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Abstract— The micro power generation system is one of the
potential solutions that provides better energy requirement for
small devices as compared to conventional batteries. In recent
years, numerous works have been conducted to enhance the
combustion stability of meso and micro-scale combustors. The
utilization of heat recirculation mechanism is one of the
approaches to enhance the flame stabilization limits in micro
combustors. In this study, flame stabilization in a single channel
and counter-flow cylindrical tube combustors with wire mesh
was numerically studied. The wire mesh was located between the
unburned and burned gas regions of the tubes. A threedimensional numerical simulation was performed to establish
vital parameters such as gas, wire mesh and outer wall
temperature. For the validation of the numerical results, the
flame blowout and extinction limits were first obtained and
compared with experimental results. The utilization of the
numerical model enables the improvement on design of the
combustor where a counter-flow tube combustor with wire mesh
is proposed. Both gaseous and liquid fuels can be used as the
primary source for the tube combustor. In a micro power
generation system, a combustor with liquid fuel source is
preferred as it solves the mobility issue.
Index Term—
Micro power generation, micro-scale
combustors, heat recirculation
I. INTRODUCTION
The scarcity of energy resources and the high demand for
better power sources as compared to conventional batteries
have sparked research interest in micro power generation [1].
The new state of the art electronics devices requires greater
energy capacity, shorter charging period and lightweight
design, characteristics that batteries lack. Therefore, in recent
years micro power generation systems have been seen as
potential alternatives to batteries due to the higher energy
densities of hydrocarbon fuels [2].
Stable flame in narrow channel combustors can be achieved
by recirculating the heat produced from the combusted
products to the incoming fuel mixture. In conventional
combustor devices like the internal combustion engine, a
portion of the burned product gasses is re-circulated and
injected into the fuel-air mixture to reduce the amount of
oxides of nitrogen (NOX) [3]. On the other hand, in micro

combustion applications, the purpose of heat recirculation is to
minimize heat loss and to expand the flame stabilization limits.
This heat recirculation concept was first proposed by Weinberg
in 1971 [4]. The enthalpy from the hot burned gas is utilized to
pre-heat the incoming fuel and air mixtures, which results in
the enhancement of combustion reaction. This mechanism of
flame stabilization is also known as excess enthalpy principle
[5]. Generally, in an excess-enthalpy micro combustor, the
flow of the reactants and combustion products occurs in the
adjacent channel and in an opposite direction. This condition
causes the unburned mixture being preheated by the hightemperature exhaust gas. Consequently, the total enthalpy is
greatly increased [6].
There are two types of pre-heating methods [7]. The direct
method is a condition where the heat is transferred through
conduction and radiation from the burned gas to the unburned
gas region. This direct method is normally applied to a single
channel (SC) micro combustor. In such combustor, the heat
from the burned gas region is axially transferred to the
unburned gas region through the solid structure, resulting in
better flame stabilization limits. On the other hand, the burned
gas can be reversed to pre-heat the unburned reactants coming
into the combustor inlet. This method is named as indirect preheating and mainly utilized in counter-current heat
recirculation combustors.
Swiss-roll (SR) combustor is probably the most popular
configuration for combustors with heat recirculation. This type
of combustor employs indirect pre-heating mechanism. Despite
the many advantages of Swiss-roll combustors, their
complexity in terms of geometry and design parameters has
made them difficult to be analytically and experimentally
investigated. A counter-current heat recirculation combustor
that also utilizes the concept of the indirect pre-heating method
has been proposed. In a numerical study conducted by Ronney
[8], a meso-scale counter current heat exchanger combustor
was modeled and analyzed. The heat exchanger is modeled as a
divider between the reactants and product stream. The
combustion of the unburned gas occurs in a well-stirred
reactor. The hot burned gas then flows through the exhaust
outlet where the unburned gas on the other side is pre-heated
by mean of conduction on both sides of the wall. This analysis
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is a simplified version of the complex phenomenon that occurs
in a Swiss-roll combustor.
Flame can also be stabilized by inserting a bluff body in the
combustion chamber of micro combustors [9]. A simple yet
effective way of extending flame stabilization limits has been
demonstrated by Wan et al. [9,10]. In their work, a bluff body
is inserted into a planar micro channel combustor. The
experimental result shows that blow off limits is greatly
extended with the presence of the bluff body. The idea of using
a flame holder in meso-scale cylindrical quartz tube
combustors was first proposed by Mikami et al. [11]. In their
experimental work, a stainless steel wire mesh is placed
between the burned and unburned gas region. The experimental
results show that flame can be stabilized for both gas and liquid
fuel. In fact, it was also reported that the flame could even be
stabilized in a tube combustor with an inner diameter below
than the classical quenching distance. The wire mesh improves
the heat transfer from the hot burned gas to the unburned gas
region, resulting in better flame stabilization limits.
Interestingly, no external heating is required to sustain the
flame. The tube combustor with wire mesh can also be
considered as the combustor with heat recirculation since the
wire mesh effectively re-distributes the heat from the burned
gas to the unburned gas region.
In this research, a numerical study of flame stabilization in
a single channel and counter-flow tube combustor with wire
mesh is presented. The tube combustor utilizes a stainless steel
wire mesh that helps to stabilize the flame. A threedimensional (3-D) is used as the numerical model. Munir and
Mikami [12] stated that a two-dimensional model is not
appropriate to represent geometry model of the tube combustor
with wire mesh. The main reason of having a 3-D model is to
include the effect of the thermal path from the wire mesh to the
combustor outer wall. Two types of counter-flow tube
combustors are then proposed to improve the flame
stabilization. The later design of the counter-flow combustor is
preferred since it can be used for both liquid and gaseous
hydrocarbon fuels.

