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A good mixing of reactants is important for non-premixed combustion in miniature combustors. In this
paper, mixings of methane and oxygen in Y-shaped mesoscale combustors with and without porous
media were compared numerically. The results show that when there is no porous media in the horizontal
channel, the mixing becomes worse with the decrease of the included angle between two inlets, or with
the increase of inlet velocity. The reason is that for the case without porous media, the dominant mixing
mechanism is molecular diffusion under concentration gradients. In contrast, for the case with porous
media, due to the mass dispersion effect which becomes more significant with the decrease of channel
width, satisfactory mixing can always be attained in the Y-shaped mesoscale combustor. Moreover, fairly
good mixing can still be achieved in the horizontal channel of shorter length. All these demonstrate that
the porous media greatly promotes the methane/oxygen mixing in the Y-shaped mesoscale combustor,
which is beneficial for flame stabilization. Meanwhile, the combustor dimension can be further scaled
down because good mixing is possible in the channel with even smaller included angle and shorter length.
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This is very important for the application of miniature power generation system.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

With the rapid development of micro-electromechanical sys-
tems (MEMS), the demands for appropriate portable power
generators are growing. The high energy densities of hydrocarbon
fuels make it possible for combustion-based micro power genera-
tion systems to drive the MEMS in the future [ 1-3]. Therefore, micro
combustion has drawn extensive attention in the past decades.

However, there are some critical challenges to sustain a sta-
ble combustion in miniature combustors. Those adversities include
the increased heat losses due to large surface area-to-volume ratio
of the combustor chamber and the reduced residence time of the
fuel/oxidant mixture. To achieve a complete reaction in micro- and
meso-scale combustors, premixed combustion is superior to non-
premixed combustion. Thus, premixed combustion under small
scale has been widely investigated experimentally and numeri-
cally [4-22]. However, although premixed combustion is beneficial
for a complete conversion in miniature combustors, it still has
some shortcomings. First, premixed combustion needs a separate
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fuel/oxidizer mixer which makes the whole system more compli-
cated. In addition, premixed flame is prone to flashback which gives
rise to a potential safety problem for users of portable micro power
generators. In contrast, non-premixed combustion does not have
such demerits. Therefore, non-premixed combustion also gained
extensive attentions from researchers.

As the Reynolds number in micro- and meso-scale combustors
is relatively low, the molecular diffusion is the dominant mecha-
nism for fuel/oxidizer mixing, which is always unable to achieve
a good mixing for a continuous flame and a complete reaction.
For instance, Miesse et al. [23-25] experimentally investigated the
diffusion flames in a Y-shaped micro-burner and they observed
multiple isolated flame cells. Since the fuel conversion degree when
the flame cells are present is poor, it represents an undesirable
mode of combustion in terms of efficient micro-burner operation.
To reveal the mechanisms responsible for these discrete flamelets,
Xu and Ju [26] studied the non-premixed flames in a heated rectan-
gular channel with a gap distance of 6 mm and a width of 100 mm.
Fuel and air were fed into the channel via two horizontally parallel
inlet ports. By controlling the flow velocity and wall temperature,
a ‘flame street’ that consists of multiple flamelets inside the mixing
layer was observed, which is similar to that reported by Miesse
et al. [23-25]. They pointed out that onset of the ‘flame street’
was due to the process of diffusion and re-ignition. Therefore, for
high combustion efficiency, it is critical to promote the mixing
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Porous Media

Fig. 1. Schematic of the Y-shaped mesoscale combustor.

process of fuel and oxidizer in micro- and meso-scale combus-
tors.

Itis well known that porous media combustion has been proved
to be a good approach to stabilize flame under unfavorable con-
ditions, such as very lean mixture [27]. Porous media has also
been implied to stabilize premixed flame in micro- and meso-scale
combustors [28-30]. However, the application of porous media
to non-premixed combustion was seldom reported. Due to the
mass dispersion effect of the porous media, it is expected that
fuel/oxidizer mixing can be greatly enhanced for non-premixed
combustion. Being limited by the size, it is very difficult to obtain
information inside a micro-combustor by systematic experimen-
tal studies. On the other hand, numerical simulation provides a
convenient and cost-effective approach to investigate mixing and
combustion phenomena in small channels and the underlying
mechanisms. Thus, in the present work, we numerically investigate
methane/oxygen mixing in a Y-shaped mesoscale channel with and
without porous media. The impacts of the included angle between
methane and oxygen inlets, inlet velocity and channel length are
addressed.

