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Micro-combustors are a key component in combustion-driven micropower genera-
tors, and their performance is significantly affected by their structure. For the ap-
plication of micro-thermophotovoltaic system, a high and uniform temperature dis-
tribution along the walls of the micro-combustor is desired. In this paper, a 3-D
numerical simulation has been conducted on a new-designed parallel plate mi-
cro-combustor with two nozzles. The flow field and the combustion process in the
micro-combustor, and the temperature distribution on the wall as well as the com-
bustion efficiency were obtained. The effects of various parameters such as the inlet
angle and the fuel volumetric flow rate on the performance of the micro-combustor
were studied. It was observed that a swirl formed in the center of the combustor and
the radius of the swirl increased with the increase of the inlet rate, and the best
working condition was achieved at the inlet angle, 0 = 20°. The results indicated
that the two-nozzle combustion chamber had a higher and more uniform mean tem-
perature than the conventional combustor under the same condition.

Key words: micro-combustion, two-nozzle combustor, inlet angle, swirl,
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Introduction

The demand for light-weight and long-life micro-power sources is emerging with the
miniaturization of electromechanical devices [1-4], leading to the development of combus-
tion-based micropower generators [5-7]. The advantage of the combustion-based micropower
generators is much higher energy density than conventional energy systems. Thus, since the pio-
neering work of micro gas turbines by Epstine and Senturia [8], several concepts of micro power
generators have been developed, such as the micro-electromechanical systems (MEMS) rotary
engine [9], the micro free-piston engine [10], and the micro-thermophotovoltaic (MTPV) sys-
tems[11, 12]. The MTPV power generator currently developed around the world is a kind of mi-
cro power device [11]. For the practical application of the micro-combustion, there are still sev-
eral challenges needed to be overcome to achieve high performance micro-combustion. One
problem is that the reduced size of the combustor leads to a dramatic increase in the combustor
surface to volume ratio, which subsequently leads to a significant heat loss and radical destruc-
tion on the combustion wall. Another problem is the short fuel residence time in the mi-
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cro-combustor, which causes blow-off phenomenon and low combustion efficiency. The
MTPV is an ideal way to realize the miniaturization of a power source package that will meet the
requirements of MEMS. It has no moving parts, is highly robust and reliable, and is suitable for
use in commercial electronics and personal micro devices. The high surface area to volume ratio
of micro combustor holds the promise for the MTPV power generator to achieve a high power
density [13]. Previous works show that it is particularly important to develop combustors that
can efficiently convert fuel into usable radiation energy for thermophoto-voltaic (TPV) utiliza-
tion [14, 15]. Thermal emitters must withstand high temperatures (~1400 °C) and be durable
[16], and the temperature distribution must be uniform. The MTPV uses photovoltaic (PV) cells
to convert heat radiation, from the combustion of fossil fuels, into electricity. When the wall, i.e.
the emitter, is heated to a sufficiently high temperature, the heated wall emits photons. It is well
known that only photons with energy greater than the bandgap of PV cells can evoke free elec-
trons and generate electricity under the function of p-n junction formed in PV cells. Thus, the
high temperature of the wall is needed to emit utilizable photons. However, with the conven-
tional micro-combustor is difficult to get high and uniform temperature distribution. The high
temperature can only be obtained on the inlet side, which is not good for the application of the
MTPYV and low combustion efficiency. Therefore, different experimental and numerical investi-
gations have been done until now to optimize the conventional design. The method which uses
the Swiss-roll type heat exchanger called excess heat excess enthalpy burners [17] is used to im-
prove the performance of the micro-combustor. In an excess enthalpy combustor, combustion
products and pre-mixed reactants flow in adjacent channels in opposite directions. This configu-
ration allows the unburned mixture to be preheated by the high-temperature exhaust gas and
when the maximum flame temperature is augmented, therefore heat loss from walls decreases,
the quenching cannot occur. So the flame becomes stronger [18, 19] and the flammability limits
will be effectively extended. Chou and Yang [13] utilized porous media to enhance the heat
transfer between the high temperature combustion products and the emitter wall, as well as to in-
crease the temperature along the wall. Hydrogen-air swirling premixed flames micro-combus-
tion were investigated using direct numerical simulation by Wang and Luo [20] and it was found
that most of the flame elements lie in the laminar flame regime and the thin reaction zones re-
gime. A numerical study on CH, and air premixed combustion inside a small tube with a temper-
ature gradient at the wall was undertaken to investigate the effects of inlet velocity, equivalence
ratio and combustor size on combustion characteristics by Feng and Liu [21] and it was con-
cluded that increasing wall temperature is an effective way to stabilize a flame for a given
combustor size.