2

The mixing law and kinetic theory are employed to solve
the specific heat and the thermal coefficient of the gas mixture.
To reduce the computational time, overall single step propaneair combustion with five species is employed as the
combustion chemistry [13,14]. Equation (1) presents the
combustion chemistry.
𝐶3 𝐻8 + 5𝑂2

3𝐶𝑂2 + 4𝐻2 𝑂

(1)

Fig. 1. Illustrated diagram of a single channel combustor with wire mesh

This single step reaction model is deemed sufficient since
the focus of this study is to examine the flame stabilization
phenomenon. A variable grid size is utilized where critical
areas of computational domain especially in the burned gas
region are given high grid concentration. The minimum grid
size is 0.01 mm and the total number of elements is 43548 and
employed for all cases. Higher number of elements provide no
significant numerical advantage as the flame temperature is
hardly changed. Fig. 2 summarizes the computational domain
for a single channel tube combustor.

II. RESEARCH APPROACH
A. Single channel tube combustor with wire mesh
Fig. 2. Computational domain for the numerical simulations

In the proposed single channel tube combustor, a stainless
steel wire mesh is placed between the unburned and burned gas
region as depicted in Fig. 1. The wire mesh plays an important
role in distributing the heat from the hot burned gas region to
the unburned gas region. The wire mesh plays an important
role in distributing the heat from the burned gas region to the
unburned gas region.
In order to simulate the flame stabilization in such narrow
channel, numerical simulations using ANSYS Fluent were
performed. Since the calculated range of Reynolds number is
between 49 to 200, laminar finite-rate is utilized to solve the
turbulence flow and combustion interaction. The gas density is
calculated based on the ideal gas law while the specific heat of
all the species is calculated using a piecewise-polynomial fit of
temperature.

Meanwhile, the governing equations utilized are the
typical fluid motion combined with reacting flows [15]. The
mass conservation equation (continuity) is given by;
𝜕𝜌
𝜕𝑡

+

𝜕
𝜕𝑥

𝜌𝑢𝑥 +

𝜕
𝜕𝑦

𝜌𝑢𝑦 +

𝜕
𝜕𝑧

𝜌𝑢𝑧 = 𝑆𝑚

(2)
𝑆𝑚 is the source term. An example of this term is
vaporization of liquid or any user-defined source.
Nevertheless, in this numerical model the value of 𝑆𝑚 is fixed
to 0.
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For a steady state condition,
𝜕𝜌
𝜕𝑡

