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PAPER INFO ABSTRACT

Paper history: A micro combustor is one of important devices in heat generation to power miniaturized products such
Received 10March 2014 as microrobots, notebook computers, micro-aerial vehicles and other small scale devices. An integrated
Received in revised form 19July2014 micro combustor with thermophotovoltaic (TPV) in a micro-size electric generator supplies electricity

Accepted 13 November2014 to these micro devices. There is a growing interest in developing micro combustors as a power source

due to their inherent advantages of higher energy density, higher heat and mass transfer coefficients
and shorter recharge times compared to electrochemical batteries. A new micro combustion concept is
described in this work by introducing a new terminology in the micro combustion. The effects of Area
to Volume Ratio (AVR) of the micro-combustors were studied to find the best performance of
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Area to Volume Ratio designed micro-combustors. In order to test the feasibility of the designed micro combustors before the
Temperature Distribution actual experiment is conducted, simulation work was performed. There are three key parameters
Numeric Simulation involved in the current study: Area to Volume Ratio (AVR), Flow Velocity of the mixture (u), and
Premixed Flame Fuel-Air Equivalent Ratio (@). Main results of this experiment are images of temperature contour,

graphs of temperature distribution profile, and graphs of mean temperature profile. This study found
there is a specific range of mixture flow velocity (0.50 — 0.56 m/s) which result a high and uniform
temperature distribution as well as its best mean temperature of micro combustion process. The
simulation work could also localized the specific range of AVR-value (1.40 — 2.01) which require
further investigation in the future.
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NOMENCLATURE

AVR  Area/Volume Ratio Uin Mixture’s velocity at micro combustor’s inlet

D Diameter of micro combustor’s chamber [mm] up Mixture’s velocity at micro combustor’s chamber [m/s]
Din Diameter of micro combustor’s inlet [mm]

H Total entalphy Greek Symbols

L Length of micro combustor’s chamber [n/s] [0} Equivalent ratio of mixture [-]

Lin Length of micro combustor’s inlet [mm] Subscripts

Qrp Heat reaction or Enthalphy of reaction at constant pressure R Reactants

Tm Mean temperature of combustion [K] P Products
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1. INTRODUCTION

Micro-Electro-Mechanical System (MEMS) is a new
branch of technology, which in its most general term
could be defined as miniaturized mechanical and
electro-mechanical elements (i.e., devices and
structures) that are made using the techniques of micro
fabrication. These elements include micro sensors,
micro actuators, and micro power generators. Since
MEMS had been identified as one of the most
promising technologies for the 21* century, and had the
potential to revolutionize both industrial and consumer
products [1], many prototypes of MEMS-based
components have been made including a micro-turbine
for electric power generation [2], liquid fueled batteries
[3], and microthermo photovoltaic (TPV) power
generator [4, 5]. The efforts for developing the
prototype was mainly motivated by the fact that
hydrocarbon fuels have much higher power density
(typically 45 MJ/kg) compared to modern lithium ion
batteries (0.5 MlJ/kg) [6]. Therefore, miniaturized
energy conversion from chemical energy of
hydrocarbon fuels to electricity currently becomes the
primary focus of Power MEMS devices, with output
power levels ranging over a broad spectrum [7]. The
design of micro-TPV system consists of: (1) a micro-
combustor as heat source, (2) an emitter, and (3) a TPV
cell array [8]. The micro-combustor as one of the key
components, plays important role to support the system
to produce its maximum performance. Combustion
process in the micro-combustor must be able to create a
stabilized flame which result in high and uniform
temperature distribution along combustor wall.
Micro-combustion researches are expected to play
an important role towards the success of micro-TPV
electricity generation. The success of research on liquid
fueled batteries becomes a key milestone in a series of
works on micro-TPV electricity generator [9]. Various
major parameters on micro-combustion had been
studied. These include: fuel mixing ratio, nozzle to
combustor diameter ratio, and wall thickness to
combustor diameter ratio [10]. Yang, et al. [11]
havesucceeded to develop a micro-combustor having
volume of about 3.1 cm’capable of producing an
electric current with power density of 1 MW/m’. The
micro-combustor is the main component which
needsfurther work in order to get an optimum result,
started by investigating the characteristic of premixed
flame in micro-combustor with different design. Li, et
al. [12] studied micro-combustors with different
diameters and found there is a flat region on the
velocity, temperature, mass fraction, and volumetric
heat losses profiles on the larger diameter micro-
combustors. A breakthrough also introduced in the
micro-combustors to control the position of the flame
inside the chamber [13]. Another research also
introduced a backward facing step inside the chamber

for providing a simple yet solution to enhance the
mixing of fuel mixture and prolong the residence time
to achieve a high and uniform temperature distribution
along combustor wall [14].

