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Abstract

The increase of micro and nano devices has led to the miniaturization and
multi-functionalization of micro-mechanical, communication, imaging, sens-
ing, chemical analytical and biomedical devices. The devices so mentioned
above need power sources that are portable, have short charging time, lon-
gevity, high energy density and are environmentally friendly. Chemical batte-
ries hitherto used to be the major power source for these devices but have a
drawback of having low energy density. The energy density of the most im-
proved lithium-ion battery was in the region of 0.2 kWh/kg. Micro-com-
bustor is one of the most important components of the micro thermophoto-
voltaic (MTPV) conversion device. This work used numerical simulation to
investigate the effect of Micro pin fin arrays on combustion. Using a micro
combustor with micro pin-fin arrays inserted, it was observed the fins wi-
dened the region of combustion and extended the blow-off limit in the com-
bustor. The fins exerted great influence on combustion as flow rate increased
and thus improved the temperature distribution of the wall. The combustor
with fins possessed higher heat flux in comparison with combustor without
fins. There was combustion stability at inlet velocity of 4 m/s making the mi-
cro pin-fin array configuration ideal for MTPV application. The results ob-
tained will be useful in designing a MTPV.

Keywords

Entrepreneurship, Micro-Thermophotovoltaic, Micro Combustion,
Numerical Simulation

1. Introduction

Micro-scale combustion has gained more and more attention as a kind of energy

supply unit which is stable, lasting and small scaled [1] [2]. However, there are
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two problems associated with the reduction of the combustor size. One is that
every fuel has a scale limit for combustion. The scale limit is the height as in
planar micro combustors or diameter in cylindrical channel. The unstable com-
bustion, and even extinction, appears when the height of the channel is close to
the scale limit [3] [4] [5]. Surface to volume ratio is the other problem encoun-
tered as the combustor size is reduced. This leads to enormous heat loss.

A lot of research works, theoretical, numerical and experimental analysis have
been done on micro combustors in a bid to scale down the heat loss and enhance
the stability of the flame. Federici and Vlachos [6] came up with a micro com-
bustor in a single-pass heat recirculation with the aim of mitigating the effect of
heat loss and sustain the flame in the combustor. They concluded that, the re-
circulated heat affected the blow-off limit as a result of pre-heating the incoming
flow and at the same time have less effect on flame extinction. Jiaqiang et al [7]
suggested a different micro combustor for non-premixed hydrogen-air combus-
tion. They studied the mixing performance of the hydrogen-air in the micro
combustor. Porous media combustion has also been suggested to enhance flame
stability and attain higher conversion efficiency as compared to free flame com-
bustor [8] [9] [10]. Pan et al [11] studied the impact of key parameters on micro
combustion in a combustor filled with porous media. They concluded that the
porous media material having low specific heat and high thermal conductivity
gives better temperature distribution on the wall. Another means of extending
the flammability limit and thus improvement of flame stability is the addition of
catalyst. Pan et al [12] conducted a test to investigate the role of intermediate
and final product from heterogeneous reactions on the homogeneous combus-
tion in a catalytic combustor. Their research concluded that combustor perfor-
mance is greatly enhanced in the hetero/homogeneous combustion due to exis-
tence of catalysis.

Waitz et al. [13] showed that early combustion in small spaces could be achieved
under proper wall conditions. Some countries have developed and patented re-
search in High Temperature Air Combustion (HTAC) [14] [15]. Leaning on the
earlier experimental studies of Zamashchikov [16] [17], the method of environ-
ment heating to reduce heat loss, the quenching diameter proved to be smaller.
Ochoa [18] after designed Swiss-roll combustor using bismuth telluride (Bi,Te;)
to reduce the heat loss through preheating the reactant between the influx and
exhaust of the gas. Kaoru Maruta [19] observed the phenomenon of external
heat in the quartz glass tube with a diameter of 2.0 mm, and concluded that, the
flame showed fluctuation and other special dynamic phenomena

Although a variety of improved combustion approaches have been reported in
literature, simple yet effective methods are still desirable to widen the stable op-
erating range of combustion-based micro-power generation systems. It is well
known that micro-combustor with a bluff body or a backward facing step chamber
is extensively used for flame stabilization.

