombustor, the lower the flame temperature [20]. In order to inves-
igate the effects of combustor size for the methane–air mixture,
larger combustor (d = 2 mm) is modeled. Other conditions (wall

hickness, combustor length, boundary conditions, etc.) are iden-
ical to those for the reference case (d = 1 mm). By defining the
ame temperature as the highest temperature in the gas phase,
he effects of combustor size on the flame temperature are shown
n Fig. 3. Lines connecting symbols are only for the sake of visual-
zation. For both combustors, the increase of inlet velocity results

n higher flame temperature. However, when the inlet velocity is
igher than 0.5 m/s, the smaller combustor (d = 1 mm) gives higher
ame temperature than the larger one (d = 2 mm). In order to under-
tand this result, the flame structure needs to be examined. For

ig. 2. Contours of (a) temperature, (b) methane mass fraction and (c) axial velocity,
= 1 mm, u0 = 0.5 m/s, (a) for both solid and gas phase, (b) and (c) for gas phase only.
Fig. 3. Effects of combustor size on the flame temperature, cylindrical tube.

the d = 2 mm combustor, the flame shows a similar pattern to that
of the hydrogen–air mixture, that is, the high temperature zone
is attached to the combustor wall. The temperature contours for
the d = 2 mm micro-combustor with medium (u0 = 0.5 m/s) and high
(u0 = 1.0 m/s) velocities are shown in Fig. 4(a). Compared to Fig. 2
(d = 1 mm), the difference in terms of flame structure is obvious.
As the combustor diameter is increased from 1 to 2 mm, the radial
length for mass diffusion is doubled. As a result, the temperature at
the centerline zone of the larger combustor is more controlled by
axial convection than radial diffusion. Since the high temperature
zone is shifted to the wall, heat diffuses in the radial direction to the
centerline zone, which contributes to the lowered flame tempera-
ture. In addition, another factor that needs to be considered is that
Fig. 4. Results of the cylindrical combustor with d = 2 mm: (a) temperature contours,
u0 = 0.5 m/s (lower) and u0 = 1.0 m/s, unit in K and (b) centerline temperature profiles.
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hand, flame stabilization is achieved in the velocity boundary layer
in which the flame speed (burning velocity) reaches an equilibrium
18 J. Li et al. / Chemical Enginee

nburned mixture by heat recirculation through the wall. Apart
rom the explanations given above, incomplete combustion could
lso be a possible reason for the lowered flame temperature in the
arger combustor (d = 2 mm). Fig. 4(b) shows the centerline temper-
ture profiles for different flow velocities. It can be seen that as the
elocity is increased to 0.8 m/s, the highest centerline temperature
ccurs close to or at the combustor exit, implying that the com-
ustion process could be incomplete. Based on the limited cases
imulated in the present study, it is noted that for CH4–air premixed
ombustion, when the flow velocity is above a certain level, the
onclusion that ‘smaller combustor gives lower flame temperature’
oes not hold.

The geometry is another important factor for combustor design.
ylindrical tubes and rectangular channels are the two commonly
sed geometries. For simplicity, a model of 2D parallel plates is
mployed to represent the rectangular channels. In the simula-
ion, the spacing (H) between the plates is taken to be 1 mm, same
s the inner diameter in the reference case. Thus, the hydrody-
amic diameter (=2H) of the 2D case is twice that of the cylindrical
ube (d = 1 mm). Other physical and boundary conditions remain
nchanged from the reference case. A theoretical analysis [28]
howed that the quenching distance for the parallel plates is related
o that for the cylindrical tube by a factor of 0.65. In other words,
hen H = 0.65 d, the heat loss condition of a cylindrical tube is iden-

ical to a 2D planar channel. Therefore, one more 2D case with
he spacing of H = 0.65 × 1 = 0.65 mm is modeled for comparison.
he variation of flame temperature with the flow velocity for the
hree cases is plotted in Fig. 5. Lines connecting symbols are only
or the sake of visualization. The cylindrical tube with d = 2 mm is
ot included to avoid repetition, but it will be discussed in com-
arison with the 2D case with H = 1 mm. From Fig. 5, it can be
een that the H = 1 mm case has higher flame temperature than the
= 1 mm case over the entire velocity range, owing to the differ-
nce in the hydrodynamic diameter. However, in contrast to the
ylindrical tube with d = 2 mm (shown in Fig. 3) which has the
ame hydrodynamic diameter, the 2D channel with H = 1 mm also
ives higher flame temperature. Other than the factors (radial dif-
usion, heat recirculation and incomplete combustion) discussed
bove, the difference in terms of heat loss area between the two
eometries could be another reason. More in-depth investigation
n this result is needed, but it can be concluded at this point that