The objectives of this research article is to
investigate the effects of micro-combustor’s geometry
represented by the values of surface area to volume ratio
(AVR) of micro-combustor chamber, the qualities of
fuel mixture represented by equivalent ratio (¢), and the
dynamics of the mixture represented by the velocity of
the mixture entering micro-combustor chamber (u) on
premixed micro-combustion which is done by
numerical simulation.
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Figure 1. Basic design of micro-combustors

TABLE 1. Geometric Specification

Din D Lin L Vol. Area AVR
[mm] [mm] [mm] [mm] [mm’] [mm?] [mm]

1 2 15 25 90.32 181.43 2.01

1 3 15 25 188.5 263.89 1.40

1 4 15 25 361.28 367.57 1.07
2.METHOD

This research work intends to investigate the role of
major parameters in micro-combustion process using
numerical simulation. These major parameters are area
to volume ratios, equivalent ratios of the mixture, and
velocities of the mixture passing through the micro-
combustor chamber. By varying the values of these
major parameters and feeding them into simulation
software, and then recordingthe responses of the micro-
combustion system such as the mean wall temperature
and the temperature profiles along the chambers. For
details, the steps required to conduct this research are
explain as follows:

2. 1. Development of Micro-combustors In this
research, the micro-combustion chamber is designed to
give various different geometric characteristic
parameters, namely surface area to volume ratio (AVR).
The surface area is defined as contact area (interface)
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between the mixtures of fuels (burned and unburned)
and inside wall of the combustion chamber. The volume
is defined as the volume of the mixture (burned and
unburned) enclosed by the micro-combustion chamber.
Figure 1 shows the basic design of micro-combustors
and Table 1 shows various geometric specifications
giving different values of AVR (1.07; 1.40; 2.01). This
type of micro combustor mostly used in micro-TPV
power generator applications because of its simplicity in
design and ease of manufacture.

The micro combustor used in this research acts as
control volume with a constant pressure. Therefore,
there is no work done in the system. Conservationof
energy for a constant pressure reactor is shown by
Equation (1).

_Qr,p:HR_HP (1)

where Q,, = Heat reaction or Enthalpy of reaction at
constant pressure, Hr = Total enthalpy of reactants, and
Hp= Total enthalpy of products. Negative value of
Qrpindicates heat transfer out of the system to the
surroundings and heat of reaction is related to the heat
of combustion, Q,, =-C.. .

The total enthalpy of Reactants and Products are shown
in Equations2 and 3.

H , :z N,‘,R(Aﬁi(f;z"'ﬁsiﬂ) (2)
H, :Z NLP(A};:?P+};5LP) ©
where:

subscript R for reactants and P for products,
N;= number of moles of species i,
ah0= enthalpy of formation at standard condition for

species i,
}fsi = sensible enthalpy for species 1.

Substituting Equations (2) and (3) into Equation (1) and
also at standard temperature and pressure (STP)
condition the sensible enthalpy terms drop out for both
reactants and products, therefore, the heat released is
defined by Equation (4).

_Qro,p:ZNi,RA[;i(:R_ZN,‘,PA[;RP (4)

The micro combustor (Figure 1) represent a system with
a complete combustion of LPG with air as reactants to
form carbon dioxide, water, and nitrogen as products.
Thus, a balance stoichiometric kinetic reaction between
LPG and air with the assumption of complete
combustion may be expressed by Equation (5).

0.019 CH4
0.041 CZ H()
C,H, +(Oz+3.7o Nz)_>3.55 CO,+,5sH,0+, 55N, ®))

0.4498 CA Hl(i

0.0912 CS HIZ

0.399

In order to study the feasibility of combustion in
micro-combustors and determine the relevant factors
affecting the micro-combustion, a numerical simulation
work on micro flame inside micro-combustor was
performed.

2. 2. Liquid Petroleum Gas (LPG) A. Tripathi,
et al. [15] performed a research on burning velocity of
LPG/air mixture, and concluded that LPG is a slow
burning fuel giving maximum burning velocity (Sp) of
0.575 m/s, and it varies depend on the value of
equivalent ratio. As a comparation, Ebrahimi, et al. [16]
studied about natural gas which consist mainly with
methane (CH,; 83.5%) having heating value lower than
that of gasoline. The composition of LPG used in this
experiment is shown in Table 2. LPG is one of
hydrocarbon fuels which have interesting properties,
such as having a high calorific value and low exhaust
gas emissions [17]. Tabejamaat [18] reported, by using
appropriate combustion technology would give some
advantages such as NOx reduction, energysaving, high
efficiency, and low noise.

