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Effect of bluff body shape on the blow-off limit of hydrogen/air flame
in a planar micro-combustor
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h i g h l i g h t s
� Effect of bluff body shape on blow-off limit of a micro-combustor was investigated.
� Blowout occurs due to flame stretching for triangular and semicircular bluff bodies.
� Triangular bluff body has a lower blow-off limit due to stronger flame stretching.
� Heat losses have a negligible effect on the difference of blow-off limit.
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a b s t r a c t

We recently developed a micro-combustor with a triangular bluff body, which has a demonstrated 5-
time extension in the blow-off limit compared to straight channel. In the present work, the effect of
bluff body shape on the blow-off limit was investigated with a detailed H2/air reaction mechanism. The
results show that the blow-off limits for the triangular and semicircular bluff bodies are 36 and 43 m/s
respectively at the same equivalence ratio of 0.5. Analyses reveal that flame blowout occurs due to the
stretching effect in the shear layers for both the triangular and semicircular bluff bodies. Moreover, it is
found that the triangular bluff body has a smaller blow-off limit because of the stronger flame stretching
as compared with the semicircular case. Calculations indicate that the two cases have negligible dif-
ferences in heat losses because the reaction zones and high temperature regions are located in the
combustor centers. Therefore, the heat losses have a negligible effect on the difference in the blow-off
limit of the two micro-combustors.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

With the rapid progresses of MEMS technology, various micro-
and meso-scale devices and systems, such as micro propulsion
systems, gas-turbines, robots, and portable electric devices, have
continuously appeared [1,2]. As conventional batteries have dis-
advantages of low energy densities, short life spans and long
recharging periods, the combustion-basedmicro-power generation
devices are regarded as a potential alternative due to the much
higher energy densities of hydrocarbon fuels [1,2]. The micro-
combustor is a key component of micro-power generation sys-
tems. This component converts the chemical energy of fuels into
thermal energy through combustion. Thus, the development of
micro-combustors with a wide and stable operational range has
attracted increasing attention over the last decade.
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However, maintaining stable combustion in a micro-combustor
is challenging. The increased heat loss and wall radical capture due
to the large surface area-to-volume ratio make it difficult to sustain
a stable flame at small scales [3,4]. Many unstable micro-flames
have been reported to date [5e19]. For instance, Maruta et al. [5]
experimentally observed a flame with repetitive extinction and
ignition (FREI) in a 2-mm-diameter tube. Richecoeur and Kyritsis
[6] identified the similar phenomenon in a 4-mm-diameter curved
duct. This combustion mode was later numerically re-produced by
other researchers [7e9]. After that, flame splitting phenomenon
during the FREI processes was numerically predicted [10] and
experimentally confirmed [11]. Additionally, Kumar et al. [12,13]
and Fan et al. [14e19] observed some special flame patterns, such
as the rotating spiral flame in a heated radial micro-channel.

Considerable efforts have been made to improve the flame
stability in micro- and meso-scale combustors. Thermal manage-
ments, such as heat recirculation and heat loss control, are good
ways to suppress the negative effect of heat losses and thus sustain
a stable flame in small devices. The “Swill-roll” structure is a good
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example of heat recirculation that has been implemented to sta-
bilize flames in micro- and meso-scale combustors [20e22].
Combustion characteristics of premixed H2/air in a planar micro-
combustor with stainless steel mesh [23] or SiC porous media
[24] were experimentally studied. It is shown that the flame can be
effectively anchored by the inserted porous media. Jiang et al. [25]
developed a miniature cylindrical combustor with a porous wall.
The flame can be stabilized in the combustor chamber due to the
reduction of heat losses and the preheating effect on the cold fresh
mixture.