2. Numerical technique
2.1. Geometric model

The two dimensional Y-shaped combustor is schematically illus-
trated in Fig. 1. It consists of two inlet channels, i.e., fuel and oxygen
flow paths, and a horizontal channel for mixing and combustion.
The widths of the two inlet channels (W7, W5) are both 2 mm and
the included angle between them () is varied from 30° to 150°.
The horizontal channel is of 40 mm in length (L) and 4 mm in width
(Wp). The porosity of the porous media is 0.52.

2.2. Governing equations

The gas phase is treated as an incompressible fluid with con-
stant physical properties. The conservation equations of continuity,
momentum and gaseous species are expressed as follows.

Continuity equation:
d(¢pg)
a—g+v(¢pgu)=0 (1)

t
where ¢, pg, and u are the porosity of porous media, the density of
the gas and the gas velocity, respectively. Gas densities are com-
puted from the ideal gas equation of state for a multi-component

mixture.
Momentum equation:

% + V(ppguu) = ~¢-p + V(1) +S 2)

where p is the hydrostatic pressure, T is the viscous stress tensor
and S is the source term in the momentum equation. For a homo-
geneous porous media, S can be described as

—(u. ]
S= (u o + 2C210g|u|u) 3)
Here, o represents the permeability and C, stands for the inertial
resistance factor; u is the dynamic viscosity; o and C; which are
derived from the Ergun equation are described as follows [31].
D? 3
_ b _¢ (4)
150 (1-¢)
_3.5(1-¢)
Dy ¢?
where Dp is the mean pore diameter.
The source term is composed of two parts which are viscous loss
term (the first term on the right-hand side) and inertial loss term
(the second term on the right-hand side).
Species conservation equation:

G

(5)

Bpe- 04 V(Bpgu¥) = V(py -D- VY + G, (6)

where Y; is the mass fraction, V; is the diffusion velocity, W; is the
molecular weight, and w; is the production rate of the ith species,
respectively. The production term can be eliminated due to the cold
state under investigation. Then the equation can be simplified to the
following form:

aY;

opg - ot + V(ppguY;) = V(¢pg - D - VY;) (7)

The diffusion coefficient involving mass dispersion effect is
given below [32].

D = Dy, + D&, (8)

Here, the first term D;,, is the diffusion coefficient of the ith com-
ponent into the mixture, while the second term DY, is the mass
dispersion coefficient. The precise mass dispersion correlation on
species dilution is still unknown. In the present work, we adopt the
analogous formula below [32].

D4
o = 0.5Pep, 9)
1-X;
im : (10)

N /)
where Dj; is the binary diffusion coefficient, and X; or X; is the mole

fraction of the it" or jt" component. Pe;, is the mass transfer Peclet
number [33].

_ L (11)

According to Broadwell et al. [34], T4i5 and Tcony are defined as
follows:

Lgi
Taiff = %f (12)

SIS

(13)

Teonv =

where ly;r is the characteristic scale of molecular diffusion, M is the
characteristic scale of the channel (for the present work, it is the
channel width, Wy), D is the molecular diffusion coefficient, and U
is the average velocity.

As the characteristic scale of the mesoscale combustor under
investigation is still much larger than the molecular free path, the
Knudsen number is far less than 0.001 and thus no-slip boundary
condition for velocity is applied. The maximum average velocity in
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Fig. 2. Mass fraction contours of methane in the Y-shaped mesoscale combustor
at§=90°, ¢=1.0, Vcu, = 1.0m/s: (a) without porous media, (b) with porous media
and ignoring the mass dispersion effect, (c) with porous media and considering the
mass dispersion effect.

the combustor chamber is confined to be less than 5.8 m/s, there-
fore, the flow without porous media is laminar. While the porous
media is applied, the Reynolds number determined by the diame-
ter of pores (3 x 10~4 m) is less than 100. According to Pedras [35],
the flow is in the Forchheimer regime (1-10 <Re < 150). Therefore,
laminar model is adopted in the present work for the simulation
with porous media.

2.3. Computation method

Methane and oxygen were selected as the fuel and oxidant,
respectively. Uniform velocity distributions were specified at the
two inlets of the mesoscale combustor. An outflow boundary con-
dition was specified at the exit. The computational fluid dynamics
(CFD) software package FLUENT 6.3 [36] was applied to solve
the mass, momentum and species conservation equations. The
second-order upwind scheme was used to discretize the model,
and the “SIMPLE” algorithm was employed to couple the pres-
sure and velocity. A non-uniform square grid system with 20,221
meshes was employed in the computation and the results were
verified to be grid-independent. A user-defined function was intro-
duced to take the mass dispersion effect into consideration in the
porous media zone. The convergence of the CFD simulation was
judged based on the residuals of all governing equations. The results
obtained in this study were achieved with residuals smaller than
1.0x 1076,

3. Results and discussion

In the following, we first compare the mixing processes in the
smooth channel with the porous media case. The mass dispersion
effect of the porous media is examined and the impact of combustor
scale on mass dispersion is especially investigated. Then, the effects
of several factors such as the included angle between two inlets,
inlet velocity, and channel length are studied.