∇ ∙ (𝑢 𝜌𝐸 + 𝑝) = ∇ ∙ 𝑘∇T −

=0

ℎ𝑖 𝐽𝑖 + 𝜏 ∙ 𝑢
𝑖

+ 𝑆ℎ

(3)

(8)

The momentum conservation equation in x-direction is
𝜕𝜌𝑢𝑥 𝜕(𝜌𝑢𝑥 𝑢𝑥 ) 𝜕(𝜌𝑢𝑦 𝑢𝑥 ) 𝜕(𝜌𝑢𝑧 𝑢𝑥 )
+
+
+
𝜕𝑡
𝜕𝑥
𝜕𝑦
𝜕𝑧
𝜕𝑝 𝜕 2
𝜕𝑢𝑥
=−
−
𝜇 ∇ ∙ 𝑢 + 2𝜇
𝜕𝑥 𝜕𝑥 3
𝜕𝑥
𝜕𝑢𝑦 𝜕𝑢𝑥
𝜕
+
𝜇
+
𝜕𝑦
𝜕𝑥
𝜕𝑦
𝜕
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+
𝜇
+
+𝜌𝑓𝑥
𝜕𝑧
𝜕𝑧
𝜕𝑥

∇ ∙ 𝑢𝜌ℎ = ∇ ∙ (𝑘∇T) + 𝑆ℎ

(4)
while momentum equation in y-direction,

and momentum equation in z-direction is

where

+

𝜕𝑢 𝑦
𝜕𝑦

+

𝜕𝑢 𝑧
𝜕𝑧

∇𝑇
𝑇

4
4
𝑞𝑙𝑜𝑠𝑠 = ℎ𝑐𝑜𝑛𝑣 𝑇𝑤𝑎𝑙𝑙 − 𝑇𝑎𝑚𝑏 + 𝜀𝜎 𝑇𝑤𝑎𝑙𝑙
− 𝑇𝑎𝑚𝑏

(6)

𝜕𝑥

𝐽𝑖 = −𝜌𝐷𝑖,𝑚 ∇𝑌𝑖 − 𝐷𝑇,𝑖

(11)

The boundary treatment at the interface between the fluid
and solid wall is assumed to be no-slip boundary type. The
heat flux at this interface is calculated using Fourier’s law.
Heat transfer per unit area by means of convection and
radiation at the outer surface of the combustor wall is given as

𝜕(𝜌𝑢𝑥 𝑢𝑧 ) 𝜕(𝜌𝑢𝑦 𝑢𝑧 ) 𝜕(𝜌𝑢𝑧 𝑢𝑧 )
+
+
𝜕𝑥
𝜕𝑦
𝜕𝑧
𝜕𝑝 𝜕
𝜕𝑢𝑥 𝜕𝑢𝑧
=−
−
𝜇
+
𝜕𝑧 𝜕𝑥
𝜕𝑧
𝜕𝑥
𝜕
𝜕𝑢𝑧 𝜕𝑢𝑦
+
𝜇
+
𝜕𝑦
𝜕𝑦
𝜕𝑧
𝜕𝑢𝑦
𝜕 2
+
𝜇 ∇ ∙ 𝑢 + 2𝜇
+ 𝜌𝑓𝑧
𝜕𝑧 3
𝜕𝑧

𝜕𝑢 𝑥

(10)

where Ri and Si is the net rate of production of species i by
chemical reaction and rate of creation by addition from the
dispersed phase plus any user-defined sources. For the mass
diffusion in laminar flows, Fluent employs the dilute
approximation, which is also known as Fick’s law to model
the mass diffusion due to the concentration gradients. The
equation for the mass diffusion is given as
(5)

∇∙𝑢 =

Here 𝑆h is the heat of chemical reaction or any other
volumetric heat sources added by the user. Eq. (8) and Eq. (9)
has already included the pressure work and kinetic energy
terms. However, the numerical model is assumed to be
incompressible flows and neglects these types of works. For
the species transport equation is defined as:

∇ ∙ 𝜌𝑢𝑌𝑖 = −∇ ∙ 𝐽𝑖 + 𝑅𝑖 + 𝑆𝑖
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(9)

(7)

The energy transfers due to conduction, species diffusion
and viscous dissipation are represented by the Eq. (8) and (9)
respectively.