Utilizing the flow recirculation zone of the flow field is another
effective way to stabilize flame in micro-combustors. For instance,
Yang et al. [26] and Pan et al. [27] developed a micro-combustor
with a backward facing step. The experimental results showed
that this structure is useful to control the flame position and widen
the operation ranges of inlet velocity and H2/air ratio. Khandelwal
et al. [28] investigated the flame stability of CH4/air mixture in
micro-combustors with two backward steps. They verified that
stable flames exist in these micro-combustors for wide ranges of
inlet velocity and equivalence ratio. Wu et al. [29] proposed a
modified design of the micro-gas turbine originally developed by
the MIT group [30]. They added an additional wafer to regulate the
velocity distribution and direction near the combustor entrance.
Their numerical results indicate that the improved design signifi-
cantly extends the operating range of mass flow rate, which may
lead to higher power density of the micro-combustor. Wan et al.
[31] developed a micro-combustor with a triangular bluff body
which can extend the blow-off limit by more than five times as
compared with the straight channel. Very recently, Fan et al. [32,33]
investigated the effects of the bluff body dimension and the solid
material on the blow-off limit of this micro combustor. It is shown
that the dimensionless size of the bluff body (called the blockage
ratio and defined as z¼W2/W1) should be larger than 0.3 to achieve
a good performance of flame stabilization [32]. Moreover, it is
revealed that a solid material with relatively low thermal conduc-
tivity and emissivity is beneficial to obtain a large blow-off limit for
the micro bluff body combustor [33]. In addition to the bluff body
dimension and the solid material, the geometric shape of the bluff
body would also significantly influence the characteristics of the
flow field and thus the flame stabilization ability in the micro-
Fig. 1. Schematic diagram of the vertical cross sections of micro-combustors with a
bluff body of different shapes: (a) equilateral triangle, (b) semicircle.
combustor. Therefore, in the present work, we are dedicated to
investigating the effect of bluff body shape on the blow-off limit of a
lean H2/air flame. The results are analyzed in terms of the flow field
near the bluff body and heat losses from the outer walls of the
combustor.

2. Numerical simulation method

2.1. Geometrical model

The schematic diagram of micro-combustors with a bluff body
of different cross-sections, i.e., equilateral triangle and semicircle, is
depicted in Fig. 1. The total length (L0) and height (W1) of the
combustor chambers are 16.0 mm and 1.0 mm, respectively. The
thickness of combustor walls (W3) is 1.0mm. The side lengths of the
triangle (W2) and the diameter of the semicircle (W2) are the same
of 0.5 mm. The bluff body is symmetrically located with respect to
the upper and lowerwalls of themicro-combustor. Thewidth of the
bluff bodies is the same as that of the combustor chamber. The
distance from the vertical surfaces of the triangle and semicircle to
the combustor entrance (L1) is 1.0 mm.

2.2. Mathematical model

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
considered as continuums and the NaviereStokes equations are
still suitable in the present study [34]. On the other hand, the
mixing of various kinds of species is enhanced due to the small
space and large concentration gradients in the micro-combustor.
Therefore, turbulence models are expected to be better than the
laminar model in reflecting the enhanced mixing and its effect on
combustion characteristics. This has been confirmed by some re-
searchers [21,31,35]. For example, Zhang et al. [35] reported that the
turbulence model can get a much better prediction than the
laminar model as compared with their experimental data. Kuo and
Ronney [21] also suggest that it is more appropriate to predict the
combustion characteristics in micro-combustors by using a turbu-
lence model when the Reynolds number is larger than 500. In our
case, the corresponding inlet velocity for Re ¼ 500 is about 8.0 m/s.
As the main purpose of the micro bluff body combustor is to extend
the blow-off limit, which is larger than 8.0 m/s for H2/air mixture at
the equivalence ratio of 0.5 (refer to subsection 3.2). Besides, in our
previous work [31], the predicted blow-off limit adopting the
realizable keepsilon turbulence model showed a reasonable
agreement with experimental data. Therefore, we use the same
model in the present paper. As heat conduction in the solid wall
might affect the combustion significantly, the heat transfer in both
of the combustor walls and the bluff body is considered in the
present computation.

