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Combustion characteristics of lean hydrogen/air mixture in a planar micro-channel with
a bluff body were investigated experimentally and numerically. Effects of the inlet velocity
and equivalence ratio on the blow-off limit, combustion efficiency and exhaust gas
temperature were examined. The results show that the blow-off limit is greatly extended
as compared with that of the micro-combustor without a bluff body. Moreover, the blow-
off limit increases as the equivalence ratio is increased from 0.4 to 0.6. Furthermore, with
the increase of inlet velocity, the flame front is prolonged and becomes narrower, and the
high temperature segment of outer wall shifts downstream. In addition, the combustion
efficiency and exhaust gas temperature increase first and then decrease with the increase
of the inlet velocity. Finally, comparatively high combustion efficiency can be maintained
over the whole combustible velocity range at a moderate equivalence ratio.
Copyright © 2012, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd. All rights
reserved.

1. Introduction

Meanwhile, there are several challenges we have to take up
in developing micro-combustors [2]. One of the mostimportant

With the rapid progresses of micro-electro-mechanic system
(MEMS) technology, various small devices and systems,
including micro-aircrafts, robots, gas turbines, engines and
portable electronic and communication devices, are continu-
ously emerging for military, industrial applications and
human daily lives [1]. Conventional batteries cannot act as
power sources satisfactorily for those small devices because
batteries are heavy, and have a low energy density, a short
duration as well as a long recharging time. Combustion-based
micro-power-generation devices and systems are considered
to be one of the competitive alternatives due to the much
higher energy densities of hydrocarbon fuels as compared
with those of conventional electrochemical batteries [2-4].
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issuesis theincreased heatlosses due to the large surface area-
to-volume ratio of the micro-combustor [2]. Another critical
problem is the shortened residence time of the gaseous
mixture under reduced dimension. Many researchers have
made tremendous contributions to the study of flame stability
of premixed combustion under small scales. For instance,
Maruta et al. [5] investigated the combustion behavior of pre-
mixed CHy/air mixtures in a heated quartz tube with a 2.0-mm
diameter. Flames with repetitive extinction and ignition (FREI)
were observed with a high-speed video camera. Later, similar
flame dynamics were confirmed and interpreted by many other
researchers [6—10]. For example, Pizza et al. [8] numerically
investigated the combustion characteristics of hydrogen/air
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mixture in a heated planar micro-channel. Their results
demonstrated that the stable combustion region was very
limited. After that, Minaev et al. [11] predicted that flame
splitting phenomenon exists in micro-channel with constant
wall temperature profile. Fan et al. [12] confirmed this predic-
tion through experiment. Very recently, Nakamura et al. [13]
numerically investigated the flame splitting phenomenon
during the FREI processes. This work successfully revealed the
details of the multiple ignition kernels in the flow reactor.
Flame instabilities in a radial micro-channel were systemati-
callyinvestigated by Kumar et al. [14,15] and Fan etal. [16,17].In
addition to stable circular flame, a variety of non-stationary
flame patterns, such as the rotating Pelton-wheel-like flames,
traveling flames, spiral-like flame, and so forth, were observed.
Stability of premixed hydrogen-air flame in radial micro-
channel was investigated experimentally and numerically by
Zamashchikov and Tikhomolov [18].

Great efforts have been made to improve flame stability in
micro- and meso-scale combustors. Thermal managements,
such as heat recirculation, are frequently adopted in the
design of small combustors. For instance, the “Swiss Roll”
structure has been implemented to stabilize flames in micro-
and meso-scale burners [19]. Jejurkar and Mishra studied
flame stability in an annular micro-combustor [20]. Li et al. [21]
developed a planar micro-combustor fitted with stainless steel
mesh. It was shown that flame was effectively anchored by the
inserted porous media. Jiang et al. [22] proposed a miniature
cylindrical combustor with porous wall. Flame can be stabi-
lized in the combustor chamber due to the reduction of heat
losses and preheating effect of the fresh mixture. Another way
to anchor flame in micro-combustors is to form a flow recir-
culation zone. For an example, Yang et al. [23] and Pan et al.
[24] made a comparative study on the combustion in micro-
cylindrical combustors with and without a backward facing
step. Their work showed that the step was very useful in
controlling flame position and widening the operational range
of flow rate. Many other researchers adopted catalysts in
micro-combustor for flame stabilization [25—30].