The combustor structure significantly influences the stability limits of flame and the
flame position, which will affect the performance of the micro-combustor. Khandelwal [22] ex-
perimentally studied the characterization of flame stability behavior in a 2.0 mm diameter mi-
cro-combustor with three backward facing steps, it was observed that the zone of re-circulation
created due to the sudden expansion at the backward step aids in stabilizing the flame inside the
micro-combustor and improved the limits of flame stability significantly. Fan and Wan [23] nu-
merically investigated the effect of bluff body shape on the blow-off limit of hydrogen/air flame
in a planar micro-combustor. They developed a micro-combustor with a triangular bluff body,
which has a demonstrated five-time extension in the blow-off limit compared to straight chan-
nel. These studies show that the changes of combustion chamber structure can affect the move-
ment of the gas flow, resulting in different combustion processes. Hence, it is believed that the
research on the combustor structure, which can change the flow structure, is significant to im-
prove the performance of the micro-combustor.
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However, the structures of some of the combustion chambers are rather complex to be
used for practical application. In order to achieve a higher and more uniform temperature distri-
bution and an easily built combustor, a newly-designed type of micro-combustion parallel plate
chamber with two nozzles is presented in this paper. In this paper, a 3-D numerical simulation
has been conducted on a newly-designed parallel plate micro-combustor with two nozzles. The
flow field and the combustion process in the micro-combustor, and the temperature distribution
on the wall as well as the combustion efficiency are obtained. The effects of various parameters
such as the inlet angle and the fuel volumetric flow rate on the performance of the mi-
cro-combustor are studied. The main contribution of this new combustor is that a swirl will form
in the center of the combustor, which can extend the fuel residence time and improve the com-
bustion efficiency. Moreover, the swirl combustion can expand the high temperature zone com-
pared to the conventional type, which is beneficial when utilizing the MTPV system. The flow
rate and the inlet angle, 6 are varied to simulate the combustion characteristics.

Combustor models and boundary conditions

Combustion chamber and the mesh

The newly-designed micro-com-
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= 0.25 mm, and only one circular out-  // Y,;‘Qﬂ?e‘-“ /, Q Josse

let with R = 0.5 mm on the wall, as == {/ %,
shown in fig.1(a). In contrast, fig. 1(b) e
shows a conventional micro-com-

{a) Combustor A ib) Combustor B

bustor pameci' as combustor B with the Figure 1. Structural model of combustors A and B
same dimensions as combustor A.
The origin is fixed at the center of the inlet «A

plane. Premixed gas is the hydrogen-oxygen
mixture with the equivalence ratio of 1.0. The
wall material of the combustion chamber is SiC
with a thermal conductivity of 92 W/mK, density ~
0f 3.10 g/cm? and emissivity of 0.77. Combustor o~
A is meshed using mixed grid with the interval L8 z
size 0.1. Considering the rule structure of
combustor B, it is meshed using structured grid
and the interval size is 0.1 as well. The grid num-
ber of combustors A and B are 473857 and
142200, respectively.

In combustor A, the inlet angle 6 for the inlet gas flow is defined as the angle between the
direction vector of inlet gas flow and z-axis as shown in fig. 2.

Figure 2. Schematic diagram of inlet angle 0

Governing equations

The governing equations of mass, chemical species, momentum, and energy are
solved for steady low Mach number viscous flow. Thus, the four assumptions are made in the
simulation [24]: (1) no Dufour effects; (2) no work done by pressure and viscous forces; and (3)
steady-state flow. Based on these assumptions, the governing equations are to discretize using
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the finite-volume method and solved by ANASYS Fluent Release 14.0 [25]. The Reynolds
number of the fluid flow ranges from approximately 212 when the flow rate is 400 sccm”, to
1060 when the flow rate is 2000 sccm for the simulated case; hence, the laminar finite rate model
is employed. The radiation model is chosen to be discrete ordinates (DO) model. The fluid den-
sity is calculated by using the ideal law. The specific heat, viscosity, and the thermal conductiv-
ity of the fluid mixture are calculated using the mass weighted average method. First-order up-
wind scheme is used to discretize the governing equations, and simple algorithm is used to deal
with the pressure-velocity coupling. Hydrogen-oxygen mixture reaction is modeled using the
skeletal mechanism, which is composed of nine species and nineteen reaction steps [26]. Veloc-
ity inlet and pressure outlet are defined, respectively, as the inlet and outlet boundary condi-
tions. Heat transfer from the wall of the combustor to the environment is also considered in this