Combustors having fins inserted increase heat transfer process via the walls

and prolong residence time by gathering the reactants and making combustion
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efficient and improving stability of combustion. The micro pin-fin arrays are
composed of fins that extend from one base area of the channel and the other
wall of the channel serves as a barrier. The sole aim is obtaining uniform tem-
perature distribution for MTPV application. A lot of researchers have experi-
mentally and numerically investigated enhancing heat transfer by employing
flow inducing vibration of micro-fins. Peles et al. [20] studied on micro pin fins
with much emphasis on pressure drop and characteristics of the heat transfer.
They optimized the geometrical and thermo-hydraulic parameters to bring
down the system’s total thermal resistance. They proved the thermal working of
the micro-scale pin fin heat sink gives a low thermal performance and as such
the configuration having sparse and dense pin fins can decrease system total
thermal resistance. Kosar et al. [21] investigated by experiment and obtained fic-
tion factor over intermediate size pin fins. They portrayed variations in long
tube correlations if Reynolds number and fin height to diameter ratios are low.

In this paper, a new type of micro planar combustor with micro-pin-fin arrays
was investigated by simulation method. Combustors with and without micro-
pin-fin arrays were compared and their effects were analyzed. The characteristics
of heat transfer and combustion in the micro-combustor of premixed hydro-
gen-air was obtained by changing some important structure parameters, so as to
provide some valuable reference for further optimization.

In this paper, simulation of hydrogen-air combustion in a micro combustor is
presented in the configurations, where micro obstacles are embedded in the
combustor in the form of micro pin-fin arrays with the idea of enhancing com-
bustion and heat transfer efficiency in the system. Combustors are critical in the
design of MTPV systems and combustion stability is critical in the enhancement
of the performance of the system. It has been discussed in literature that, com-
bustors with fins possesses much higher surface temperature and heat flux than
combustors without fins [22].

In order to further study the influence of fins on the micro-combustion heat
transfer and combustion characteristics, the combustion of hydrogen/air in a
micro-combustor with different fin arrangements was investigated by numerical

simulation.

2. Numerical Models and Simulation Approach

The design of the combustor having micro pin-fin arrays are shown in Figure 1.
Its structure is rectangular and eight micro-fins arrays are inserted in the com-
bustor. The channel of the micro combustor has the following dimensions:
length (L) = 25 mm, width (W) = 20 mm and height (H) = 3 mm in the x, y and
z directions respectively. The thickness of the wall is 0.5 mm. The inserted fins
have the following dimensions: length (L) = 1 mm, width (W) = 20 mm and a
height (H) = 0.5 mm. The material of the combustor and the fins was the 316 L
stainless steel as it can withstand high temperatures. The coordinates have their
origin at the channel entrance and here premixed H,/air flow into the channel.

These assumptions were made in coming up with the model:
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1) Steady and laminar flow;

2) No thermo-physical properties variation with temperature;

3) Fluid is incompressible, Newtonian and viscous;

4) No velocity slips on the walls.

The hexahedral mapped mesh was adopted at three different mesh densities to
improve the convergence speed and computation accuracy. A 3D computational
model was developed and mesh independence test was undertaken. As indicated
in Figure 2, the temperature profile of the mesh with the size (102,000 cells) has
the highest wall temperature and for this reason, the mesh with 0.5, 0.5 and 0.1
mm was selected. The viscous model is laminar for the low velocity, and under
uncertain flow regime SST k-w model was selected. For the specific heat of
species calculation, a piecewise polynomial fitting method was used. Incompres-
sible ideal gas law and mixing law was used for the calculation of density and
specific heat of H,/air mixture. The thermal conductivity and viscosity of the gas
mixture were calculated as mass fraction weighted average of all species. The ki-
netic theory was chosen to handle mass diffusivity calculation of mixture whiles
SIMPLE algorithm was selected to handle the pressure velocity coupling. The
convergence of simulation was declared when all governing equations of resi-
duals approached steady state. The results reported in this work were achieved
with residuals less than 107°.

Z

0 5.000  10.000 (m) X.}_‘y
— e

2.500 7.500

Figure 1. Schematic of micro combustor with micro-pin-fin arrays.
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Figure 2. Temperature profiles at centerline of combustor wall
at different mesh densities.
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The boundary conditions are set as follows. The mass-flow-inlet and outflow
boundary conditions were specified at the inlet and outlet respectively. Different
velocity profiles were adopted at the inlet, and the hydrogen-air equivalence ra-
tio (¢) was 1.0. In this work, the atmospheric pressure (101 kPa) and tempera-
ture (300 K) were specified. The inlet temperature and initial temperature at the
combustor walls were fixed at 300 K. A skeletal gas phase reaction mechanism
proposed by Giovangigli et al. [23] for H,/air mixture was used in the computa-

tional domain. It is made up of 9 species and 19 reversible elementary reactions.

