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to narrow flame flammability limits. This study aims to increase flammability limits by
lengthening the reactant residence time and increasing reactant mixing with inserts of
flow retardants called flame holders. There are two kinds of flame holders used in this
study, namely holes and lines. Lines type produces flames at an equivalent ratio of
{0.83-1.76 and speeds of 17.01 cm/s to 72.93 cm/s, while holes type produces flames

Keywords: at an equivalent ratio of ®0.91-1.71 and a flow rate of 24.94 cm/s to 54.95 cm/s. This
Mesoscale combustor; micro power phenomenon shows that the line type flame holder is able to inhibit flow better and
generator; butane combustion; flame form vortices better, thereby increasing heat recirculation, flame stability, and
holder widening flammability limits.

1. Introduction

The development of the use of electronic devices has an impact on increasing battery usage [1].
However, batteries have major weaknesses, namely toxic waste and low energy density as shown in
Table 1 [2,3]. To anticipate the weaknesses of batteries, micropower generator technology has been
developed to generate electricity using hydrocarbon fuels [4]. One of the main components of a
micropower generator is the small combustion chamber or combustor. Combustion chambers with
tube dimensions below 1 mm are called micro-combustors, while combustion chambers of 1 mm to
1 cm are called meso-combustors [5,6].

The small size of the mesoscale combustor results in a short reactant residence time, large heat
loss, and cooling of the combustion reaction by the walls [7]. This causes a narrow flammability limit;
in other words, it is difficult to stabilize the flame in a mesoscale combustor.
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Table 1

Energy density of various sources [2]

Source Energy density [MJ/kg]
Lead acid batteries 0.0792
Nickel cadmium (NiCad) batteries 0.158
Lithium ion batteries 0.468
Lithium sulfur batteries 0.792
Methanol combustion 22,7
Ethanol combustion 30.5
Heating oil combustion 42.5
Diesel combustion 45,3
Gasoline combustion 45,8
n-Octane combustion 48,2
n-Butane combustion 49,6
Propane combustion 50,3
Methane combustion 55.5
Hydrogen combustion 142

The role of the mesh as a flame holder is to prevent flashback and blowoff. The preferred
procedure for determining the most accurate mesh is to perform trials on different mesh sizes and
configurations until a numerical solution converges, called a grid independence test. Obviously, this
requires a lot of computational time and effort. Turbulent flow is significantly affected by the
presence of walls, where the viscosity affected region has a large gradient in solution variables and
the accurate presentation of the region near the wall determines the predictive success of wall
bounded turbulent flow [8].

The hexane propane flame was successfully stabilized in a tube type mesoscale combustor with
an inner diameter of 3.5 mm, with double mesh inserts. The results show that wire mesh inserts are
able to expand the flammability limit when compared to single wire mesh [9]. Double mesh inserts
play a role in (a) inhibiting the flow thereby prolonging the residence time of the reactants, (b)
increasing the recirculation of heat from the flame to the reactants [10]. The role of the wire mesh is
then referred to as the flame holder, where the flame sticks or slightly sticks to the wire mesh. This
also occurs in the use of liquid fuels [1]. Further investigation also explains that the flame holder
material also has an effect on increasing the flammability limit [11]. Copper, which has a high
conductivity, does extend the flammability limit, but is easily deformed at high temperatures, so it is
not recommended for use as a flame holder. Based on this research, flame holders and flame holder
materials are proven to increase heat recirculation and expand the flammability limit. In order to
create stable combustion in micro combustor, many experimental studies have been carried out and
natural gas is applied for most conditions. Heat recirculation and external heating are common and
effective methods for reducing heat loss. Recirculation heat which means the enthalpy of the burned
gas is recirculated to heat the reactants [12].

Previous research has been carried out by Gan et al., [12] which used the electrospray technique
for burning liquid fuels. The liquid fuel is dispersed into droplets so that the evaporation rate
increases rapidly. Unlike gas fuel, fine evaporation is a prerequisite for burning liquid fuels [12]. The
electrospray atomization method creates droplets with an electric charge, which causes the spread
of the spray due to the repulsive force between the droplets.

Using other methods, this paper describes the use of various types of flame holders and their
impact on flammability limits, flame visualization and combustion temperatures in butane
combustion in a mesoscale combustor.
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2. Methodology

The research was conducted using the experimental method, namely direct observation of the
object to be studied. The data obtained from the research will be processed, analyzed, and compared
with the results of the hypothesis. The research was conducted in the Mechanical Engineering
Laboratory of the University of Muhammadiyah Malang.