work.
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Figure 3. Experimental and numerical
temperature distribution along the centerline of
the conventional combustor wall
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Figure 4. Average wall cross-section
temperature distribution for combustors
Aand B

In our previous work, we investigated con-
ventional combustor by using experimental as
well as numerical simulation [27]. The govern-
ing equations have been used in the conven-
tional combustor in numerical simulation and
we found that the difference between the nu-
merical and experimental results were less than
7%, which indicated numerical results agreed
reasonably well with the experimental results
on the temperature distribution in different inlet
rates, as shown the temperature distribution of
the wall along z-axis in fig. 3. This guarantees
the accuracy of the numerical model adopted in
this paper.

Results and discussion

Verifying the feasibility of the two-nozzle
micro combustion chamber

In some micro power systems, such as
MTPYV and thermoelectric (TE) devices, the en-
ergy conversion rate depends on the uniformity
of the temperature profiles on the wall. To in-
vestigate the feasibility of the two-nozzle micro
combustor, an 800 sccm inlet flow rate is set in
combustors A and B, the volumetric flow rate is
400 scem for each nozzle for combustor A, with
an inlet angle 6 of 0°. The average temperature
of the wall cross-section along the z axis is
shown in fig. 4.

It can be seen from fig. 4 that with the same
entire flow rate, the wall temperature distribu-
tion of combustor A is more uniform than that

of combustor B. In the region of z > 3 mm, the average temperature of combustor A is higher

* scem-standard cubic centimeters per minute
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than that of B with a maximum difference around 210 K. So combustor A shows better feasibility
than combustor B for MTPV system utilization.

Factors affecting combustion characteristic
Inlet angle 6

The inlet angle 0 is taken as 0°, 10°, 20°, 30°, and 40°, respectively. When the hydro-
gen-oxygen mixture volumetric flow rate is 800 sccm, the central cross-section temperature dis-
tribution of x-z plane of combustor A is simulated and displayed in fig. 5 at different inlet angles.
It can be seen from fig. 5 that the maximum temperature is 2235 K when 8 =20°, while the maxi-
mum temperature drops to 2011 K when the inlet angle is increased to 6 =40°. It can also be seen
from fig. 5 that the shape of the flame and the location of the swirl changes in the combustor
when 6 changes. The flames are coaxial with an inlet angle @ = 0° as shown in fig. 5(a). The
high-temperature region (with the red color) is only located in the center of the combustor within
a small area, thus the average temperature in the combustor is the lowest. Similarly, as it can be
observed in fig. 5, the flames deviate from the central axis of the combustor and the high-temper-
ature region expands with the increase of inlet angle. Figure 5(c) shows that the high-tempera-
ture flame zone expands and the swirl forms in the center of the combustor when 6 = 20°. In fig.
5(d), however, with the increase of inlet angle, the area of the high-intensified combustion re-
gion becomes smaller. This is because the unburned mixed gas coming from the inlet is closer to
the shorter side of the combustor section which restricts the expansion of the flame. This trend
becomes more obvious when 6 = 40°, and the high-temperature region of the flame is smaller
than when it is at 6 = 30° with an associated reduction of the average wall temperature.

