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body is 0.5 mm and located at 2 mm from the inlet. The slit gap percentage utilized in
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this study is 0% to 70%. Percentage of the slit size is a ratio between slit gap height
and the bluff body height. The one-step reaction mechanism of CH,/air mixture is
used. Results of the numerical work shows that the combustion characteristic is
significantly influenced by the slit gap percentage. The highest emitter efficiency is
for the case of 5% slit. Moreover, increase in slit percentage to 10%, the flame zone is
moving downstream. Later, as the slit percentage increase to 30%, the flame zone
moves towards the upstream. This observation is suggested due to the secondary
vortex exist behind the bluff body as slit gap increases and pull the flame to the
upstream. This study is helpful to improve the understanding on the micro-channel
combustion with slit bluff body.
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1. Introduction

Progression of miniaturized products such as micro unmanned aerial vehicles, micro-robots, and
tiny scale electronics devices are becoming important nowadays. In spite of the configuration
diversity, these micro systems required a power pack that can supply energy in a long period and
have higher power to weight ratio. Therefore, researchers utilize liquid hydrocarbon fuel that has
high-specific energy in micro scale combustor to generate power and lighten loads. The dimension
of the micro combustor may vary from certain micrometers. Due to reduction of size, the system
efficiency becomes relatively poor as a result of less stable flame and tends to blow off due to loss
of heat from the combustion process to the combustor boundary.
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Studied on micro combustor geometry configuration and size have been made by several
researchers. Epstein and Senturia [1] developed a micro heat engine, while Mehra et al., [2], Hua et
al., [3] and Chan et al., [4] study on micro-gas turbine. Moreover Yang et al., [5-6] carried a study on
micro-thermo photovoltaic (TPV) system. Combustion at a small scales in a micro combustor is hard
to sustain due to the increased of wall radical capture and dissipation of heat due to the huge
surface area-to-volume ratio [7,8]. Lots of studies on micro combustion stability have been
reported [9-16]. For instance, Pan et al., [9] and Bhupendra et al., [10] conducted a study on the
micro-cylindrical combustors with a different backward facing step and founds that the rearward
step enhances the flame stability inside the micro-combustor. Moreover, Li et al., [11] study on the
effects of the flow velocity and combustor diameter and observed that the flame temperature
increases as increase in combustor diameter, but inversely proportional to flow velocity. Li et al,,
[11] also found that a 2D planar channel micro combustor gives a higher flame temperature
compared to a cylindrical tube micro combustor at an equal hydrodynamic diameter. Later, Jun et
al., [12] revealed that a cylindrical micro combustors experience higher heat loss because a small
combustor give higher surface to volume ratio. Wan et al., [13] using a cavity to improve the flame
stability in a planar micro combustor and found that the length depth ratio of the cavity and the
channel gap distance affect the flame blow-off limit [14]. Furthermore, Yang et al., [15] conduct
study on a double-cavity micro combustor and observed that the radiation energy and radiation
efficiency of the double-cavity is higher than that of the single-cavity combustor.

In spite of the several methods mentioned previously to stabilize the combustion inside the
micro combustor, a bluff body technique is another method to stabilize and enhance the
combustion efficiency. Some research work have shown that the inserted the bluff body inside the
micro combustor can stabilize the combustion [16] and extended the combustion blow-off limit [17]
- [20]. Aiwu et al., [18] observed that the dimension of the bluff body affected the blow-off limit
was indicates by the blockage ratio. Aiwu et al., [19] found that the triangular bluff body has a
smaller blow-off limit in comparison to semicircular bluff body. It is because of the stronger flame
stretching was occurred in the semicircular bluff body case. Ghobad et al, [20] investigated
different shapes of bluff body which are circle, ellipse, diamond semicircular, half ellipse, triangle,
crescent, arrowhead and wall-blade at three different velocities and found that the wall-blade bluff
body produces most stable combustion. Zhang et al., [21] using a hollow hemispherical bluff body
and found that the hollow hemispherical bluff body gives 2.5 times higher blow-off limit than that
without a bluff body. Recently, a study on the effects of trapezoidal bluff bodies CHa/air mixture in
a micro combustor was done by Juntian et al., [22] and found that the blockage ratio of 0.4 is an
optimum value with a flow velocity of 2 m/s.