Figure 1 is a mesoscale combustor figure that will be used in this study. Figure 1(a) shows the
technical drawing of the mesoscale combustor with the flow rate from the inlet to the outlet. Figure
1(b) is a combustor with a wire mesh flame holder as a reference for the flammability limit from a
previous study by Mikami et al., [9] and Yuliati [11]. Figure 1(c) is a mesoscale combustor with
perforated plate flame holder holes and Figure 1(d) is a mesoscale combustor with lines of perforated
plate as atreatment in the study. Between the two, visualization and flame temperature observations
will be carried out, in order to get an in-depth understanding of the effects of variations in the use of
flame holders.
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Fig. 1. Meso—combustor (a) Technical drawing of mesoscale combustor (b) Wire

mesh meso scale combustor (c) Holes perforated plate meso scale combustor (d)
Lines perforated plate meso scale combustor

Figure 2 shows a series of equipment used for research. The fuel in the mesoscale-combustor is
butane and the fuel discharge will be regulated by the fuel flowmeter. Air from the compressor as
oxidizing gas is supplied to the combustor and the air flow is regulated using a Kofloc RK-1250 air
flowmeter. The mixture of fuel and oxidizing gas will be combined with a Y — connector, and
forwarded to the combustion chamber. The use of a burner to raise the temperature around the
combustor so that combustion can occur. The thermocouple is used to retrieve temperature data
that occurs when combustion is in progress. The camera is a tool for taking visualization data on the
flame in the combustor.
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Fig. 2. Research installation scheme

3. Results
3.1 Flammability Limits

The area between the minimum curve and the maximum curve is the stabilized flame area in the
combustor. The higher the equivalent ratio means that the reactant mixture is more fuel-rich mixture,
whereas if the equivalent ratio is lower, a fuel-lean mixture will occur, as shown in Figure 3. The flow
velocity through the combustion chamber is slightly inhibited and capable of raising the temperature
before the reactants enter the flame region.

Meso combustor with perforated plate holes, the flow of reactant through the hole is the
smoothest, so the flow resistance is less when compared to mesh 60. Lines perforated plate flame
hoder is the type that inhibits the flow the most and has the largest contact area.

Mesoscale combustor with 3 different types has different flame stability and reactant flow rate.
In the perforated plate holes, a stable flame occurs in the equivalent ratio range ©0.91-1.71 and the
reactant flow rate ranges from 24.94-54.95 cm/s, then the flame perforated plate lines are stabilized
in the equivalent ratio range ©0.83—-1.76 with a maximum speed in the range of 17.01-72.93 cm/s,
while for the mesoscale combustor with 60 mesh the flame holder can be stabilized at an equivalent
ratio of ©0.90 to 1.53. The area of the 60 mesh curve appears wider than the area of the mesoscale
combustor perforated plate holes.

A steady flame is characterized by a flame that sticks or barely sticks to the flameholder. On a
stable flame, no blowoff or flashback occurs. In a stable flame state, the flame holder plays a role in
the occurrence of heat recirculation. The heat generated by the flame will heat the flame holder, the
flame holder heats the reactant passing through it, then the reactant temperature will rise, and the
reactant will enter the flame area at a higher temperature. The right amount of heat and the right
heat flow rate will cause flame stability.
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Fig. 3 Flammability limit

The flame holder causes resistance to the flow of the reactant, while increasing the residence
time of the reactant longer. Increasing the residence time of the reactant provides an opportunity
for heat absorption, so that the temperature of the reactant can be higher. The contact surface area
of the flame holder and reactant is also the convection heat transfer surface area. The convection
surface area and residence time of the reactant increase the absorption of heat into the reactant.
However, recirculation of heat downstream that is too fast can cause flame heat to be absorbed even
faster than the heat produced from combustion. This causes the flame to cool which results in the
flame being easily extinguished, so that the flammability limits become narrower.

The flame is kept within the flammability limit so that the resulting combustion is optimal by
adjusting the equivalent ratio and flow rate of the reactants that occur in the mesoscale—combustor.
In the next sub-chapter, we will explain the visualization of the flame on the combustor.