3.1. Effect of mass dispersion on the mixing process in the
mesoscale channel with porous media

The mass fraction contours of methane in the Y-shaped
mesoscale combustors with/without porous media are shown in
Fig. 2. The included angle between the two inlets is 90° in this case.
The inlet velocities for methane and oxygen flows are 1m/s and
2m/s, respectively (corresponds to an equivalence ratio ¢ =1.0). It
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Fig. 3. Mass fraction contours of methane in the Y-shaped channels filled with
porous medial at different channel widths: (a) Wp=4mm, (b) Wy=20mm, (c)
Wy =40 mm. The length to width ratio of the horizontal channel is fixed for the three
geometrical models. For the convenience of comparison, the two macroscale chan-
nels are scaled down to the same size as the mesoscale channel. Other parameters
are set to be: 6=90°, ¢=1.0 and Vcy, = 1.0m/s.

is seen from Fig. 2a that there is a clear interface with large gra-
dient between the methane and oxygen sides, which implies that
the mixing is unsatisfactory. The interface remains horizontal and
extends to the combustor exit. This indicates that in the Y-shaped
combustor without porous media, except for the collision at lead-
ing edge of mixing interface, the dominant mixing mechanism is
molecular diffusion which is not able to achieve a perfect mixing
within a short distance. Fig. 2b depicts the mass fraction contours
of methane in the combustor with porous media but ignoring the
mass dispersion effect. It is noted from Fig. 2b that the interface
with large gradient of mass fraction is also observed, as that shown
in Fig. 2a. However, when the dispersion effect is considered, the
mixing layer with large concentration gradients vanishes, which
indicates that the mixing of methane and oxygen is much more
rapid due to the mass dispersion effect, as clearly seen from Fig. 2c.
The mass fraction of methane grows fairly uniform at the mid-
stream of the horizontal channel. This is because the complicated
structure of porous media makes the fluid passageways mazy and
the fluid velocity varies in both magnitudes and directions every-
where. These facts demonstrate that the molecular diffusion is the
dominant mechanism for the mixing process in smooth channel,
while the mass dispersion effect is significant for the mixing pro-
cess in the mesoscale channel filled with porous media. This can be
easily deduced from the comparison between the mass dispersion
coefficient D4, and molecular diffusion coefficient D;, in Eq. (9). The
order of D4, is 10~* while the order of D;, is about 102,

We now examine the mass dispersion effect on the mixing pro-
cess in the channels with different widths. The channel widths of
two other cases were selected to be Wy =20mm and 40 mm. The
length to width ratio of the horizontal channel was kept to be the
same as the original case. The inlet velocity of methane is 1.0m/s
and the equivalence ratio is 1.0. The porosity and pore size of the
porous media are the same for the three cases. Fig. 3 shows mass
fraction contours of methane in these three channels, in which
the mass dispersion effect was included in the numerical simu-
lation. It is seen from Fig. 3 that as the channel width changes from
mesoscale to macroscale, the interface with large CH4 concentra-
tion gradient becomes longer. In other words, the methane/oxygen
mixing gets worse with the increase of channel width. This means
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Fig.4. Mass fraction profiles of methane at the combustor exit for different channel
widths. There is porous media in the horizontal channel and 6=90°, ¢=1.0, Vcyy, =
1.0m/s.

that the mass dispersion effect grows weaker in macroscale chan-
nel. The reason is explained as follows. According to Eqs. (13) and
(11), Tconv is proportional to the channel width Wy, which results
in the decrease of Pe;; when the channel width is increased. Con-
sequently, the mass dispersion coefficient D, is reduced with the
decrease of Pe;; based on Eq. (9). Therefore, when the channel width
is increased from 4 mm to 20 mm and 40 mm, the mass dispersion
coefficientisreduced to 1/5 and 1/10 of that of the 4-mm wide chan-
nel. This implies that the mass dispersion effect is greatly weakened
in macroscale channel with porous media.