Although a variety of flame stabilization approaches have
been reported in the literature, simple yet effective methods
are still desirable to widen the stable operating range of
combustion-based micro-power generation systems. It is well
known that bluff bodies are extensively used for flame stabi-
lization in various industrial combustion and propulsion
systems [31]. However, their applications to micro-combustors
have not been reported to date. Thus, in the present work, we
developed a planar micro-combustor with a bluff body to
extend the stable combustion region of premixed Hy/air flame
in micro-channels. Combustion characteristics of lean pre-
mixed H,/air flame in this combustor were studied experi-
mentally and numerically. The blow-off limit and exhaust gas
temperature were investigated through experiment, while
some other characteristics were explored via numerical
simulation due to the inconvenience of measurement.

2. Experimental setup and method

The geometric diagram of the planar micro-combustor is sche-
matically shown in Fig. 1. The total length (Lo) is 16 mm and the
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Fig. 1 — Schematic diagram of the micro combustor with
a bluff body: (a) cross section of the combustor, (b)
combustor exit.

thickness of combustor wall (W3) is 1 mm. The width (W) and
height (W,) of the combustor chamber are 10 mm and 1 mm,
respectively. The cross-section of the bluff body is an equilateral
triangle with a side length (W) of 0.5 mm. The bluff body is
symmetrically located with respect to the combustor walls, and
the distance from its vertical surface to the combustor inlet (L,) is
1 mm. Both of the combustor wall and bluff body are made of
quartz glass which can endure a very high temperature.

The experimental system is shown in Fig. 2. Hydrogen and
air of high pressure were stored in two gas tanks. Their pres-
sures were reduced to atmospheric pressure by using pressure
reducing valves, while the mass flow rates were adjusted and
controlled by electric mass flow meters with an accuracy of 1%
over the full range. The fuel and air streams were fully mixed in
a mixer before entering into the micro-combustor. An electric
spark igniter is applied to ignite the fresh mixture. For the sake
of safety, a flash arrester was used between the mixer and the
flow meter of hydrogen. Moreover, a K-type thermocouple
with a bead diameter of 0.5 mm was used to measure the
exhaust gas temperature, and the temperature presented in
this paper has been corrected considering the heat losses to
the ambient [32]. A digital camera was used to take flame
pictures from the top viewpoint.

At the beginning of the combustion experiment, we first
ignite the fuel/air mixture at a low velocity under which flame
can be stabilized behind the bluff body, and then increase the
inlet velocity with a step of 1.0 m/s, until the flame is blown
out of the micro-combustor. The largest inlet velocity was
decided as the blow-off limit. The above procedure is adopted
for all the cases with different equivalence ratios.

Because the size of combustor exit was too small to sample
the exhaust gas, the analysis of exhaust gas was not carried
out and the combustion efficiency was obtained through
numerical simulation.

3. Numerical model
3.1. Governing equations
As the characteristic length of the combustor chamber is still

sufficiently larger than the molecular mean-free path of gases
flowing through the micro-combustor, fluids can be reasonably
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1-Hydrogen cylinder; 2-Air cylinder; 3,4-Manual valves;

5,6,9,10-Pressure gauges;

7,8-Pressure reducing valves; 11,12- Mass flow controller; 13- Flash arrester; 14-Mixer; 15-

Micro combustor ; 16- Digital camera; 17- Electric spark igniter; 18- Thermocouple;

Fig. 2 — Schematic diagram of the experimental system.