(12)

where, hconv is the convective heat transfer coefficient, Twall is
the wall temperature of the combustor and Tamb is defined as
the ambient temperature. The value of Tamb is initialized to 295
K. The value of hconv is fixed to be at constant 5 W/m2K. The
external emissivity (ε) for the outer wall is selected based on
the material type of the combustor while the value of ε for the
wire mesh is set 0.70. The value of Stefan-Boltzmann constant
(σ) used is 5.67 x 10-8 W/m2K4.
A thermal insulation (zero heat flux boundary) is applied at
both left and right wall edge of the combustor. For the outlet
boundary condition, a fixed pressure inlet is applied. A
symmetrical boundary condition is established at the origin of
z-plane so that the calculation can be performed only in half of
the domain. The material thermal properties and the gas
transport data are obtained from the Fluent internal database
[15] and Kutz [16].
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Initially, the momentum and continuity equation is solved.
Then, the energy and species equations are solved by applying
a sufficiently high temperature of 1600 K to the patching
zone, which is defined 1 mm from the outlet. Once ignited, the
flame propagates to the upstream and eventually stabilizes
near the wire mesh. With a fixed equivalence ratio (ɸ), both
blowout and extinction limits are obtained by gradually
changing the inlet flow velocity.
B. Counter-flow tube combustor with wire mesh

4

III. RESULTS AND DISCUSSION
A. Flame stabilization in a single channel tube combustor
Flame stabilization limits for the single channel tube
combustor with wire mesh are numerically examined. Blowout
and extinction limits are the examples of flame stabilization
indicators in meso and micro-scale tube combustors. Both
limits for this type of combustor are presented in Fig. 4. In
order to ensure that the numerical model is credible,
experiments were also conducted to determine the stability
limits. The similar experimental configuration as proposed by
Mikami et al. [11] is utilized.

The flame stabilization limits of the single channel tube
combustor can be further improved. One of the ways to
enhance the flame stabilization is by inserting the combustor
into an outer tube. Fig. 3 shows the diagram of the combustor.
The outer tube is assumed to be made of the quartz tube. The
exterior heat losses through the outer wall are in the form of
convection and radiation. The value of the convective heat
transfers coefficient (h) is 5 W/m2K while the emissivity is
fixed to 0.9. Quartz is assumed to be the material for both the
combustor and outer tube. The thickness of the outer tube is set
to 1 mm by activating the shell conduction in Fluent. The
material for both the combustor and outer tube is assumed to be
made of quartz, which means that the k value is fixed to 1.6
W/m/K.
A cold flow simulation condition is first performed in
which only the continuity and momentum equations are solved.
All results are presented in the next sub-section.
Fig. 4. The numerically determined blowout and extinction limits

The results obtained from the experiment are plotted on the
same graph. The predicted value of the blowout limit at ɸ=1.0
is U=46 cm/s, which is higher than the experimental result. On
the contrary, a reverse pattern is observed for the extinction
limit. These notable differences are mainly due to the reduced
one-step propane reaction that has over-predicted the flame
temperature.
B. Flame stabilization in a counter-flow tube combustor
A cold flow simulation condition is first performed in
which only the continuity and momentum equations are
solved. The results of local velocity magnitude and streamline
pattern are depicted in Fig. 5 while the results with energy and
specified equations solved are shown in Fig. 6.
Dimensions are in mm
Fig. 3. Computational domain for counter-flow tube combustor

As seen in Fig. 6, the wire mesh temperature is
significantly high. This elevation of temperature is mainly
because there is no straight thermal path from the wire mesh
to the ambient air. As for the gas, combustor wall, and outer
tube temperature contours, the results are generally within the
expectation. Since the outer tube is assumed to be made of
quartz glass, it can be seen that much of the heat is only
concentrated within a small area. In other words, there is high
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thermal stress occurs on the combustor and outer tube wall.
It is important to note that in order to include the outer
tube in the numerical model, a total of 188043 nodes need to
be utilized. This high number of nodes require longer
computational time especially in determining the blowout
limits.