2.3. Computation scheme

Hydrogen and air are selected as fuel and oxidant, respectively.
Quartz is used as the solid material. The detailed reaction mecha-
nism reported by Li et al. [36] is applied to model the combustion of
H2/air mixtures. It consists of 13 species and 19 reversible
elementary reactions. The surface reaction effect is not considered
in CFD simulation because the micro-combustors could be pro-
cessed via special measures whichmake the surfaces inert [37]. The
thermodynamic and transport properties of the gaseous species
could be found in the CHEMKIN databases [38,39].

Uniform velocity and concentration distributions of H2/air
mixture are specified at the inlet of micro-combustor. The mixture



Fig. 3. The blow-off limit of the micro-combustor with a bluff body of different shapes.
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equivalence ratio is fixed at 0.5 in all cases. The inlet temperature of
fuel/air mixture is set at 300 K. At the combustor exit, Neumann
conditions are imposed on. Surface to surface radiation between
interior surfaces of the combustor is considered by applying the
discrete ordinates (DO) model [21]. For the exterior walls, the heat
loss to the surroundings is calculated through Eq. (1),

q ¼ h
�
Tw;o � TN

�þ εs
�
T4w;o � T4N

�
(1)

where h is the natural convection heat transfer coefficient which
takes a constant value of 20 W/(m2 K) [40], Tw,o is the outer wall
temperature and TN is the ambient temperature (300 K), ε is the
emissivity of the solid surface with a value of 0.92, and s is the
StephaneBoltzmann constant with a value of 5.67 � 10�8 W/
(m2 K4).

The commercial software package, FLUENT 6.3 [41] was utilized
to solve all the governing equations. Because the width of the
combustor prototype is 10 mm, the aspect ratio (height/width ¼ 1/
10) of the combustor chamber is very small and the two-dimension
solver was selected to reduce the computation load. The second-
order upwind scheme was applied for discretization and the
“SIMPLE” algorithm was adopted for the pressureevelocity
coupling. Grid-independence of the results was checked and a non-
uniform square grid system was applied in the computation. The
minimum Dx and Dy of the grid are 0.01 mm. The grid numbers for
the micro-combustors with triangular and semicircular bluff body
are 47,742 and 44,988, respectively. The convergence of CFD
simulation was judged when residuals of all governing equations
were smaller than 1.0 � 10�6.
3. Results and discussion

3.1. Model validation

In our previous study [31], the present numerical model has
been validated by the experimental data, as shown in Fig. 2. It can
be seen from Fig. 2 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 equivalence ratios of 0.4, 0.5 and 0.6,
respectively. In addition, we compared the computed and
measured exhaust gas temperatures at a moderate inlet velocity of
20 m/s. It is shown that the difference is only 34.24 K. These
confirm the reasonable accuracy of the numerical model adopted in
the present paper.
Fig. 2. Measured and predicted blow-off limits of the micro-combustor with a trian-
gular bluff body [31].
3.2. Effect of bluff body shape on the blow-off limit

The blow-off limit of combustors with a bluff body of different
shapes is shown in Fig. 3. It is seen from Fig. 3 that the corre-
sponding blow-off limit for the triangular and semicircular bluff
bodies is 36 and 43 m/s, respectively. In other words, the semi-
circular bluff body has a better flame stabilization ability than the
triangular bluff body.

It is expected that the flame stabilization in the micro-
combustor is affected by flow field, heat loss, etc. For the conve-
nience of discussion, we here define a recirculation zone where the
flow direction is opposite to the mainstream, i.e., the longitudinal
velocity component Vx is less than zero (i.e., Vx� 0) in this region. In
addition, the heat loss ratio, F, is defined in Eq. (2) to indicate the
proportion of heat loss from the outer walls, Q0, to the input
enthalpy involved in the fuel, Q.