considered as continuums and the Navier—Stokes equations
are still suitable in the present study. Kuo and Ronney [33] re-
ported that it is more appropriate to predict the combustion
characteristics in micro-combustors by using a turbulence
model when the Reynolds number is above ~500. It is expected
that in a micro-combustor, the mixing of various kinds of
species is enhanced due to the small space. The turbulence
model is better than the laminar model to reflect the enhanced
mixing and its effect on combustion characteristics. In our case,
the corresponding inlet velocity for Re = 500 is ~8.0 m/s. As the
main purpose of the micro-combustor fitted with a bluff body is
to extend the blow-off limit, which is much larger than 8.0 m/s
(refer to subsection 4.2), therefore, the realizable k—¢ turbulence
model is adopted here. Our experimental results also validate
the suitability of this model for the present work, which will be
shown in the subsection 4.2. The governing equations for the
gaseous mixture are shown below [34]:

Continuity:
0 0
&(PVX) +@(Puy) =0 (1)
Momentum:
o 0(puxUy) | O(pUxUy)  Bp | Otxx | Oty
X direction : e + by ' ox oy 2
Y direction : 76('01]yux)4-48(pUyUy ) =P, O Oy (3)
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Energy:
d(puxh)  (puyh) 8(kedT) 0(kOT) o (, Y
x T ay  ox2 * y? +Z& PipDimse
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where p (kg/m’) is density; vy (m/s) and v, (m/s) are the velocity
components in the x and y directions, respectively; p (Pa) is
pressure; t (Pa) is shear stress; h; (J/kg) is the enthalpy of
species i; ke (W/m K) is the thermal conductivity of fluid; T (K) is
temperature; Y; (kg/kg) denotes the mass fraction of species i;
R; (kg/s m?) is the generation or consumption rate of species i;
Dim (m?s) is the mass diffusivity of species i.

As has been shown by many researches that heat
conduction in the solid phase exerts an important effect on
the combustion [18—20,33], we consider the heat transfer in
both combustor walls and bluff body in the computation. The
energy equation for the solid phase is given as:

3(ks0T)  B(RAT)
. oy2 (©)

where ks (W/m K) is the thermal conductivity of solid material.

3.2 Computation scheme

Because hydrogen has much higher burning velocity than
other hydrocarbon fuels, we select it as the fuel in the
present study. To protect the bluff body and combustor walls
against too high temperatures, lean mixtures with equi-
valence ratios of 0.4, 0.5 and 0.6 are used to control the
maximal temperature. The equivalence ratio, ¢, is a
commonly used index to indicate quantitatively whether the
fuel-air mixture for a chemical reaction is rich (¢ > 1), lean
(¢ < 1), or stoichiometric (¢ =1). The equivalence ratio is
defined as [34]
(E/A)

0= (F/A)stoic (7)
where (F/A) and (F/A)stoic are the real and stoichiometric mass
ratios of the fuel (F) to the air (A).

The density of the gas mixture is calculated using the ideal
gas assumption, while the specific heat, viscosity, and thermal
conductivity are calculated from a mass fraction weighted
average of species properties [35]. Temperature dependence of
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all the required physico-chemical parameters is incorporated
using polynomial functions based on handbook values [36].

The reaction mechanism reported by Li et al. [37] is applied
to model the combustion of H,/air mixtures. It consists of 19
reversible elementary reactions and 13 species. Detailed
transport properties of the gaseous mixture are computed
using the CHEMKIN database [38]. The laminar finite-rate
model is selected to solve the interaction between turbu-
lence flow and combustion. As the micro-combustor has been
processed via special measures which made all the surfaces
inert, the surface reaction effect was not considered in CFD
simulation.

Uniform concentration and velocity distributions of pre-
mixed H,/air mixture are specified at the inlet of micro-
combustor. The inlet temperature of mixture is set at 300 K.
At the exit, a pressure outlet boundary condition is specified
with a pressure of 1.013 x 10° Pa. Surface to surface radiation
between the inner surfaces of the combustor is considered
using the discrete ordinates (DO) model [33]. At the inner wall,
boundary conditions of non-slip and no species flux normal to
the wall surface are applied. At the outer surface of the solid
walls, heat losses to the surroundings are calculated through
Eqg. (8), in which both natural convection and thermal radia-
tion are considered. « is the natural convection heat transfer
coefficient and we give it a constant value of 20 W/m?%X [39].
Two is the outer wall temperature and T. is the ambient
temperature. The ambient temperature is about 25 °C (298 K)
during the experiment. For simplicity, we used a constant
value of 300 K in the computation. The error by doing this is
negligible. ¢ is the emissivity of the solid surface, and ¢ is the
Stephan—Boltzmann constant, with a value of 5.67 x 108 W/
(m? K*).