he hydrodynamic diameter alone is not sufficient to correlate the
wo combustor geometries. For the 2D case with H = 0.65 mm, it
s shown that both the trend and the value of the flame tempera-
ure are very similar to the cylindrical tube with d = 1 mm, with the

Fig. 5. Effects of combustor geometry on the flame temperature.
ournal 150 (2009) 213–222

maximum temperature difference about 25 K at u0 = 0.3 m/s. The
above result indicates that the factor of 0.65 is a fairly good estimate,
based on the limited cases simulated in this study. Together with
the result for the hydrogen–air mixture [20], it is concluded that the
factor of 0.65 is applicable to both hydrogen–air and methane–air
mixtures in micro-combustors sized up to 1 mm in diameter. This
conclusion could be useful when attempting to alter the shape of
the micro-combustor without affecting the flame temperature too
much. However, it should be noted that in practice, the result may
not be strictly valid due to the three-dimensional nature of a rect-
angular planar channel.

3.3. Inlet velocity profile

The two types of inlet velocity profile commonly specified for
numerical simulation are uniform and fully developed (FD for short)
velocity profiles. In practice, the uniform velocity profile may be
obtained by directing the flow through some porous media, while
the FD velocity profile may be realized by using a long connection
tube in order for the flow to get fully developed before entering the
combustor. For the FD velocity profile, the axial velocity at the inlet
plane is given by

u(r) = 2u0

[
1 −
(

r

r0

)2
]

(8)

where u0 is velocity for the uniform case. Eq. (8) ensures the
same mass flow rate at the inlet plane. Other boundary conditions
remain unchanged from the reference case. The temperature con-
tours obtained by using the two velocity profiles are plotted in
Fig. 6. No significant difference (≤3 K) in terms of flame temper-
ature is found over the entire velocity span. However, it can be seen
that the inlet velocity profile affects the position where the flame is
anchored. It is clearly shown that the FD profile stabilizes the flame
further from the entrance than the uniform profile does, and the
difference increases with the increasing velocity. The flame posi-
tion is essentially an overall result of the thermal conditions and
the flow field. In the pre-flame zone, the inlet velocity profile may
affect the heat transfer from the wall to the unburned mixture, thus
affecting the heating length for the ignition to occur. On the other
with the flow velocity. It is hard to predict the flame position due to
the close coupling between the thermal (both gases and solid) and
flow fields in the micro-combustors. Therefore, it should be pointed

Fig. 6. Temperature contours (unit: K), upper half for FD and lower for uniform,
d = 1 mm, (a) u0 = 1.0, (b) u0 = 0.8, (c) u0 = 0.5 and (d) u0 = 0.3 m/s.
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ut that the conclusion made above regarding the flame position is
nly valid for the particular cases shown in Fig. 6.

The flows with chemical reactions are far more complicated
han non-reacting flows. For a flow to be fully developed, there
re twofold meaning: hydrodynamic and thermal. A hydrodynamic
D flow requires the radial velocity profile approaches Hagen-
oiseuille profile, while a thermally FD flow requires attaining a
adially uniform temperature distribution. Due to the reactions tak-
ng place along the flowing path, it is expected that these two
riteria are not met at the same axial position. For the non-reacting
ows, the hydrodynamic entrance length is given by [29]

e = 0.05Re · d = 0.05
�ud2

�
(9)

According to mass conservation, one has

�u)�r2
0 = ṁ = constant (10)

At a result of heat generation, the gases temperature experiences
ignificant change while flowing through the micro-combustor, giv-
ng rise to the change of the mixture properties. Thus, it is necessary
o modify the Reynolds number which is evaluated at the inlet
lane. The kinetic theory of transport properties gives [29]:

= 5
16

·
√

�mkBT

�dm
2

(11)

hich shows that � is proportional to T1/2. Therefore, the
emperature-modified hydrodynamic entrance length can be writ-
en as follows

ˆe = 0.05 R̂e · d = 0.05 Re0 ·
√

Tu

T
· d (12)

here T = (Tu + Tf )/2 is the mean temperature and Re0 refers to
he Reynolds number evaluated based on the fluid properties at
he inlet plane. Fig. 7 shows the calculated hydrodynamic entrance
engths and the positions of the highest centerline temperature and
he highest averaged temperature over the radial direction. It can
e seen from Fig. 7 that as the velocity increases, the difference
etween the FD and uniform cases becomes larger. In contrast to the

ydrogen–air mixture [20] that the position of the highest center-

ine temperature nearly coincides with the temperature-modified
ydrodynamic entrance length given by Eq. (12), the methane–air
ixture takes much longer distance to reach its peak centerline

emperature. In addition to the significant difference in terms of

ig. 7. Calculated hydrodynamic entrance lengths and the simulation results of the
ositions of the highest temperature, d = 1 mm.
ournal 150 (2009) 213–222 219

chemical kinetics, mass diffusivity is playing an important role in
yielding this result. The high mass diffusivity of hydrogen (Le ≈ 0.3)
results in the combustion zone concentrated close to the wall where
flow velocity is relatively lower than the centerline zone. The heat
then diffuses radially to the centerline region such that the posi-
tion of the highest centerline temperature is mainly determined
by aerodynamics (entrance length). For the methane–air mixture,
much lower flow velocity was used than the hydrogen–air coun-
terpart. As a result, although methane (Le ≈ 1.0) has lower mass
diffusivity than hydrogen, the relative importance of diffusion (in
the radial direction) is comparable to convection (in the axial direc-
tion) such that the flame can reach the centerline over the radial
direction and the position of the highest centerline temperature is
primarily dependent on chemical kinetics. In order to understand
the relative significance of axial convection and radial diffusion, a
simple analysis is done to examine the characteristic time scales for
the two competing factors. For a combustion flow in a cylindrical
micro-combustor, the time scale of axial convection can be repre-
sented as �C ∼ L/u0, and the time scale for radial diffusion is given
by �D ∼ r2

0 /D. Thus, the ratio of the two time scales is

�C

�D
∼ L

u0

D

r2
0

= 2L

r0

D

�

�

2r0u0
= 2L

r0

1
Sc Re0

(13)

where Re0 is the Reynolds number evaluated based on the con-
ditions at the combustion inlet. For the two mixtures that have
been investigated (the current methane–air and hydrogen–air in
a cylindrical tube with d = 0.8 mm and L = 8 mm [20]), it gives

(�C /�D)CH4

(�C /�D)H2

= LCH4

LH2

r0,H2

r0,CH4

ScH2

ScCH4

Re0,H2

Re0,CH4

= 12
8

0.4
0.5

0.2
0.7

Re0,H2

Re0,CH4

= 0.34
Re0,H2

Re0,CH4

(14)

where the values for the Schmidt numbers are taken from Ref.
[30]. To have a similar flame structure to the methane–air mix-
ture (i.e. occupying a wide span of the radial section, as shown in
Fig. 6), the ratio given by Eq. (14) should be less than unity. Using
u0 = 0.8 m/s (u0 = 1.0 m/s has the flame stretched to the combus-
tion exit, which is prone to incomplete combustion) to quantify
the Reynolds number for methane, the critical inlet velocity for
the hydrogen–air mixture is about 2.9 m/s—the maximum u0 that
allows the flame to have a similar structure to the methane–air mix-
ture shown in Fig. 6. Referring back to Ref. [20], it was shown that
when u0 = 2 m/s the hydrogen–air flame was already attached to
the wall, indicating that the above analysis overestimates the upper
limit of the inlet velocity. However, in view of the simplicity of the
above analysis, Eq. (13) is still useful in giving qualitatively sound
result.