Velocity streamline pattern

(b)

Velocity vector
(c)

Fig. 5. Cold flow simulation local velocity results with U=35 cm/s

(d)
Fig. 6. Temperature contours for U=35 cm/s and ɸ=1.0 (a) Gas temperature (b)
Wire mesh temperature (c) Combustor wall temperature (d) Outer tube
temperature

(a)
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IV. DESIGN IMPROVEMENT OF COUNTER FLOW TUBE
COMBUSTOR
A. Reduction of tube combustor outer diameter
The findings obtained from the numerical and simulation
works are utilized as the guideline to properly design a mesoscale tube combustor with heat recirculation mechanism. It is
desirable to have a combustor with high blowout limits as high
power output can be achieved with a high flow velocity.
To improve the practicality of the combustor, the inner
diameter of the outer tube is suggested to be reduced to 6 mm.
The effect of the diameter reduction on the combustion
characteristics is then numerically examined. The
computational domain and results obtained from the
simulations are depicted in Fig. 7 and 8. The exterior heat
losses through the outer wall are assumed to be in the form of
convection and radiation. The value of the convective heat
transfers coefficient (h) is fixed to 5 W/m2K while the
emissivity is set to 0.9. Quartz is assumed to be the material for
both the combustor and outer tube.
As seen in Fig. 8, there is a small drop of flame temperature
as compared to the outer tube with 8 mm of inner diameter. It
is expected that the flame stabilization limits should not be
significantly affected. The blowout limit with this new
condition is 65 cm/s for equivalence ratio (ɸ) equal to 1.0. The
limitation of the below design combustor is that only gaseous
fuels can be utilized as the primary source of fuel. This
limitation defeats the main purpose of having micro power
generation system, which is portability.

Fig. 7. Computational domains for outer tube with inner diameter of 6 mm
(dimension in mm)

Fig. 8. Simulation results for U=35 cm/s and ɸ=1.0 for outer tube with inner
diameter of 6 mm
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641 K. Thus, it is predicted that flame stabilization can be
enhanced with the change of the inlet flow direction.

B. Tube combustor for gaseous and liquid fuel
It is desirable that an improved design of combustor can
also be used for liquid fuels. The use of liquid fuel eliminates
the problem of tube combustor mobility. Droplets of liquid fuel
can be generated with the utilization of electrospray technique
as proposed by Yuliata et al. [17]. In order to apply the
electrospray method on the combustor, a minimal modification
needs to be performed. The direction of inlet flow of
combustor needs to be reversed. The gas should be supplied
through the small gap between the combustor and the outer
tube.

(a) Gas temperature

The sketched diagram of the proposed combustor is
presented in Fig. 9(a). The effect of changing the flow of gas is
then numerically examined, where the computational domain is
shown in Fig. 9(b). Both of the combustor and outer tube is
assumed to be made of quartz. Results of the numerical
simulations are presented in Fig. 10.

(a) Illustration of the proposed combustor with gas and liquid fuel

(b) Outer tube wall temperature

(b) Computational domain for propane-air simulation (dimension in mm)
Fig. 9 Proposed tube combustor for the use of liquid and gaseous fuel

Since the average cross-sectional area of the inlet is the
same as the average cross-sectional area of the inlet in
combustor shown in sub-section of IV-A, direct comparison of
the flow velocity can be made. As shown in Fig. 10, the flame
temperature is slightly increased as compared to results in Fig.
8, but the increment can be considered as insignificant. The
increase of the flame temperature causes a modest elevation of
the outer wall and wire mesh temperature. However, it can be
seen from the figure that there is a notable upward change on
the unburned gas temperature.
This finding is further corroborated from the graph of gas
temperature along the centerline of the combustor as depicted
in Fig. 11. The calculated mass-weighted average of the
unburned gas temperature for the proposed tube combustor for
the liquid fuel is given as 711 K. On another hand, the average
temperature for the case in sub-section of IV-A is calculated as

(c) Wire mesh temperature
Fig. 10. Simulation results for proposed counter-flow tube combustor with wire
mesh for U=35 cm/s and ɸ=1.0
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of the counter-flow combustor is reversed. It is important to
note that the exhaust gas does not mix up with the unburned
reactants. This characteristic makes the proposed combustor
different than conventional Exhaust Gas Recirculation (EGR)
system.
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