2. 3. Velocity of the Mixture In order to have
position of the premixed flame is floating in between
the step and pressure-outlet port of micro-combustor,
therefore it is required to set the velocities (u) of the
mixture passing through the tube having diameter of D
theoretically equal or greater than burning velocities of
the mixture. For this research purposes, the velocities of
the mixture leaving the step inside the chamber are
designed starting from up= 0.50 m/s until it reaches the
possible maximum velocity of each micro combustor.
The velocity at this position is considered as a common
base velocity of all combustor types and the velocity of
the mixture entering the inlet-port could be determined
by Equation (6).
u, = Ay, b (6)
By applying the Equation (6) to the designed starting
velocity of the mixture, then the value velocity at the
inlet of micro-combustors required to run the simulation
can be determined, and it will be increased gradually to
run the simulation as shown in Table 3.

TABLE 2. Composition of LPG

Elements Percentage (%)
CH,4 1.9
C;Hg 4.1
C;Hg 39.9

CsHo 44.98
CsHiz 9.12
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TABLE 3. Velocities of Mixture at Inlet Port and Its
Equivalence Velocity Inside Chamber [m/s]

AVR=1.07 AVR=1.40 AVR=2.01

Ui“ Un Uin UD Uin UD
8 0.5 4.5 0.5 2 0.5
10 0.63 5.5 0.61 2.5 0.63
12 0.75 6.5 0.72 3 0.75
14 0.88 7.5 0.83 35 0.88
16 1 8.5 0.94 4 1

18 1.13 9.5 1.06 4.5 1.13
20 1.25 11 1.22 5 1.25
22 1.38 13 1.44 5.5 1.38

©
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Figure 2. Temperature contours on micro combustor chamber
with AVR=1.07; =1.0 U;=13; 17; 21 m/s respectively.
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Figure 3. Temperature distribution profile along micro
combustor with $=0.6 and a). AVR= 1.07; b). AVR=1.40; c).
AVR=2.01

2. 4. Fuel-air Equivalent Ratio ¢ Fuel-Air
Equivalent ratio is used to define its quality or state of
the mixture. The main effect of variation of this ratio
which is taken into account is burning velocities of the
mixture. The investigated values of the ratios and its
burning velocity are:$=0.6; 0.8; 1.0, the laminar burning
velocitiesare: 0.475 ; 0.52; and 0.575 m/s, respectively.

Having defined the major parameters, the data are
fed into simulation work and the rest of the data
required to run this simulation process are kept as
constants. The results from these activities are
temperature profile and the mean temperature of each
set of data.

3. RESULTS AND DISCUSSIONS

After running simulation work, a complete set of
solutions are recorded. Main results are images of
temperature contour on a symmetry-plane of micro-
combustors; the sample of results are shown in Figure 2.
This figure visually shows changes in the behavior of
combustion process influenced by variation of velocity
at the inlet port of the micro-combustor which has a
value AVR=1.07 and operated at stoichiometric state.
When mixture at inlet port has velocity of 13 m/s the
combustion occurs in the laminar state and temperature
is distributed evenly along combustor.By increasing its
velocity (17 m/s), the flame begins to shift toward the
flame-outlet pressure and lowers the temperature in the
rear area of the flame, and at higher speeds will cause
the flame to shift further until finally out of the micro-
combustor, and then the flame isextinguished.

3. 1. Temperature Profiles Temperature profile
is a graph that represents the distribution of temperature
measurements at points along the micro-combustor
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under investigation. Temperature = measurement
locations are defined as a series of inline points along
micro-combustors starting from the step up to the
pressure-outlet and are located in a layer of interfaces
between the mixture (burned and unburned) and the
combustion chamber wall. The measurement line is
divided into ten measurement points that would form
very smooth graph of temperature profile. The
temperature profiles are taken from various values of
Equivalent ratio (@), AVR and mixture equivalent
velocities (up). Complete results of temperature profiles
are shown in Figures 3, 4, and 5. Figure 3 shows the
temperature profiles of the three types of micro
combustors operated on an equivalent ratio of @ = 0.6
with equivalent velocities of the mixture starting from
0.5 m/s. Micro-combustor with AVR=1.07 has very
high maximum temperature and distributed uniformly
when it is operated on velocities range 0.50 - 0.81 m/s;
the next range (0.81 — 1.19 m/s) temperature profile
drastically drops toits minimum temperature at position
of approximately 5 mm from the step. Beyond these
ranges, the flame becomes unstable and starts to move
towards the pressure-outlet and finally out of the
chamber when the velocity reaches 1.38 m/s.