4= a(Tyo —To) + e (Th, ~T4) ®)

FLUENT 6.3 [40] is applied to solve the conservation equations
of mass, momentum, energy and species as well as the conju-
gated heat conduction in solid materials. The second-order
upwind scheme was used for discretization and the “SIMPLE”
algorithm was employed for the pressure—velocity coupling. As
can be seen from Fig. 1b, the aspect ratio (W;/W, = 1:10) of the
combustor chamber is very small, therefore, a two-dimension,
steady-state solver is selected to reduce the computation load.
Grid-independence of the results was verified and a non-
uniform square grid system with 171,132 cells was employed
in the final computation. The convergence of CFD simulation is
judged upon residuals of all governing equations. Results re-
ported here were achieved with residuals smaller than
1.0 x 107°.

4, Results and discussion
4.1. Flame observation

Flame pictures were taken with a still digital camera from the
top viewpoint at each inlet velocity. Here, we only present
three photos at 15, 23 and 40 m/s for the equivalence ratio of
0.5, as shown in Fig. 3. This is because they can show the
typical variation tendency of the flame appearance. As the

Fig. 3 — Flame photos for different inlet velocities at the
same equivalence ratio of 0.5: (a) Vi, = 15 m/s, (b)

Vin = 23 m/s, (c) Vi, = 40 m/s. The inlet of the combustor is
on the left side.

tendency is similar under other equivalence ratios, it is no
need to present flame pictures of all cases. From Fig. 3a it is
seen that when the inlet velocity is 15 m/s, flame can be
stabilized behind the bluff body, and the color of the
combustor wall is red (in the web version). As the inlet velocity
is increased to 23 m/s, the high temperature zone is gradually
shifted downstream and looks even brighter (Fig. 3b), indi-
cating a higher flame temperature. With a further increment
of the inlet velocity to 40 m/s, the high temperature zone is
pushed to even farther downstream, and the color of
combustor wall becomes dark red, which can be clearly seen
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in Fig. 3c. Thus, the combustion has deteriorated in this case,
i.e., it is a condition near the blow-off limit.

4.2. Blow-off limit

The experimental results of blow-off limits under different
equivalence ratios have been obtained through both experi-
mental investigation and numerical simulation, as shown in
Fig. 4. It can be seen from Fig. 4 that the predicted blow-off
limits agree reasonably well with the counterparts of the
experiment. The relative errors between the numerical and
experimental results are 5.3%, 12.2% and 5.8% for the equiv-
alence ratios of 0.4, 0.5 and 0.6, respectively. This confirms the
reasonable accuracy of the numerical model adopted in the
present paper. To further validate the suitability of the
turbulence model, we also conducted numerical simulation
with the laminar model. For example, when the equivalence
ratio is 0.5, the blow-off limit computed with the laminar
model is only 16 m/s, which is much less than both the
experimental data (41 m/s) and computation result with the
turbulence model (36 m/s).

For the planar micro-combustor without a bluff body, the
blow-off limits are about 3.0, 4.0 and 6.0 m/s at the equivalence
ratios of 0.4, 0.5 and 0.6, respectively. Comparing these values
with Fig. 4, one can see that the micro-combustor with a bluff
body greatly extends the stable combustion range of hydrogen/
air mixture. In addition, it is seen from Fig. 4 that the blow-off
limit increases with the increase of the equivalence ratio. This
is mainly because for lean hydrogen/air mixtures, the amount
of heat release and chemical reaction rate increase with the
equivalence ratio [34]. Consequently, the solid and gas
temperatures can remain at a higher level for a larger equiva-
lence ratio, as clearly shown in Fig. 5. Thus, the negative effect
of heat losses on combustion stability can be reduced to some
extent, which can be clearly seen from the contours of radical
H, as shown in Fig. 6. From Fig. 6, it is evident that the chemical
reaction intensity is enhanced at a higher equivalence ratio.