F ¼ Q 0=Q (2)

3.3. Discussion

3.3.1. Flow field and reaction zone
It is well known that the recirculation zone has a dominated

effect on the flame stabilization in the bluff body combustor. This is
because the flow velocity in the recirculation zone is relatively low
and a pool of key radicals (reaction zone) is formed. The size of the
flame root (i.e., the part of flame that is located in the recirculation
zone) is important for the stabilization of the whole flame. There-
fore, the flame root can be anchored if the recirculation zone is
sufficient large. Fig. 4 shows the contours of longitudinal velocity
component in the vicinity of the bluff body (x< 2.2 mm) at the inlet
velocity of 10 m/s. From Fig. 4, it is evident that the recirculation
zones behind the triangular and semicircular bluff bodies are
almost of the same size.

The recirculation zone exerts significant influence on the reac-
tion zone which can be indicated by the high OH concentration
region. In Fig. 5, the mass fraction contours of radical OH in the two
combustors are shown. This figure depicts that the OH concentra-
tion in the downstream of the combustion chamber is higher for
the case with a semicircle bluff body, which implies that the reac-
tion zone area of this combustor is wider as compared with the
combustor with triangular bluff body. For a clearer comparison
between the reaction zones right behind the bluff bodies, the mass
fraction contours of radical OH in the vicinity of the bluff body



Fig. 4. Contours of the longitudinal velocity component near the bluff body
(x < 0.0022 m) at the inlet velocity of 10 m/s: (a) equilateral triangle, (b) semicircle.

Fig. 6. Mass fraction contours of radical OH near the bluff body (x < 0.0022 m) at the
inlet velocity of 10 m/s: (a) equilateral triangle, (b) semicircle.
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(x < 2.2 mm) are presented in Fig. 6, in which the right boundary of
the recirculation zone is indicated by a dashed line. It is noted from
Fig. 6 that the width of the reaction zone behind the semicircular
bluff body is wider than that of the casewith a triangular bluff body.
This is helpful for the micro-combustor with a semicircular bluff
body to obtain a comparatively higher blow-off limit.

In order to uncover the underlying mechanisms for the blowout
of flame in the two cases, the reaction zones under blow-off limits
are shown in Fig. 7. It is seen from Fig. 7 that the reaction zones
behind the two bluff bodies are both prolonged and the whole
reaction zones are almost splitted into two parts. The OH concen-
tration in the recirculation zone is comparatively lower and the
corresponding area is much narrower than the right part of the
reaction zone. With a slightly further increase in the inlet velocity,
the two parts of reaction zone will be totally separated and the
flame can’t sustain by solely depending on the smaller one in the
recirculation zone. Consequently, the blowout of flame occurs. This
phenomenon was also observed in our previous experimental
investigation, as shown in Fig. 8. This photograph is directly taken
with a digital camera under the blow-off limit condition of the
Fig. 5. Mass fraction contours of radical OH in the combustors at the inlet velocity of
10 m/s: (a) equilateral triangle, (b) semicircle.
micro-combustor with a triangular bluff body. From Fig. 8 it can
also be seen that the flame is splitted before being blown out of the
combustor.

The reason for the flame splitting is the stretching effect caused
by the shear layers. To elucidate this, we present contours of the
vertical velocity component near the bluff body in Fig. 9 and the
locations of shear layers are roughly indicated by black arrows. It is
clearly seen from Fig. 9 that the velocity gradient in the shear layers
behind the triangular bluff body is comparatively larger than the
counterpart of the case with a semicircular one. Therefore, the
flame is more strongly stretched in the combustor with a triangular
bluff body, which leads to a relatively smaller blow-off limit as
compared with the case with a semicircular one.

3.3.2. Heat loss
Fig. 10 illustrates the outer wall temperature profiles of the two

combustors at the inlet velocity of 10 m/s. It is noted from Fig. 10
that the two curves are almost overlapped. From the small figures
embedded in Fig. 10, one can see that the upstream wall temper-
ature of the combustor with a triangular bluff body is slightly lower
Fig. 7. Mass fraction contours of radical OH under the blow-off limits: (a) equilateral
triangle, the blow-off limit is 36 m/s, (b) semicircle, the blow-off limit is 43 m/s.