Micro combustor with AVR=1.40 has high and
uniform maximum temperature, when it is operated on
velocities range 0.5 - 0.83 m/s; the next range (0.83 —
1.0 m/s) temperature profile drastically drops to its
minimum temperature at position of approximately 3
mm from the step.Beyond these ranges, the flame
becomes unstable and starts to move towards the
pressure-outlet and finally out of the chamber when the
velocity is over 1.44 m/s. Micro combustor with
AVR=2.01 has high maximum temperature when it is
operated on very narrow velocities range of 0.50 - 0.56
m/s. In the next range (0.56 — 0.81 m/s), the temperature
profile of each level of velocity slightly drops, and then
increases with sinusoidal pattern. Beyond this range, the
mean temperature drops drastically andthe flame is
extinguished at velocities over 1.31 m/s.

Figure 4 shows the temperature profile of the three
types of micro-combustors which are operated on an
equivalent ratio of @= 0.8 with velocities of the mixture
starting from 0.5 m/s. In this combustion conditions, in
the micro combustor with AVR = 1.07 uniform
temperature distribution occurs in the velocity range of
0.5 - 0.75 m/s; for the next range (0.75 - 1.31 m/s)
temperature profile drastically drops toits minimum
temperature at position ofapproximately 8 mm from the
step. Beyond these ranges, the flame becomes unstable
and starts to move towards the pressure-outlet, and
finally out of the chamber when the velocity reaches
1.38 m/s.

Micro-combustor with AVR=1.40 has high and
uniform maximum temperature when it is operated on
velocities range of 0.5 - 0.83 m/s; the next range (0.83 —
0.94 m/s) temperature profile drastically drops to its

minimum temperature at position of approximately 7
mm from the step. Beyond these ranges, the flame
becomes unstable and starts to move towards the
pressure-outlet and finally out of the chamber when the
velocity is over 1.44 m/s.

Micro combustor with AVR=2.01 has high
maximum temperature when it is operated on very
narrow velocities range of 0.50 - 0.56 m/s. In the next
range (0.56 — 0.81 m/s), the temperature profile of each
level of velocity slightly drops and then increases with a
sinusoidal pattern. Beyond this range, the mean
temperature drops drastically and the flame is
extinguished at velocity over 1.31 m/s.

Figure 5 shows the temperature profile of the three
types of micro combustors which are operated on an
equivalent ratio of = 1.0 (stoichiometric) with
velocities of the mixture starting from 0.5 m/s.
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Figure 4. Temperature distribution profile along micro
combustor with $=0.8 and a). AVR= 1.07; b). AVR=1.40; c).
AVR=2.01
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This shows the characteristics of the micro-scale
combustion which is not much different from the
characteristics shown in Figures 3 and 4, except for a
little difference in operating velocity range shift of the
mixture to produce a temperature distribution profile.
This suggests that the profile of temperature distribution
is not significantly affected by the value of equivalent
ratio. It is clearly shown on Figure 3(c) that combustion
does not occur at velocity of 1.38 m/s but by increasing
the equivalent ratio, the combustion takes place at the
same velocity on Figures4(c) and 5(c).

By observing temperature profiles with various
mixture velocitis inside all micro-combustors under
investigation, these clearly show that the increase of the
velocity will lower the temperature of combustion
process because the residence time of the mixture will
be shorter by the raise of velocity mixture. When the
resident time is not sufficient, then a complete
combustion does not take place in the combustor,
unburned fuel will quench the combustion process and
finally extinguish the flame. Two other parameters seen
clearly affect the combustion process inside micro
combustors; equivalent velocity (up) clearly governs the
temperature profile starting from the value of laminar
burning velocity of the mixture which produces a
uniform temperature distribution. By increasing
equivalent velocity, uniformity of temperature profile
becomes distracted and eventually flame extinction
occurs in all types of micro combustors. The AVR is
another parameter which obviously affects the
temperature profile, because in this case the increase of
the AVR can be interpreted as narrowing the diameter
of the micro combustor. So, it can be concluded that the
collaboration between variations of velocity and
diameter affect the changes of Reynolds number that
classify the types of flow inside combustors.