To quantitatively evaluate the eventual mixing effect of
methane and oxygen, we plot the mass fraction profile of methane
at the combustor exit in Fig. 4. In this figure, y* is the dimensionless
coordinate at the combustor exit, with a positive direction pointing
upward from the center. It is seen from Fig. 4 that for the channel
with a width of 4 mm, the methane mass fraction is nearly a hori-
zontal line around 0.2. This implies a perfect mixing (the methane
mass fraction of the ideal pre-mixture is 0.20) is attained in this
case. For the 20 mm wide channel, the mass fraction of methane
is only 0.05 at the downside of the exit, climbing up to 0.4 at the
topside, which indicates an uneven distribution of methane at the
combustor exit. As the channel width is increased to 40 mm, the
mass fraction of methane at the combustor exit becomes more
uneven. Therefore, it is more beneficial to adopt porous media in
mesoscale combustors than macroscale combustors.

3.2. Effect of the included angle

Fig. 5 presents the mass fraction profiles of methane at the
combustor exit for various included angles. In these cases, there
is no porous media in the horizontal channel and the inlet veloc-
ity of methane Vcy, is 2.0 m/s. This figure demonstrates that as the
included angle increases, the methane concentration grows more
uniform at the combustor exit, implying a better mixing at larger
included angles. The reason is explained below.

It is easy to know from Fig. 1 that the inlet velocity u can be
decomposed into a horizontal component, uy, and a vertical com-
ponent, uy, which are expressed as follows:

uxzuxcosg (14)
uyzuxsing (15)
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Fig.5. Mass fraction profiles of methane at the combustor exit for different included
angles. There is no porous media in the horizontal channel and ¢=1.0, Vcy, =
2.0m/s.

As we know that the mixing of fuel and oxygen mainly depends
on two factors, one is the collision intensity at the leading edge of
the horizontal channel, while the other is the residence time of reac-
tants. From Egs. (14) and (15) it can be deduced that, as the included
angle is less than 180° and thus 6/2 <90°, when the included angle
is increased, the vertical velocity component is correspondingly
increased whereas the horizontal velocity component is decreased.
Therefore, the collision between the two streams is intensified and
the residence time is extended simultaneously, which implies that
a better mixing can be accomplished at a large included angle.
However, one should be aware that the vertical dimension of the
Y-shaped combustor becomes bigger as well. Thus, an excessive
large included angle is not recommended because a smaller size is
always desirable for MEMS.

The effect of the included angel on the mixing in the combus-
tor with porous media is illustrated in Fig. 6. It is evident from
Fig. 6 that perfect mixing of methane and oxygen can be achieved at
any angle due to the dispersion effect caused by the porous media.
The corresponding velocity contours are depicted in Fig. 7, which
demonstrates that all the velocity fields in the porous media are
uniform and similar for all the cases with different included angles.
This is because the porous media can rectify the non-uniform
incoming flows to a uniform one. In summary, the included angle
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Fig. 6. Mass fraction profiles of methane at the combustor exit for different included
angles. There is porous media in the horizontal channel and ¢=1.0, Vcy, = 2.0m/s.
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Fig. 7. Contours of velocity magnitude in the Y-shaped mesoscale combustor for
different included angles: (a) #=30°, (b) #=90°, (c) #=150°. There is porous media
in the horizontal channel and ¢=1.0, Vcy, = 2.0m/s.

has a negligible effect on the methane/oxygen mixing when porous
media is applied, which also means that the scale of the whole
combustor can be reduced.

3.3. Effect of the inlet velocity

In this section, we investigate the effect of the inlet velocity on
the methane/oxygen mixing in the channels with/without porous
media. The inlet velocity of methane takes the values of 0.2 m/s,
0.4m/s, 0.6 m/s, 0.8 m/s and 1.0 m/s. The corresponding velocities
of oxygen are 0.4 m/s, 0.8 m/s, 1.2 m/s, 1.6 m/s and 2.0 m/s, respec-
tively. The included angle between the two inlets is set to be 90°
and the equivalence ratio maintains unity.

Fig. 8 shows the mass fraction profiles of methane at the com-
bustor exit for different inlet velocities in the absence of porous
media. Itis seen from Fig. 8 that when the inlet velocity is decreased,
the mass fraction profile of methane becomes more uniform. To
illustrate the differences of mixing processes for different inlet
velocities, we present the mass fraction contours of methane for
Vch, =0.2m/s, 0.6 m/s and 1.0m/s in Fig. 9. From this figure it is

0.5 T T T T T T
— VCH 4=0.2 m/s

—.—— VCH 4=0.4 m/s

e
FS
T

—— VCH 4=0.6 m/s
3 .- VCII 4=0.8 m/s

—— VCH 4=1.0 m/s

e
»