Temperature

Temperature

(c)0 = 20°

Temparature

Figure 5. Temperature
distribution of the combustor
A with different inlet angles
(¢ =800 sccm)

(e) # = 40°

From the presented results, it can be concluded that the mixed gas flow will shift to-
wards the shorter side of the combustor section as inlet angle increases, which will cause the
mixed gas to spread to different locations and ultimately change the temperature distribution
within the combustion region. The average wall temperature for different inlet angles and flow
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Figure 6. Average wall temperature with
different inlet angles and flow rates

Figure 7. Map of the velocity vector in 6 = 20°
(¢ =800 sccm)

rates is shown in fig. 6. It can be seen that the highest average temperature occurs at the inlet an-
gle 8 = 20° for different inlet flow rates. Therefore, it seems that the best working condition of

the inlet is 20° for MTPV application.
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Figure 8. Map of the pressure nearby outlet in
60 =20° (¢ =800 sccm)

With the change of the inlet angle 6, the
combustion progress in the combustion cham-
ber is affected for the following reason. Due to
the inlet angle, a swirl forms in the combustor,
the mixed gas molecules moves along with the
swirl. This swirl makes the low pressure at the
outlet. Therefore, the burning area is different
when the inlet angle changes and the swirl
lower the temperature of the central area in the
combustor.

The velocity distribution of the mixture a
flow rate of ¢ = 800 sccm and inlet angle 8 =20°

is presented in fig. 7. The pressure distribution near the outlet of the combustor is shown in fig.
8. It can be verified from fig. 8 that a large pressure gradient exists near the outlet with a pressure
of 5140 Pa at the center. At the same time, the maximum pressure difference of 8160 Pa gener-
ates a centripetal force. The combined effects of the centripetal force and the tangential velocity
generate the most intense swirl as shown in fig. 7.

Volumetric flow rate

—+— 400 sccm —@— 800 scem —&— 1600 sccm  —+— 2000 sccm

2000
x

01 2 3 4 5 6 7 8 9 10
Distance from combustor inlet z [mm]

Figure 9. Centerline wall temperature
distribution in different flow rates (6 = 20°)

According to the analysis above, the highest
average combustion temperature is achieved
when the inlet angle is 20°. At this inlet angle,
four different volumetric flow rates of 400 sccm,
800 sccm, 1600 scem, and 2000 sccm are taken
to investigate the influence of the flow rate on
the combustion process in combustor A. The av-
erage wall temperature distribution of the center-
line at different flow rates is shown in fig. 9. It in-
dicates that there is an increase in average wall
temperature as the flow rate increases. Overall,
the curve is smooth, which indicates a uniform
temperature distribution.
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It can also be observed from fig. 9 that the higher the flow rate is, the less uniform the
temperature distribution becomes. This explains why higher temperature has been found at the
center of the chamber. It is because the increase of flow rate increases the inlet velocity of the
mixed gas, which results in a larger diffusion range inside the combustor and a more intense
swirl movement; hence, expanding the effective combustion area for complete combustion. In
addition, the more intense swirl leads to the strengthening of the heat transfer rate. In our previ-
ous work [27], the centerline wall temperature was measured experimentally in the same dimen-
sion with combustor B. Comparing with the numerical results as shown in fig. 9; the centerline
wall temperature of combustor B is more sensitive to the changes of inlet flow rates. As the flow
rate varies from 400 sccm to 2000 sccm, the highest centerline wall temperature changes from
1210 K to 1880 K, and the temperature difference in our previous work is larger than that in
combustor A. Compared to combustor B, a swirl appears in the center of the newly designed
combustor A, making the disturbance of the flow more powerful and enhancing the exchange of
heat and mass. The benefit of this is the relief of the residence time problem caused by the in-
creasing flow rate, which means that there will not be a sharp reduction of the residence time in
combustor A when the flow rate increases. Figure 10 shows the velocity distribution in
combustor A at different flow rates. A certain size of swirl appears at the center in each graph,
and the size of the swirl expands with the increase of inlet flow rate. At a flow rate of 400 sccm,
the diameter of the swirl is about 0.96 mm as shown in fig. 10(a). The diameter of the swirl in-
creases to 1.7 mm when the flow rate increases to 2000 sccm as illustrated in fig. 10(d). The ad-
dition of pressure difference and velocity in the combustor results in a bigger swirl. The pressure
difference of 975 Pa is recorded near the outlet at the flow rate of 400 sccm, whereas the pressure
difference rises to 46000 Pa at the same location at the flow rate of 2000 sccm. The differences

(c) g =1600 sccm z (d) g= 2000 sccm Z

Figure 10. Map of the velocity vectors in different flow rates
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between them are so large that the swirl motion becomes more intense, as shown in fig. 10(d),
which makes it easier to form a swirl burning near the outlet, resulting in a complete combustion
and a higher combustion temperature.