3. 2. Mean Temperature (Tm) The mean
temperature is defined as the average value of all the
temperature measurements along temperature contours
generated by the simulation activity. All micro
combustors have a common location of step which
governs the micro combustion processes, i.e. mostly the
combustions take place from the step upto the exit port.
Thus, the temperature reading points (10 points) on the
images of temperature contour are located between the
step and exit port, and then the temperature data are
obtained from these points. The mean temperature data
are plotted versus the wvelocities mixture, then an
appropriate trend line inserted into the graph; finally
Figure 6 (a), (b), and (c) are obtained.Figure 6 clearly
shows that the mean temperature (T,) of the wall is
strongly influenced by the supply velocity (u;,) of fuel-
oxidant mixture; the higher the velocity of the mixture,
then the average temperature of the combustion process
in a micro combustor decreases until finally the flame
outage.
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Figure S5.Temperature distribution profile along micro
combustor with =1.0 and a). AVR= 1.07; b). AVR=1.40; c).
AVR=2.01

This situation can occur due to the increase of
velocity,which causes the residence time of the mixture
become shorter, so that it does not burn completely
during its passage through the micro combustor.

The presence of AVR parameter shows that the
mean temperature will be decreased if the same
combustion condition is applied on the micro combustor
with a higher value of AVR; this could happen because
by increasing AVR the heat lost to the surrounding
would be higher and would quench the combustion
process. These situations occur in a range of equivalent
ratio under investigation, and lead to the conclusion
thatthe mean temperature (T,,) ofmicro combustion is
inversely proportional to the velocity (u;) of mixture
supply.The mean temperature (T,,) of micro combustion
is inversely proportional to the AVR; the mean
temperature (T,) of micro combustion is directly
proportional to the equivalent ratio (@) of the mixture.
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Figure 6. The effect of mixture velocity and AVR to the mean
temperature of micro-combustor, with equivalence ratio of a).

©=0.6; b). 9=0.8; ¢). =1.0

3. 3. Empirical Equation Further investigation
ofFigure 6, there are equations of the relationship
between the mean temperature and velocity for a certain
value of AVR and equivalent ratio (@). For combustion
process with @ =0.6 and AVR=1.07; 1.40, and 2.01
gives equation of relationship between mean
temperature and velocity as shown by Equation (7), (8),
and (9) respectively:

T, =1272 uy"™ (M

T, =11304 u,'™ (8)

T, =1931 u,'"™” (€))

For combustion process with @ =0.8 and AVR=1.07,;
1.40, and 2.01 gives equation of relationship between
mean temperature and velocity as shown by
Equations(10), (11), and (12) respectively:

T, =1272 u,'* (10)
T, =11303 u,""” (1n
T, =977 uy""™ (12)

For combustion process with @ =1.0 and AVR=1.07,;
1.40, and 2.01 gives equation of relationship between
mean temperature and velocity as shown by equation
13, 14, and 15, respectively:

T, = 1272 up""™ (13)
T, = 11302 u;ums (14)
Tm = 981 u;|.224 (15)

By observing Equations (7)-(15), shows that the
equivalent ratio (@) does not significantly affect the
mean temperature (T,) of the micro combustion, but
parameter AVR significantly affects the mean
temperature (T,,) of a micro combustion.

4. CONCLUSION

Premixed-combustion simulation inside cylindrical
micro combustors having different geometric design
represented by different values of area to volume ratio
(AVR) has been performed in present study. The
simulation study on temperature distribution profiles
and mean temperature profiles of micro combustion on
a series of micro combustors was carried out. The
temperature of combustion along micro combustor
chamber was read from temperature contour of its
symmetrical plane. The effect of Area to Volume Ratio
(AVR), flow velocity (up), and fuel-air equivalent ratio
(®) were investigated. Based on the observation of the
temperature profile graph can be noticed clearly that the
higher value of AVR, the greater tendency to lower the
mean wall temperature and leads to extinguish the
flame. The higher AVR value means the higher the
surface area of the micro combustor.Therefore, the
amount of heat loss through the wall is also greater, and
will quench the flame. From the analysis of temperature
profile, it is found that all micro combustors that have
AVR of 1.07, 1.40, and 2.01, give the maximum and
uniformly distribute temperature when the flow velocity
in the range of: 0.50 - 0.81 m/s; 0.5 - 0.83 m/s, and 0.50
- 0.56 m/s respectively. It means there is a common
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velocity range that result a high and uniform
temperature distribution, i.e. around laminar burning
velocity of the mixture (0.50 — 0.56 m/s). Beyond these
ranges, the flame become unstable and start to move
towards the pressure-outlet and finally out of the
chamber or flame isextinguished. It is interesting that
micro combustor with AVR of 1.07 and 1.40 there is no
significant different in the mean temperature profile, but
on micro combustor with AVR of 2.01 there is very
significant different which may lead to future study on
this topic with narrower range (1.40 —2.01).
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