3.2 Visualization of the Flame

Image capture of the flame visualization was carried out by knowing the midpoint of the
flammability limit of the 3 types of flame holders, using wire mesh as a reference for comparison that
has been carried out by Mikami et al., [9] and Yuliati [11], the other two were the treatments in this
study, namely perforated plate holes and perforated plate lines as depicted in Figure 4. The center
point is also useful as the main reference and determines 2 additional points on the left and right
sides for visualization which will form a horizontal line and also 2 points on the top and bottom sides
to produce a visualization of the vertical line. The five dots that will form horizontally and vertically
only represent a comparison of the visualization of the flame with the flammability limit.
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Fig. 4. Flammability limit for visualization take point and flame temperature

At a low reactant velocity, U 25.13 cm/s, the mass of the reactant flowing is small, so the heat of
combustion is also low, and the flame that occurs is small, as shown in Figure 5. There is an area
without a flame on the edge of the wall which occurs due to the presence of the reactant, not burnt.
Along with increasing reactant velocity, the total mass and heat of combustion products increase.
When the flame becomes larger, the gap without flame narrows. This flameless gap occurs because
the heat of combustion is small and unable to overcome the cooling by the wall. This cooling by the
walls causes the reactants near the walls to not have enough energy to start combustion. The
unburned gas area at T, will be narrower because the increase in speed U can increase the
temperature (251.3°C to 308.4°C) and the flame will enlarge. The addition of reactant velocity causes
blow-off. The temperature of the flame region drops T, (289.3°C) then the combustion reactions start
to occur and the temperature downstream of Ts increases, as shown in Figure 6.

U= 25,13% U= 32,01% U= 38,90% U= 45,78% U= 52,67%
Ti=174,1°C T1=200,4 °C T1=206,5 °C T1=199 °C T1=191,4°C
T,=251,3°C T,=295,1°C T,=301,2°C T, =308,4 °C T,=289,3°C
T3=257,8°C Ts=296,7 °C Ts=334,4°C Ts=363,2°C Ts=482,6 °C

Fig. 5. Mesoscale flame visualization — combustor holes perforated plate on ¢ = 1,28 and
U varies (front side)
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U=52,67"
T1=191,4°C; T2=289,3 °C; T3 =482,6 °C
Fig. 6. Visualization of perforated
plate flame holesat d = 1,28 and U
=52.67 cm/s (side side)

The flame on the fame mesoscale-combustor with lines flame holder gives a greater flame when
compared to the flame on the mesoscale combustor with holes perforates plate, as shown in Figure
7 and Figure 8 at ¢ = 1.28 and U 21.69 cm/s the flame is visible the smallest. The flame increased in
size and remained stable with the addition of U to 52.67cm/s and temperature T, = 381°C.

¢ =128
U= 21,69% U= 32,01% U= 38,90% U= 52,67% U= 66,44%
Ty =153,2°C T1=175,5°C T1=190,6 °C T, =188,1°C T1=163,6 °C
T, =260,5 °C T2=328,9 °C T2 =360,6 °C T,=381°C T,=335,4°C
T3=177,6 °C Ts=249,6 °C Ts=282,8°C T3=362,6 °C T3=507,4 °C

Fig. 7. Mesoscale flame visualization — combustor lines perforated plate on ¢ constant
(front side)

U= 66,44~

T1=163,6 °C

T2=335,4°C

T3=507,4 °C
Fig. 8. Mesoscale flame
visualization — combustor lines
perforated plate on ¢ constant
(side-side)
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The flame is able to remain stable up to U = 66.44 cm/s which is close to the maximum speed
limit on the flammability limit. At the reactant velocity, the exhaust gas temperature reaches Ts
(507.4), the flame remains stable attached to the flame holder extending until it exits the mesoscale
combustor. At this reactant velocity, a blow-off begins to occur which is marked by a decrease in the
temperature of T2to 335.4°C, then a crack occurs (Figure 8).