3. Results and Discussions
3.1. Comparing Combustor with and without Micro Pin-Fin Array

3.1.1. Temperature and Velocity Field Distribution

To verify the role of the micro pin-fin arrays in the MTPV set up, a comparative
analysis of the combustor with the micro pin-fins and one without the fins in-
serted was made. The results regarding the flow field will be qualitatively ana-
lyzed using the bi-dimensional streamline average approach. Figure 3 shows the
temperature distribution contour with the combustor with fins and one without
fins. It can be observed that, the mean wall temperature for the combustor
without fins was 1265 K whiles that of the combustor with fin was 1345 K at an
inlet velocity of 6 m/s. The schematic diagram of the flow field of combustor
with fins is shown in Figure 4 and it proves the formation of high temperature
reflow zones are behind the fins. This phenomenon is explained by Bernoulli’s
equation which states there is sharp contraction of cross sectional area of com-
bustor having lower pressure and high velocity when air flows through the fins.
This results in two recirculation zones in maintaining a high temperature in the
combustion area.

Figure 5 depicts the role the fins play on velocity field in the micro combus-
tor. The velocities chosen were 2 m/s, 4 m/s, 6 m/s and 8 m/s and it is obvious
the fins changed the distributions in the flow field. At a flow rate of 4 m/s, low
velocity zone is seen after the fins and this obviously improved airflow resistance
in the channel. This is beneficial to increase the residence time of airflow in the
combustor with the view of improving combustion efficiency. At an inlet veloci-
ty greater or equal to 6 m/s, there is intensity of waves behind the fins at the low
velocity zones and the high temperature reflow zone appears in the second col-
umn. Comparison of the mean wall temperatures of the external wall for differ-
ent inlet velocities are shown in Figure 6 and the role the fins play on combus-
tion reaction is analyzed. It is observed the mean temperature of the external
wall increases with increase in the inlet velocity. Increment in the inlet velocity
from 2 m/s to 4 m/s recorded an increase in mean wall temperature as 122.5 K.
Also, when the temperature increases from 6 m/s to 8 m/s, the increment in
temperature is 19 K. This is because at a flow rate less than 6 m/s, there is signif-
icant advancement in the micro combustor as a result of the fins. Figure 4 shows
the temperature profile of center section of the combustor with fins. When the

flow rate is 2 m/s, most of the thermal energy in the combustor is in front of the
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combustor which makes the temperature decreases remarkably when the posi-
tion shifts downstream.

Temperature

400 600 800 1000 1200 1400 1600 1800 2000

I 6 m/s
'------a'.v

Figure 3. Temperature distribution of the case phi =
1.0 at the rate of 6 m/s.
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Figure 4. Velocity field distributions on the center
section at different inlet velocities.
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Figure 5. Centerline of wall temperature distributions at
different inlet velocity.
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Figure 6. Outer wall mean temperature at different inlet velocities.

With increment in the flow rate, it is worth noting surface temperature of the
combustor also increased rapidly and then decreased slowly, with the value of
peak temperature outside the inlet. This implies the more the mixture flow rate,
more fuel will participate in combustion giving high mean wall temperature. It is
worth noting that, the maximum wall temperature of combustor with fins rec-
orded 110 K higher than combustor without fin. This suggests that the fins im-
proves heat transfer between fuel and the wall due to the fact that the low veloc-
ity zone after fins increases fuel residence time. The Dunkel number in this case
is increased leading to an improvement in combustion efficiency, and the aver-
age wall temperature is enhanced. At 8 m/s flow rate, it tends to be mild in the
successive distances. We can infer from the distribution of temperature that,
there is uniform and high temperature distribution with micro combustors with
fins at high flow rates. It is therefore concluded that, the fin arrays does not only
enhances the temperature of the wall but it reduces the difference in wall tem-
perature distribution which is an important requirement for micro TPV applica-

tion.

3.1.2. Combustion Characteristics
Figure 7 represents the hydroxyl (OH) distribution at alternative inlet velocities.
The OH is a representation of the position of the flame. It can be seen from the
figure that the arrangement of the fins have little effect on the flame position but
have influence on the shape of the flame. The combustion reaction for the inlet
velocity of 2 m/s is mostly concentrated at the inlet. This is as a result of increase
in blockage ratio and is defined as the ratio of the maximum cross sectional area
to the cross sectional area of the obstacle in the direction of flame propagation.
As the flow rate increases, there is increment in the effect of fins on combustion.
It is as a result of shear force on both sides of the fins.