To help analyzing the mechanism of flame stabilization by
the bluff body, contours of flow field and radical H for different
inlet velocities at the same equivalence ratio of 0.5 are illus-
trated in Figs. 7 and 8 , respectively. It can be seen from Fig. 7a
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Fig. 4 — Experimental and numerical results of blow-off
limits for different equivalence ratios.
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Fig. 5 — Numerical results of temperature fields for different

equivalence ratios at the inlet velocity of 10 m/s: (a) ¢ = 0.4,

(b) ¢ = 0.5, (c) ¢ = 0.6.

that a small recirculation zone is formed behind the bluff
body. Owing to the existence of the recirculation zone, a stable
reaction zone (region of high H concentration) is sustained
and thus the flame is anchored by the bluff body, as shown in
Fig. 8a. With the increment of the inlet velocity, both the
recirculation zone and reaction zone are prolonged (see Figs.
7b and 8b). However, with a further increase of the inlet
velocity, although the recirculation zone is continuously
prolonged and enlarged, the middle of the reaction zone
becomes thinner and tends to be split into two parts, as
indicated by an arrow in Fig. 8c. Finally, flame is no longer able
to be sustained at even larger velocities because the reaction
zone behind the bluff body is too small, i.e., blow-off occurs.

4.3. Effects of the equivalence ratio and inlet velocity on
the exhaust gas temperature

Fig. 9 illustrates the variation tendencies of the measured
exhaust gas temperature versus the inlet velocity at different
equivalence ratios. From this figure, it can be seen that the
exhaust gas temperature increases with the equivalence ratio
when the inlet velocity is fixed. The reason is that when the
equivalence ratio is larger, more combustion heat is released
which leads to a higher temperature level in the combustor
(see Fig. 5). As a result, the exhaust gas temperature is also

7.00 x 10+
5.83 x 10+
4.67 x 10

350 % 104 _

233 x 10 b

I 117 % 16" ?—

0.00 Cc

Fig. 6 — Numerical results of mass fraction contours of
radical H for different equivalence ratios at the inlet
velocity of 10 m/s: (a) ¢ = 0.4, (b) ¢ = 0.5, (c) ¢ = 0.6.


http://dx.doi.org/10.1016/j.ijhydene.2012.09.154
http://dx.doi.org/10.1016/j.ijhydene.2012.09.154

INTERNATIONAL JOURNAL OF HYDROGEN ENERGY 37 (2012) 19190—19197

19195

Fig. 7 — Numerical results of flow fields in the combustor
for different inlet velocities at the equivalence ratio of 0.5:
(a) Vin = 10 m/s, (b) Vin = 20 m/s, (c) Vi, = 30 m/s. The blue
region indicates the recirculation zone, while the red
region indicates the high velocity zone of burned gas. [For
interpretation of color referred in this figure legend, the
reader is referred to web version of the article.]

raised. Moreover, it is noted that the exhaust gas temperature
increases first and then decreases with the increasing inlet
velocity. This means that the exhaust gas temperature rea-
ches a peak at a moderate inlet velocity. The corresponding
inlet velocities for the equivalence ratios of 0.4, 0.5 and 0.6 are
7.0 m/s, 23.0 m/s and 23.0 m/s, respectively. Obviously, this
value depends on many factors, including the equivalence
ratio, heat losses, and combustion efficiency. The last one will
be discussed in the following section.