The normalized velocity and temperature profiles in the radial
direction for the case of u0 = 0.5 m/s are plotted in Fig. 8. It can
be seen that the difference in terms of radial velocity distribution
caused by the inlet velocity profile prevails only at the near-
entrance zone. Fig. 8 suggests that at an axial distance of around
1.5 mm from the entrance, a hydrodynamic FD velocity profile is
almost formed for both cases. However, according to Fig. 8, the tem-

perature profiles indicate that up to a distance of 1.5 mm the flow is
simply being heated up without noticeable heat release. When the
mixture flows further downstream (a distance of about 2 mm from
the entrance), some exothermic reactions are initiated, indicated
by the high temperature zone being shifted from the wall bound-
ary to the centerline. From that position onwards, more reactions
are being triggered along the flowing path, with both the flow and
temperature fields being restructured.
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As a result, there will be longer heating length for the mixture to
ig. 8. Normalized axial velocity and temperature profiles, d = 1 mm, u0 = 0.5 m/s:
a) axial velocity and (b) temperature.

.4. Slip-wall boundary condition

Different from the parameters studied in the above sections
hich could be realized physically, the slip-wall boundary condi-

ion is a result of the reduced dimension. The purpose of this study
s to examine the effects of velocity slip and temperature jump at
he gas–solid interface on the temperature and flow field in micro-
ombustors. Slip-wall condition has been employed in studying the
eat transfer problems in the micro-channels [31–33]. Raimondeau
t al. [14] included the temperature jump at the interface in simu-
ating the combustion flows in the micro-tubes, but the velocity slip
as not considered in their study. In the micro-channel flows, the
nudsen number reflects the degree of rarefaction. For the Knudsen
umber in the range 10−3 ≤ Kn ≤ 10−1, a slip flow may be assumed.
aking the mean free path of air at the standard condition to be
.1 �m, the Knudsen number for the reference case (d = 1 mm) is
× 10−4, which is out of the slip flow regime. However, it should be
oted that the mean free path is proportional to the temperature, as
an be seen in Eq. (17) which is shown below. In a combustion pro-
ess, there is a sharp temperature increase in the flame zone due to
he release of chemical energy, leading to the increase of free mean
ath of the gases. Based on the simulation cases in this study, the

ame temperature can reach about 2000 K. According to Eq. (17),
he free mean path will be around seven times that of the initial
tate (Tu = 300 K), giving the Knudsen number to be 7 × 10−4, which
s very close to the lower limit of the slip flow regime. Although
ournal 150 (2009) 213–222

still not fully justified, the complete slip-wall condition is employed
since the purpose of this investigation is to evaluate its effects on
the temperature and flow field. The complete velocity slip and tem-
perature jump at the interface are given by [32]:

us − uw = 2 − ��

��
�

(
∂u

∂r

)
w

+ 3
4

�

�T

(
∂T

∂r

)
w

(15)

Ts − Tw = 2 − �T

�T

(
2�

� + 1

)
�

Pr

(
∂T

∂r

)
w

(16)

where �� and �T are the momentum and thermal accommodation
coefficients, respectively. For a given gas, their values depend on
the surface finish and the fluid temperature and pressure, and are
normally determined experimentally. In the present study, they are
both taken to be unity [33]. � is the mean free path given by [29]:

� = kBT√
2�d2

mp
(17)

For simplicity, an average value of the molecular diameters,
dm = 3.65 × 10−10 m, is used. � and Pr are taken to be 1.4 and 0.7
(typical values for air), respectively. The second term on the right-
hand side of Eq. (15) is one order of magnitude of Kn less than the
first term [32], therefore is ignored in the simulation. Based on
the above information, the user-defined function (UDF) incorpo-
rating the slip-wall condition is written as a subroutine and solved
by Fluent® Release 6.3 [25]. This boundary condition is applied
throughout the gas phase despite that the Knudsen number in some
region might be even lower than 7 × 10−4 due to the lower gas
temperature.