Observation of the mesoscale flame with a hole perforated plate type flame holder, at a constant
reactant velocity, as shown in Figure 9, shows that the richer the fuel, the more difficult it is to ignite.
It was shown from the visualization of the flame, that in lean mixture the temperature was high, the
flame almost filled the cross section, and the gap without flame was thin, whereas in rich mixture the
gap without flame was getting thicker. Butane concentration has a physical effect on the heating and
combustion processes. Butane has twice the density of air, Specific Heat-Cp 1675 J/kgK, Thermal
Conductivity 0.017 W/m°C, while air has a Density (at 0°C and 1 coal) 1.276 kg/m3, thermal
conductivity at 0°C and 1 bar 24.35 mW/(mK), Specific heat capacity (Cp) of water at 0°C and 1 coal
1.006 kJ/kgK. This can be interpreted that the more butane, the more heat is needed to raise the
temperature. The heat from the flame will be absorbed a lot which will eventually cool the flame.
The perforated plate type flame holder produces a smoother flow of reactant, so the residence time
is shorter.

Figure 9 describes that flame visualization occurs at a constant flow velocity U at 38 cm/s. The
flame at low ¢ (1.07) looks thin, dark blue, getting lighter and thicker at high ¢ (1.55). The more
reactants that flow, the more fuel is contained in it, until there is insufficient air condition to carry
out the combustion reaction. The temperature of T, = 330.5°C at ¢ = 1.07 will decrease at ¢ = 1.55
to produce T, = 229.7°C. This causes the fuel to absorb flame heat and heat loss occurs due to not
being able to produce heat for combustion. In this condition, the flame area near the wall experiences
greater heat absorption due to cooling by the wall, so that a cold area will form a flameless gap. Cold
areas are increasingly dominant with an increase in ¢, because the fuel will cool the walls causing
heat loss and it will go out.

$ = 1,07 $=119 =131 $ =143 $ =155
T1=225,3°C T1=224,5°C T1=217,6°C T1=184,6 °C T1=150,5 °C
T2=330,5°C T2=332,2°C T,=323,8°C T,=274,6°C T,=229,7°C
T3=330,6 °C T3=371,2°C T3=354,5°C T3=345,2°C T3=351,5°C

Fig. 9. Mesoscale flame visualization — combustor holes perforated plate on u constant
(front side)

Mesoscale-combustor with lines perforated plate flame holder, produces different flame

characteristics as shown in Figure 10. At reactant velocity U = 38 cm/s, and ® = 0.84, the flame looks
thin, dark blue, then gets thicker and brighter at high ® (® = 1.55).
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u=38<&

$ = 0,84 $ =095 =119 =131 $ = 1,55
T1=175,7°C T1=193,7°C T1=195,2°C T1=196,4°C  T:1=162,3°C
T2=334,7°C T2=369 °C T2=378,9°C T2=370,5°C T2=299,8°C
T3 = 265,4°C T3=266,3°C T3=267°C T3=260,5 °C T3 =285,6 °C

Fig. 10. Mesoscale flame visualization — combustor lines perforated plate on U = constant
(front side)

The richer the mixture ® =0.84, ® =0.95, ® =1.19, the brighter the flame, the larger the diameter
of the flame, and the higher the flame temperature, namely from T, = 334.7°C, T, = 369°C, T, = 378,
9°C. This shows that the better combustion produces more heat. However, after © = 1.19, the richer
the mixture, the flame diameter decreases. The line perforated plate type flame holder provides
better flow resistance than the perforated plate type. This resistance causes the circulation of fluid
flow and at the same time improves the heat transfer. However, when the reactant mixture is even
richer, there is a lack of oxygen, so that some of the fuel does not burn which causes the flame to
shrink. Flame reduction is compounded by cooling by walls and cooling by unburned fuel or reactants.

The increase in heat transfer in the channel can be caused by many factors, the material of the
wall, the type of fluid flowing in it, the thermal properties of the fluid, etc. An increase in heat transfer
generally means an increase in the heat transfer rate, from Newton's law of cooling, and the overall
heat transfer equation can be observed that by increasing the convection heat transfer coefficient,
thermal conductivity, surface area and the difference between surface and fluid temperature the
heat transfer rate can be increased. Enhancement technique means a method or means by which the
value of the thermal conductivity (k) or the convection heat transfer coefficient (h) can be increased.
There are many methods of increasing heat transfer, the principle of these methods is to reduce the
thickness of the thermal boundary layer, increase the interruption in the fluid and increase the
velocity gradient near the wall [13].

From the various descriptions above, it shows that by using a variation of the flame holder lines
it is able to maximize combustion. At constant ¢, increasing U will create better heat recirculation
than flame holder holes. The shape of the flame with the addition of U will become wider. Whereas
at a constant U, ¢ increases, it will cause the temperature of T, to decrease and T3 to increase. When
compared to holes, the use of perforated plate lines is more optimal in combustion because the
resulting T, temperature is higher and the Ts; temperature is lower.