Although the optimum choice of trapezoidal bluff body have been noted, the impacts of
trapezoidal bluff body with a slit gap in the middle of the bluff body have not been studied. The
utilization bluff body with slit gap is to increase the efficiency of the combustor. Thus the objective
of this research is to study the combustion characteristics of CHs/air in a 2D micro channel with
bluff body having varied slit size.

2. Numerical Setup

A computational domain and the boundary conditions of the system are shown in Figure 1. The
height and length of the channel is H =1 mm and L = 16 mm respectively. The bluff body height is
Hpigr = 0.5 mm height and located at x = 2 mm from the inlet. Slit gap percentages of 0% to 70%
have been selected in this study. Percentage of the slit gap is defined by the ratio between height of
slit, Hgir and height of the bluff body, Hps.
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Fig. 1. Micro-combustor with slit gap of bluff body

The analysis was performed in a two dimensional configuration. CHa/air mixture is issued from
inlet at temperature 300 K. The selection of the CH4/air is because of the simple reaction
mechanism compare to propane. Moreover, the CH,/air is easy to stored compare to hydrogen.
Outlet of the combustor is assumed to be a fully developed flow. In the present study, air is
assumed to be a mixture of O, and N, with 21 mol% and 79 mol% respectively. One-step reaction
mechanism of CH4/air was used in this study. The Arrhenius type of reaction mechanism is given as.

Teya = 1.3 X 108exp(—2.027 x 108 /RT) x [CH,]°?[0,]*3 (1)
The governing equations of the mass, species, momentum and energy are given as follows.

9 (pup) _
a (x) 0 (2)

where p is the density of mixed gas, u; is the radial velocity.
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where Y; is the mass fraction of species i, D; is the diffusion coefficient of species i, and R; is the
generation or consumption rate of species i.

a _ op , @
o, (pww) = - o, T ox; [n(pwjw)] (4)
where u; is an axial velocity, p is a pressure, and [ is a dynamic viscosity.
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where h is a enthalpy of fuel, A is a thermal conductivity of mixed gas, and T is the temperature.
The ideal gas state equation.

Y;
P= pRTEE (6)

217



Journal of Advanced Research in Fluid Mechanics and Thermal Sciences
Volume 52, Issue 2 (2018) 215-222

Ansys Fluent 14.5 was applied to solve a set of the conservation equations using a segregated
solver with an under relaxation method. A uniform size of grid with a size of 1x10° m x 1x10” m
was used. Laminar model was used following the suggestion from Kuo and Ronney [23] since the
Reynolds number, Re < 500. Quartz was used as a material for both the bluff body and channel. The
discrete ordinates (DO) radiation model was used to for the surface-to-surface radiation between
the inner surfaces of the micro channel.

A non-slip and impermeable wall surfaces boundary condition are applied at the combustor
walls. Both natural convection and thermal radiation heat transfer have been assigned at the outer
surface of the combustor walls. The solid surface emissivity and heat transfer coefficient of 0.65
and 17 W/(m?-K) were used respectively [15]. Initially an isothermal flow was solved. Artificial
ignition was setting by the higher temperature zone at 2500 K. After the reaction was started and
the flame exists, the artificial ignition temperature was off. The convergence criterion was set for
energy residual less than 10°. One important characteristics of the micro combustor is emitter
efficiency. The emitter efficiency is a ratio between the total radiation of the combustor wall to the
total energy input [20].

_ (a+20)ea TN, T X;

(7)

mHZHC

where H, is a heating value of CHy, 7.y, is @ mass flow rate of CH,4 (kg/s), the Stefan-Boltzmann
constant is 6 =5.67 x 1078 W/m? K* and Ty, is a temperature of the micro-combustor walls.