Combustion efficiency

In the conventional combustion technology, combustion efficiency is defined as the
ratio of the actual heat released to the maximum heat released. The efficiency of a combustion
process can also be defined in a number of ways but is typically described as being either com-
bustion or a destruction efficiency. Combustion efficiency focuses on the fully oxidized com-
bustion products with the goal of completely oxidizing all of the fuel. In the case of hydrogen
fuel, this means that all hydrogen must end up as H,O in order to be 100% efficient. In this paper,
the fuel is only hydrogen, so the combustion efficiency used in this work can be defined as the
actual H,O percentage by volume at the outlet, divided by the ideal H,O percentage by volume
at the outlet. So the combustion efficiency can be represented by the equation:

V.

n=—= M

Vahp
where ¥, and V},, denote the actual H,O percentage and the ideal H,O percentage by volume
at the outlet, respectively. Figure 11 shows the combined effects of inlet angle and the flow rate
on the H,O percentage by volume at the outlet. It is observed that the H,O percentage decreases
with the increase of flow rate and it increases with the increase of inlet angle.
Increasing inlet flow rate decreases percent-

~ 18 4(/,.,.-’*"' age of H,0 because of the change of the internal
£ 0.96 flow field structure and the fuel residence time.
E 0.92 With the increase of flow rate, the flow velocity
= 0881 becomes faster; the fuel residence time actually
-] becomes shorter, which leads to an incomplete
g L combustion at the same inlet angle, therefore,
S 0.801 O E the combustion efficiency decreases as the inlet
gm 0.76 4 —e—q =800 sccm rate increases. The change of 6 also affects the
07s . g 1600 seem H,O percentage. It can be seen fr(?m fig. 11 that

0 10 20 0 o ["‘Im the H,O percentage at the outlet increases with

the increase of inlet angle at the same flow rate.
Figure 11. H,O percentage in different inlet Taking ¢ = 1600 sccm for example, the H,O
angles and flow rates at the outlet percentage is only 76% when the 6 = 0° and it

increases to 89% when the 6 = 40°. A same in-
creasing trend can be seen at the other two flow rates. As can be observed from the fig. 10, the
bigger the inlet angle is, the longer the fuel travels in the micro chamber, which means a longer
fuel residence time and the enhanced efficiency of combustion.

From this analysis, it can be concluded that the maximum H,O percentage and the
maximum wall temperature are not obtained at the same inlet angle. The maximum average wall
temperature is approximately achieved at inlet angle @ = 20° for all flow rates as shown in fig. 6,
whereas the highest combustion efficiency is achieved at@ =40°. This is a very complex process
and the values of inlet angles affect the value of the tangential velocity and results in the forma-
tion of the swirl motion, which strengthens the disturbance at the boundary layer and the main-
stream, and subsequently reducing the thickness of laminar boundary layer and enhancing the
heat transfer intensity. Inlet angle of 20° is the best inlet condition for the impact and mixing of
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the flow, the heat transfer intensity between the fluid zone and the walls is enhanced the most,
which results in higher average temperature. Hence, it is not able to simultaneously achieve the
maximum H,O percentage at the outlet and the maximum mean temperature on the wall.

Conclusions

In this paper, a new type of micro-combustor with two-nozzle is proposed. The perfor-
mance of it is investigated numerically in different inlet angles and different inlet flow rates. The
result shows that a swirl is formed in the center of the chamber, which changes the inner flow
structure. In addition, the H,O percentage at the outlet is investigated. The following conclu-
sions have been obtained by numerical simulation.

e From the comparative analysis between the new micro-combustor A and B, the feasibility of
the new two-nozzle micro-combustor has been verified. It has a higher and more uniform
wall temperature distribution, which is beneficial for the MTPV system.

e At higher inlet flow rates, an intense swirl will emerge in combustor A when 6 > 10°. This
swirl can enhance the burning intensity. Moreover, the optimum wall temperature
distribution is obtained approximately at 8 = 20°.

e The maximum combustion efficiency and the maximum mean wall temperature are not
simultaneously achieved at the same angle.

e To some extent, the increase in the inlet angle 0 affects the fluid field within the combustion
chamber and enhances the fluid boundary layer disturbance, and the mixing in the
mainstream, resulting in thinner laminar boundary layer and enhancing the heat transfer rate.
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