4.4. Effects of the equivalence ratio and inlet velocity on
combustion efficiency

Fig. 10 depicts the numerical results of combustion efficiency
against inlet velocity under different equivalence ratios. It is
seen from Fig. 10 that even the lowest combustion efficiency is
larger than 0.96, which demonstrates that relatively complete
conversion can be achieved in this micro-combustor. Moreover,
one can see that the combustion efficiency increases first and

5.50x 10

4.58 x 10 -

3.67 x 10* a
2.75x 10%

1.83 x 10+ b

I 9.17 x 10* hT*
0.00 C
Fig. 8 — Numerical results of mass fraction contours of

radical H for different inlet velocities at the equivalence ratio
of 0.5: (a) Vi, = 10 m/s, (b) Vi, = 20 m/s, (c) Vi, = 30 m/s.
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Fig. 9 — Experimental data of exhaust gas temperature
versus inlet velocity for different equivalence ratios.

then decreases with the increasing inlet velocity when the
equivalence ratio is fixed. This non-monotonic variation char-
acteristic is like that of the exhaust gas temperature (see Fig. 9).
Similarly, the inlet velocity corresponding to the maximum
combustion efficiency depends on the equivalence ratio, flame
temperature, and heat losses. Meanwhile, the corresponding
inlet velocities reaching a maximum efficiency are 8.0 m/s,
10.0 m/s and 15.0 m/s for equivalence ratios of 0.4, 0.5 and 0.6,
respectively. This means that the highest combustion efficiency
reaches ata smaller velocity when the equivalenceratioislower.
Furthermore, for the equivalence ratio of 0.5, the combustion
efficiency can maintain above 0.99 under most inlet velocities.
This indicates that a moderate equivalence ratio is beneficial to
achieve a relatively complete combustion.

4.5. Effect of the inlet velocity on the wall temperature
profile

The effect of inlet velocity on the outer wall temperature
profile is numerically investigated and the results are
demonstrated in Fig. 11 for the same equivalence ratio of 0.5.

1.00

0.99+

0.98

0.97+

Combustion efficiency

e 10 20 30 40 50

Inlet velocity(m/s)

Fig. 10 — Numerical results of combustion efficiency versus
inlet velocity for different equivalence ratios.
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Fig. 11 — Numerical results of outer wall temperature profiles
for different inlet velocities at the equivalence ratio of 0.5.

From Fig. 11, several characteristics can be observed. First, itis
seen that the segment of high wall temperature shifts down-
stream with the increasing inlet velocity. This is because the
reaction zone is prolonged and the high temperature zone is
pushed farther downstream as the inlet velocity is increased,
as have been shown in Fig. 8. Second, it is noted from Fig. 11
that the upstream wall temperature is higher at a lower inlet
velocity than that at a higher inlet velocity. There are two
main reasons for this phenomenon. On the one hand, the high
temperature burned gases in the combustor chamber is
pushed farther downstream under high velocity conditions,
which reduces the convection heat transfer between the fluid
and solid wall in the upstream; On the other hand, as the
segment of high wall temperature shifts downstream with the
increasing inlet velocity, the amount of heat conduction
through the solid wall to the upstream is reduced. Therefore,
under a lower velocity condition, the wall temperature level of
the upstream is higher than that under a larger velocity
condition. Finally, from the enlarged drawing in Fig. 11, one
can see that the highest wall temperature appears at the inlet
velocity of 25 m/s. This is expected to be determined by many
factors, such as the gaseous temperature distribution, heat
losses, combustion efficiency, wall material, etc.

5. Conclusions

Combustion characteristics of lean hydrogen/air mixture in
a micro-combustor with a bluff body were investigated
through experiment and simulation. Effects of the inlet
velocity and equivalence ratio on the blow-off limit,
combustion efficiency, exhaust gas temperature and outer
wall temperature profile were examined. The results show
that the blow-off limit is obviously extended as compared
with that of the micro-combustor without a bluff body.
Meanwhile, the blow-off limit increases as the equivalence
ratio is increased from 0.4 to 0.6. Moreover, comparatively
high combustion efficiency can be maintained over the whole
combustible velocity range at a moderate equivalence ratio.
The inlet velocity also exerts a significant effect on the
combustion characteristics. With the increase of inlet

velocity, flame was prolonged and thus the high temperature
zone is pushed toward the downstream of the combustor
chamber. However, the exhaust gas temperature, combustion
efficiency, and outer wall temperature reaches a peak value at
a moderate inlet velocity under a fixed equivalence ratio.
These variation tendencies indicate that the combustion
characteristics are determined by many factors and their
complicated interactions.
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