Moreover, the total heat loss in micro-combustor is important in determining the stability of the
combustion. Higher heat loss will destabilize the combustion. In this study, the heat losses consists
of the heat loss by the convection Q, and the radiation Q given by

_ On+tOQR
Qloss - 0 (8)
Qv = hout(Tw.o — To) (9)
Qr = 0o(Ty, - Teh) (10)

Where h,,: = 17 W/(m?.K) is a heat transfer coefficient of the natural convection, the ambient
temperature is T, = 300K and the emissivity of the solid surface is taken as =0.65.

3. Results and Discussion

Figure 2 shows temperature contours in a micro channel with vary the slit percentage. It is seen
for the 0% and 5% slit percentage a temperature contour is wavy. Beyond the 5% slit, the
temperature zone is stable. At 5% slit gap a wavy temperature become severe compared to 0% slit
gap. Moreover, increase in slit gap to 10% flame zone move towards downstream and the
temperature contour is more stable. Interestingly, at a slit gap percentage of 15% the flame moves
upstream in comparison to 10% case. At 30% slit the flame attached to the bluff body but the flame
zone is separated into two. This separation is occurring due to incoming fresh mixture of CHs/air
flows through the slit and cut the flame zone into two. Separation of the flame zone is obvious as
increase in the slit percentage.
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Fig. 2. Temperature contour in channel with trapezoidal bluff body with
different slit gap percentage at inlet velocity 0.8 m/s and equivalence
ratio 0.9

Furthermore, flame moves upstream at 30% slit after moving downstream at 10% slit is
interesting. This observation is supposed due to secondary vortexes that exist as increase in slit
percentage that pull the flame to the upstream. Figure 3 shows a graph of outer wall temperature
along the combustor length.
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Fig. 3. Outer wall temperature versus combustor length
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Micro-channel with slit gap percentage of 60% and 70% show that the highest temperature at
the combustor inlet and gradually decreases toward the outlet. This observation is due to
expansion of the flame zone that separated into two zones as seen in Figure 2. This separation
extended the flame zone and nearly hit the inner wall of combustors, thus it transferred more heat
to the wall. At 0%, 5% and 10% slit cases, the outer wall temperature relatively low due to smaller
flame zone thus slit gap is not significantly affected the flame shape. Moreover, at 15% until 50%
the outer wall flame temperature is constant from inlet towards the outlet. Figure 4 shows an
emitter efficiency of the micro combustor.
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Fig. 4. Combustion efficiency versus slit gap percentage

It can be seen that an emitter efficiency is a very high in a micro-combustor with slit gap
percentage of 5% and it is because of the constant heat flux as seen in Figure 3. The lowest emitter
efficiency is for the case of 70% slit gap percentage. As previously seen in Figure 3, the temperature
distribution for 70% slit gap is not uniform thus it contribute to lower emitter efficiency. Variation
of heat loss with increase in slit gap percentage in micro channel shown in Figure 5.
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Fig. 5. Heat loss versus slit gap percentage
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In Figure 5, the 0% slit gap indicates lowest heat loss 26.41 kW/m? and the highest heat loss is
49.28 kW/m? at 60% slit gap. Phenomenon of the heat loss trend can be explained by referring to
Figure 2, as the flame zone far from combustor wall the lower heat loss is seen (0% — 10% slit gap)
meanwhile as the flame zone getting close to inner wall of combustor the higher heat loss will be
produced (15% — 70% slit gap).

4. Conclusion

Numerical study on the effects of bluff body with slit in the micro-channel combustor has been
done. It can be seen that the slit gap percentage is significantly influence the combustion
characteristics. Increases the slip gap percentage brings the flame zone to the downstream. It can
be explained because of the incoming unburned mixture flow through the slit gap push the flame
zone. Interestingly, as the slit gap keep increased, the flame zone moves to the upstream and
attach to the bluff body edge. This observation is suggested due to the secondary vortex exist
behind the bluff body as slit gap increases and pull the flame to the upstream.
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