Fig. 8. Flame photograph directly taken with a digital camera in our previous exper-
iment under the blow-off limit of the micro-combustor with a triangular bluff body
[32].

Fig. 9. Contours of the vertical velocity component near the bluff body (x < 0.0022 m)
at the inlet velocity of 10 m/s: (a) equilateral triangle, (b) semicircle.

Fig. 11. Temperature fields of the combustors at the inlet velocity of 10 m/s: (a)
equilateral triangle, (b) semicircle.
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than that of the combustor with a semicircular bluff body, whereas
its downstreamwall temperature level is comparatively higher. For
more details about the wall temperature profiles, we selected two
points for comparison. For example, at the axial location of 3 mm,
the outer wall temperatures for the micro-combustors with a
triangular, and semicircular bluff body are 623 K and 640 K,
respectively; while at the axial location of 11 mm, the outer wall
temperatures for the micro-combustors with a circular, triangular,
and semicircular bluff body are 1213 K and 1206 K, respectively. In
Fig. 10. Outer wall temperature profiles of the combustors with a
summary, the difference between outer wall temperature profiles
of the two combustors is limited with a maximum of less than 20 K.
The main reason is that, due to the existence of a bluff body, the
reaction zone symmetrically locates in the center of the combustor
chamber with respect to the upper and lower walls, which makes
the high temperature zone also locate in the center of the
combustor chamber, as shown in Fig. 11. As a result, the effect of the
high temperature zone on combustor walls is negligible, and thus
the differences between outer wall temperature profiles of the two
cases are reduced.

Heat loss ratios (including convection heat loss ratio Fcon, ra-
diation heat loss ratioFrad, and the total heat losses ratioFtot) of the
two combustors are calculated and presented in Fig. 12. The con-
vection heat loss ratios of the two combustors are both 3.61%, and
the radiation heat loss ratios for the combustor with triangular and
semicircular bluff body are 19.59% and 19.42%, respectively.
Therefore, the total heat-loss ratios for the combustor with trian-
gular and semicircular bluff body are 23.20% and 23.03%, respec-
tively. It is evident that the total heat loss ratio Ftot is dominated by
the radiation mode Frad and the heat loss component via convec-
tion Fcov is very small. This is because the wall temperatures levels
of the two combustors are relatively high and emissivity of the
quartz material is also very high (w0.92). These data also reveals
that the differences between the heat loss ratios of the two com-
bustors are very limited, which indicates that it has a negligible
effect on the differences of blow-off limits. We also calculated the
combustion efficiency (also called chemical conversion efficiency),
which is defined as

hc ¼ 1� Mass fraction of H2 at the exit
Mass fraction of H2 at the inlet

(3)
bluff body of different shapes at the inlet velocity of 10 m/s.



Fig. 12. Heat loss ratios of the combustors with a bluff body of different shapes.
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It is found that the combustion efficiencies of the two micro-
combustors are all above 99.0%. Therefore, it is not a main factor
that affects the blow-off limit of the micro-combustor with a bluff
body.

4. Conclusions

The effect of bluff body shape on the blow-off limit of a planar
micro-combustor is numerically investigated with detailed H2/air
reaction mechanism. The results show that the blow-off limit of the
combustor with a triangular and semicircular bluff body is around
36 and 43 m/s respectively at the equivalence ratio of 0.5. The
reasons for the differences in blow-off limits are analyzed in terms
of the recirculation zone and flame stretching as well as heat loss. It
is demonstrated that the recirculation zones behind the triangular
and semicircular bluff bodies are sufficient large and they are
almost of the same size. However, for the combustor with a trian-
gular bluff body, the flame stretching caused by the shear layers is
comparatively stronger, which leads to a relatively smaller blow-off
limit as compared with the semicircular bluff body. The analysis of
heat loss reveals that it only has a negligible effect on the differ-
ences between blow-off limits of the two combustors with different
bluff body shapes. Experimental investigations in the circular and
semicircular bluff bodies will be carried out to further verify the
predictions of the present work. These results will be reported in
our future paper.
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