Mass Fraction of Methane
e
N

=
-

2.0 -1.5 -1.0 -0.5 0 0.5 1.0 1.5 2.0
y/ mm

Fig. 8. Mass fraction profiles of methane at the combustor exit for different inlet
velocities. There is no porous media in the horizontal channel and 6=90°, ¢ =1.0.
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Fig.9. Mass fraction contours of methane in the Y-shaped mesoscale combustor for
different inlet velocities: (a) Vcn, = 0.2m/s, (b) Vcu, = 0.6 m/s, (c) Veu, = 1.0m/s.
There is no porous media in the horizontal channel and 6=90°, ¢ =1.0.

clearly seen that on the upper side, the methane concentration
decreases more rapidly as the inlet velocity is decreased. When
the inlet velocity of methane is 0.2 m/s, mass fraction contours of
methane is nearly uniform at the combustor exit, which is con-
sistent with Fig. 8. However, for relatively higher inlet velocity, the
methane-oxygen interface extends until the combustor exit, which
indicates unsatisfactory mixing in these cases. These demonstrate
that when there is no porous medium in the horizontal channel,
the dominant mixing mechanism is molecular diffusion, while the
effect of convection on the mixing process is indirect. It can be
deduced from Eq. (14) that the horizontal velocity component uy is
proportional to the inlet velocity u. Therefore, the residence time is
inversely proportional to the inlet velocity u. In other words, when
the inlet velocity is lower, methane and oxygen have a longer resi-
dence time to mix with each other and a better mixing is possible.
Nevertheless, for the cases without porous media in the horizon-
tal channel, good mixing can only be achieved at very low inlet
velocities, e.g., 0.2 m/s.

Fig. 10 presents the mass fraction profiles of methane at the
combustor exit for different inlet velocities when the horizontal
channel is filled with porous media. This figure shows that there
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Fig. 10. Mass fraction profiles of methane at the combustor exit for different inlet
velocities. There is porous media in the horizontal channel and 6=90°, ¢ =1.0.
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are only small differences between these profiles. For example,
the differences between the methane mass fractions of these cases
on the same side are less than 0.006; meanwhile, the largest dif-
ference between methane mass fractions of the upper and lower
side is only around 0.013. These indicate that in the cases with
porous media in the horizontal channel, the mass dispersion effect
is always the dominant mechanism for methane/oxygen mixing,
which can ensure a good mixing even at high inlet velocities.

3.4. Effect of the channel length

Fig. 11 illustrates the mass fraction profiles of methane at the
combustor exit for different lengths of the horizontal channel with
porous media. It is seen from this figure that when the length of
horizontal channel is reduced to half of the original length, the
difference between the mass fractions of methane at the upper
and lower ends of the combustor exit reaches 0.1, which indi-
cates that the mixing of this case is not that good as the full length
case. However, when the length of horizontal channel is reduced
to 3/4 and 2/3 of the full length, fairly good mixing can still be

(@)

Fig. 12. Mass fraction contours of methane in the Y-shaped mesoscale combustors
for different lengths of the horizontal channel: (a) 1/2 of full length, (b) 2/3 of full
length, (c) 3/4 of full length, (d) full length. There is porous media in the horizontal
channel and 6=90°, ¢$=1.0, Vcyy, = 1.0m/s.

attained for these two cases. These can be clearly seen from Fig. 12
in which the mass fraction contours of methane for different chan-
nel lengths are illustrated. Thus, dimension of the original Y-shaped
mesoscale combustor can be reduced by great extent, which is of
special importance for mini-power generators which always have
size limitations.

4. Conclusions

In the present work, mixings of methane and oxygen in Y-
shaped mesoscale combustors with and without porous media
were numerically investigated and compared. Results reveal that
for the case without porous media in the horizontal channel, the
mixing effect becomes worse with the decrease of the included
angle between two inlet channels, or with the increase of inlet
velocity. A good mixing cannot be achieved except for the cases
with very low inlet velocity. This is because when there is no porous
media in the horizontal channel, the dominant mixing mecha-
nism is molecular diffusion under concentration gradients, which
is always not able to achieve a good mixing. On the contrary, for the
cases with porous media in the horizontal channel, the mass dis-
persion effect is more significant than molecular diffusion under
micro- and meso-scales, which ensures that a satisfactory mixing
can always be attained. Furthermore, fairly good mixing can still
be accomplished in the horizontal channel of reduced length. All
these demonstrate that the porous media significantly enhances
the methane/oxygen mixing in the Y-shaped mesoscale combustor,
which is beneficial for flame stabilization. In addition, the combus-
tor dimension can be further scaled down because good mixing
is possible in the horizontal channel with even smaller included
angle and/or shorter length. This is of special importance for the
application of miniature power generation system.
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