3.3 Flow Simulation

CFD simulation is used as software that allows to investigate more complex fluid dynamics in two
or three dimensions consisting of 3 stages, namely: pre-processing, processing and post-processing.
Creating geometry and meshing becomes the pre-processing stage, the mesh parameter was set-up
with CFD physics and fluent solver preference, then proceeds to the parameter setup, iteration or
boundary condition setting stage, to the post processing stage which includes analysis, visualization,
and data validation simulation results [14,15]. In this study using ANSYS R17.0 software to analyze
various types of structures, fluid flow, and heat transfer.
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Figure 11 shows that there is less turbulence in the combustor inlet area, because the flow
experiences a sudden reduction which is affected by the smaller area of the flame holder at the front.
Turbulent flow has heat due to contact with the flame holder and the heat that has been formed will
be able to be cooled by the reactants that have not burned in the inlet area.

Velocity
Vector 1

! 1.559e+000

r 1.169e+000

ANSYS

R17.0

ﬂ 7.794e-001

I 3.897e-001
0.000e+00Q

[ms*-1]

el
0.00075

Fig. 11. Isometric view of the inlet combustor flame holder holes

Using flame holder lines (Figure 12) increases the potential for flow turbulence due to the
increased sudden reduction which is directly proportional to the area of contact on the front side of
the flame holder, as a result the heat in the inlet area increases and is more stable. Turbulent flow in
the preheating area (before the reactants burn) is beneficial because it gives the reactants a chance
to stay longer in the combustor, so that the resulting heat recirculation is more even.

Velocit P
Veclor‘ly o P s 5 = = g ANSYS

' 1.281e+000

9.611e-001

-L 6.407e-001

3.204e-001

0.000e+000
[ms*-1]

Fig. 12. Isometric view of the inlet combustor flame holder lines
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The results of the flow simulation from the side can be seen in Figure 13 (flame holder holes).
Turbulence occurs due to a sudden enlargement that is greater in the outlet area which causes
reactants with higher heat (high temperature) to be cooled by reactants with lower heat (low
temperature). whereas reactants with low heat (low temperature) will receive heat from reactants
with greater heat (high temperature). This causes the combustion heat to be concentrated in
turbulent flow and the heat in the right area of the flame will decrease.

Velocity
Vector 1

1.559e+000
1.169e+000
7.794e-001
3.897e-001

0.000e+000
[m s*-1]

——

o e
0.00025 0.00075

Fig. 13. Side view of the combustor flame holder holes

In Figure 14, it can be seen that by increasing the contact area of the line type flame holder can
suppress turbulence due to the small sudden enlargement that will occur in the flow in the outlet
area. This can cause heat at high temperatures to increase heat at low temperatures, besides that
the combustion heat in the combustor will be spread evenly throughout, maximum heat recirculation
will occur to increase combustion heat, and the flame can be more stabilized.

Velocity
Vector 1

1.281e+000
9.611e-001
6.407e-001

H 3.204e-001

0.000e+000
[m s*-1]

[ 1
000025 0.00075

Fig. 14. Side view of the combustor flame holder lines
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4. Conclusions
4.1 Conclusion

The conclusions from the research on the combustion characteristics of mesoscale—butane gas
fueled combustors with variations of the flame holder are as follows

i.  The flame in the combustor is more stable by using flame holder lines perforated plates
because the flow turbulence in the outlet area is reduced.
ii.  The use of flame holder lines can increase the flow velocity U up to 72.93 cm/s.
iii.  Flame holder lines have a larger contact area than flame holder holes, so they can increase
heat recirculation and extend the residence time of fuel in the combustion chamber.
iv.  Visualization of the shape of the flame will increase in size with increasing flow velocity U,
then thicker, light blue, and smaller with an increase in the equivalent ratio ¢.

4.2 Suggestions

i. Itis necessary to use a better glass tube material because cracks will disturb the
visualization of the flame on the mesoscale in the combustor.

ii.  Infuture research, you can add a thermocouple problem to the reactants that will burn
(enter the center diameter of the combustor) and the exact point of the flame (center
diameter of the combustor), so that a more thorough heat transfer analysis can be
carried out.
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