Over the span of the inlet velocity (u0 = 0.3–1.0 m/s), no remark-
able difference (the slip-wall condition gives 1–2 K higher) in terms
of flame temperature is observed between the non-slip and slip-
wall conditions. Some insight into this finding can be obtained
through a simple inspection of the mathematical formulation of the
slip-wall boundary condition. For the case of non-slip wall (Tw = Ts),
the temperature gradient at the interface is given by(

∂T

∂r

)
w

= Tw − Tc


r
(18)

where Tc is the temperature of gases in the cell next to the interface.
With the slip-wall boundary condition applied (Tw /= Ts), in the
region where the wall heats up the gases (pre-flame zone), there is
(∂T/∂r)w > 0 and Eq. (16) leads to Tw > Ts. Then one has

0 <

(
∂T

∂r

)′

w

= Ts − Tc


r
<

Tw − Tc


r
=
(

∂T

∂r

)
w

(19)

where (∂T/∂r)
′
w refers to the ‘new’ temperature gradient as a result

of the slip-wall boundary condition. Eq. (19) simply implies less
heat gained from the hotter wall to preheat the unburned mixture,
which may result in longer heating length. Similarly, in the region
where the gases are hotter than the wall (flame and post-flame
zone), there is (∂T/∂r)w < 0 and Ts > Tw . Therefore, one obtains

0 >

(
∂T

∂r

)′

w

= Ts − Tc


r
>

Tw − Tc


r
=
(

∂T

∂r

)
w

(20)

which leads to |(∂T/∂r)′
w| < |(∂T/∂r)w|. This means that the heat

conduction from the hotter gases to the wall is reduced. To summa-
rize, the implementation of slip-wall boundary condition reduces
the heat transfer between the gases and wall across the interface.
reach the ignition state and higher flame temperature due to the
reduced heat loss to the wall in the flame zone.

From Eqs. (15) and (16), it can be seen that the magnitude of tem-
perature jump and velocity slip is closely related to the temperature
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ig. 9. Magnitude of maximum velocity slip and temperature jump, d = 1 mm.

nd velocity gradients at the interface. Fig. 9 shows the maximum
emperature jump and velocity slip against the inlet velocity. It
an be seen that both of them increase with the increasing veloc-
ty. The maximum temperature jump occurs at the flame region

here sharp temperature gradient (both radial and axial) exists.
he velocity slip and temperature jump, compared to the bulk flow
elocity and temperature, are practically negligible. Therefore, it
s safe to conclude that for the methane–air mixture, the effects
f the slip-wall boundary condition can be ignored, provided the
nner diameter of the micro-combustor is not smaller than 1 mm.

. Conclusion

Flame temperature is one of the most important parameters
o characterize a combustion process. In the context of micro-
ombustion, the understanding of flame temperature is important
o choose the proper materials for micro-combustors. A numeri-
al study of CH4–air premixed combustion in micro-combustors
as undertaken by examining the effects of combustor size and

eometry, inlet velocity profiles and slip-wall boundary condition
n the flame temperature. A reference case was defined as a pre-
ixed methane–air combustion in a cylindrical tube (d = 1 mm and

= 12 mm) with a non-slip wall and a uniform velocity profile at
he inlet plane. The flame structure of the methane–air mixture
s essentially different from the hydrogen–air counterpart due to
he great difference of fuel properties. It was shown that a larger
ombustor (d = 2 mm) gives higher flame temperature only when
he flow velocity is below a certain level. With regard to the com-
ustor geometry, a 2D planar channel (H = 1 mm) represents higher
ame temperature than a cylindrical tube with d = 2 mm (equal
ydrodynamic diameter), over the entire range of the inlet velocity

nvestigated in the present study. Based on the limited cases sim-
lated, it was noted that the flame temperatures in the cylindrical
ube and 2D planar channel are quite close when H = 0.65d is satis-
ed. Two types of velocity profile were applied at the inlet plane,
nd no remarkable difference (≤3 K) in terms of flame temperature
as found. However, the flames were found to be stabilized fur-

her from the entrance when the FD velocity profile is employed.
n order to understand the flame structure, a simple analysis of the
ompeting time scales (axial convection and radial diffusion) was
resented to address the difference between the methane–air and
ydrogen–air mixtures. Finally, the slip-wall (velocity slip and tem-

erature jump) boundary condition was applied at the gas–solid

nterface of the reference case (d = 1 mm). The inclusion of the slip-
all condition slightly increased the flame temperature by less than
K. However, compared to the bulk velocity and temperature of the

[

[
[

ournal 150 (2009) 213–222 221

reacting gases, the velocity slip and temperature jump were found
to be negligible.
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