It is obvious that, with combustors with fins, the flame deformation is obvious
under the effect of the fin arrays. The fins do not only promote combustion

reaction, but also increase the blow off limit. Similar results were reported by
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Figure 7. Concentration field profile on the center sec-
tion of three combustors at different inlet velocities.

Zhu et al [24]. The fins in the combustor, just like the combustor with bluff
body play a significant role in promoting and stabilizing combustion. This is be-
cause the probability of collision between the key components of the chain reac-
tion like OH and the wall in the combustors with fins are less as compared to
that without fins. The probability of capturing free radicals is less in combustors
with fins than those without fins. Similar results were reported by [25] [26]. It
can be observed from the OH distribution that, there is sharp increment in the
OH mass fraction but this gradually decreases. The peak value of the OH mass
fraction appears at points away from the inlet where the gas gets to the fins. As a
result of the arrangement of the fins along the direction of flow, the gas is capa-
ble of flowing at both sides of the fin. This makes the combustion reaction to
head towards the upper wall making it possible for the OH concentration to in-
crease at the fins. This occurrence is more obvious with large flow velocities as a
result of the shear forces on both sides of the fin.

A characteristic of micro combustors is that, at velocities specifically 4 m/s
and 6 m/s, the fins leave an important mark on the combustion characteristics.
The advantageous role the fins play diminishes at flow velocities of 8 m/s as a
result of hydrogen being a flammable gas. Due to the large blockage ratio for
combustors with fins, it turns out that combustors without fins display higher
hydrogen conversion ratio. As the flow rate increases, the hydrogen conversion
ratio becomes weaker. The combustor with fins recorded the highest hydrogen
conversion ratio at a flow rate of 4 m/s. This is as a result of the fact that, com-
bustors have small volume making it impossible for the fuel to have complete

combustion under large inlet velocities.

3.1.3. Thermal Characteristics

Figure 8 is the heat flux of external wall at different inlet velocities. The mean
wall temperature and heat flux of the external wall show similar trends. This is
because the heat flux of the external wall is directly proportional to the mean
temperature of the wall and is given as:
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Figure 8. Average external wall heat flux at different inlet velocities.

q, = k—(TW ;Tw ) g(Re,Pr)

where k is the thermal conductivity; L is the characteristic length of an object,
mm; 7, is the external wall mean temperature, K; 7, is the environment tem-
perature, K; gis the dimensionless function; Re is the Reynolds number; Pr is the
Prandtl number.

From Figure 8 it can be seen that, there is vast difference in the mean heat
flux between the combustor with fins and that without fins. It can be observed
that, the mean heat flux increases with increment in inlet velocity. As the flow
rate hits the 8 m/s mark, the level of heat transfer intensity by the fins is not as
much as observed earlier. A conclusion can be adduced from the heat transfer
coefficient as a function of the wall thermal conductivity for the combustor as
revealed in Figure 9. At a flow rate up to 8 m/s, there is increase in the average
surface heat transfer coefficient and it is because of the high blockage ratio of the
combustor having fins at high inlet velocities resulting in low heat transfer
process. It presupposes that, at high flow rate, blockage ratio affects temperature

which intend interfere with heat transfer coefficient.

4. Conclusions

Heat transfer and flow field characteristics of a micro combustor with micro
pin-fins were investigated using numerical methods. The simulated results were
compared with experimental results and there was good agreement between ex-
periment and simulation results. The following conclusions were obtained:

1) Increase in the flow rate intensifies the degree of chaotic waves in the low
velocity zones behind the fins with the high temperature reflow zone appearing
farther from the inlet.

2) The fins widen the region of combustion and also extend the blow off limit.
This thus improves the temperature of the walls. The fins had great influence on

combustion as the flow rate increased.
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Figure 9. Average surface heat transfer coefficient at different inlet velocities.

3) Heat flux of outer wall of the combustor with fins is higher compared with
combustor without fins. Both observed increment in value of the heat flux as
flow velocity increased.

4) The combustor with fins has great effect on heat transfer between inner
walls of combustor and gas. There is therefore combustion stability at the inlet
velocity of 4 m/s. This thus enhanced the temperature of the wall and ideal for

Micro-TPV power generation.
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