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In recent years, researchers have paid special attention to wall uniformity temperature
and improvement in a micro-combustor (MC) for applications as thermos-photovoltaic
(TPV) since they have a direct influence on feasibility and efficiency of the required
conversion of energy. Numerous experimentation and numerical studies in the field of
micro-combustion have been carried out and published in this respect. This study
focuses on the flame and flow behaviour in an improved MC. Utilizing the famous
approach of fluid dynamics being computational (CFD), the impact of geometrical flow
parameters behaviour and temperature of wall is explored and measured. The generated
model is being used to evaluate the effects of Hydrogen (H) mass flow rate (MFR) and
H/air equivalency ratios on the flame pattern and outer temperature of wall of
conventional and enhanced MCs. Moreover, the influence of various MC cross sections
(CS), such as square, circular, and flat, on temperature of wall is examined. The findings
reveal that when the MFR rises, the wall outside temperature rises as well. The MC with
flat cross-sections (CSs) is found to be more effective in terms of power of emitter and

efficiency of emitter.

1. INTRODUCTION

Recently, the engineering industry has showed more interest
to use fossil fuel to power micro devices as a consequence of
the latest advancements in micro manufacturing capabilities.
Micro-power productions have been applied in many different
engineering applications, for instance, rovers, actuators,
sensors, robotics, portable electric appliances, and many more
due to its high energy density and low cost [1, 2]. Since Epstein
and Senturia [3] have shown a great potential a scaling down
traditional generator of gas turbine, several micro-power
technologies were prototyped i.e., micro-thermo photovoltaic
(MTPV) systems, micro-fuel cells, micro-gas turbines, and
different devices.

Nevertheless, low efficiency of energy conversion [4, 5] and
instability of combustion [6, 7] are significant issues of the
micro-thermophotovoltaic (MTPV) system's application
remains. Consequently, several sophisticated processes and
methods have been developed and applied, including catalytic
combustion [8, 9]. Ran et al. [8] studied the catalytic
combustion characteristics of methane in micro-channels with
a concave and convex cavity, respectively, In the micro-
channel with convex wall cavity, the inner wall pressure
increases, because the fuel is disrupted when it flows through
the cavity. Then the mixture of methane contact with catalyst
is enhanced, which favors the combustion of methane. The
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recirculation zone which is the largest area formed in the
micro-channel with convex wall cavity absorbs more high
temperature gas and raises the combustion temperature. Heat
transfer in the convex micro-channel is enhanced which makes
the temperature distribution more uniform. Moreover,
Jiagiang et al. [9] investigated a micro combustor with a
backward-facing step and unique inlet shape to enhance the
mixing performance and flame stabilization. The results
indicate that the homogeneous reaction is obviously weakened
in the catalytic combustor, but a higher and more uniform
outer wall temperature is obtained, and the outer wall
temperature difference can be decreased by up to 28%. The
flow characteristics of gaseous mixture in the catalytic
combustor are better than those in the non-catalytic combustor.

Combustion of porous media [10, 11], combustion of bluff-
body [12-14], method of external heating [15], besides the
field being electrical [16]. As a consequence, the associated
study findings revealed that these techniques significantly
increase the limit of blow-off [17, 18], thermal function [19,
20], and emissions combustion [21, 22]. However, a typical
micro TPV system is shown in Figure 1 involves 3 prime
components: An emitter, a fuel source, and a TPV cell array.
Yang et al. [23, 24] were among the first to create an MTPV
prototype for the purpose of power generation.

It is noteworthy that a MTPV's energy conversion efficiency
may be enhanced by attaining a uniform and higher


https://crossmark.crossref.org/dialog/?doi=10.18280/mmep.090406&domain=pdf

temperature of wall. In addition, it can be improved through
combustion being continuous inside the combustor producing
substances with extremely low energy of the band gap. The
thermal performance of MCs, which has a substantial impact
on the energy MTPV conversion effectiveness systems, must
be prioritized among the abovementioned performance
parameters. recirculation of heat, for illustration, is a valuable
technique because of its recirculation of heat structure; as a
result, the Swiss-roll combustor demonstrated high thermal
performance [25, 26]. Tang et al. [27] planned and
implemented a heat-recirculated planar combustor and the
experimental data show that a recirculation of heat combustor
has the radiation efficiencies greatly superior to a combustor
of straight channel. Kim et al. [28] planned the developed
combustor of heat-recirculating with several injectors.
Furthermore, the structure of this combustor is shown in
Figure 1. The findings expose that the developed numerous
injectors combustor improves the efficacy of maintain and can
also consistently heat transfer for an extended period of time.
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Figure 1. Configuration of heat-recirculating combustor with
multiple injectors [28]

Jiang et al. [29] have built a two optimized baffles planar
combustor. The results show that the planar combustor with
baffles was demonstrated to reach a high temperature of wall
with improved uniformity. AMC with inner winding fins for
thermo-photovoltaic systems has been investigated to
improves heat transfer and energy efficiency [30]. The results
demonstrate that at a 5 m/s input velocity, the MC with eight
winding fins has the maximum efficiency of energy (66.9%).
The calculated energy efficiency is 6.9% higher than the
traditional one. A mixed baffle and bluff geometry planar MC
was inspected by Ansari et al. [31]. The most significant
design parameter affecting distribution of temperature and
homogeneity was found to be baffle thickness.

The micro-cylindrical combustor (MCC) including a rib as
rectangular was enhanced by Zuo et al. [32] and comparing it
with typical MCC. The rib was designed for recirculation of
heat within the back half of the wall of combustor. The
comparison showed that the MCC with rib as rectangular
exhibited bigger and more uniform distribution of temperature
of wall than the typical MCC. Furthermore, the structure of
cavity has improved significantly and effectively. The flame is
near to the wall of combustor due to the divided walls, which
improves heat transfer. In addition, Akhtar et al. [33] studied
the influence of CS on the temperature of wall of combustors
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as micro-tube. Thermal performance was demonstrated to be
superior in trapezoidal and triangular CSs. Zuo et al. [34]
established a combustor of micro-elliptical tube and comprised
to combustor of micro-circular tube. The micro-elliptical tube
combustor showed lot of thermal performance potential.

As shown, many trials and computational revisions have
been presented to examine the properties of combustion of
MCs under various different conditions. In this study,
improved micro-square, circular, and flat tube combustors are
constructed. In addition, the combustion properties of the
micro flat tube and square combustors are widely explored.
Moreover, micro-flat tube and square combustors are
compared with the combustor of micro-circular tube at varied
H/air equivalency ratios and mH, MFRs. Moreover, the
impact of geometries being distinctive on the general energy
transformation of MTPV efficiency was investigated to
determine the combustor of micro-elliptical tube benefits and
drawbacks. The aims of this work are as follows: First, to
create and evaluate a three-dimensional model for enhanced
circular CS MC performance utilizing Zuo et al. [35] data for
validation; second, to look into the effects of several CS shapes
of MC, such as flat, square, and circular, on distribution of
temperature over the wall of combustor and the flame structure;
and third, to evaluate the efficiency of emitter and power for
various CSs of MC.

2. NUMERICAL METHODOLOGY
GEOMETRICAL DETAILS

AND

This study was implemented on an increased single MC
channel in Zuo et al. [35] study's as shown in Figure 2 (a) The
three single MCs channel have the same overall size. The three
single MCs channel' total length, wall thickness from the input
side, and wall thickness from the outlet side are 18 mm, 1 mm,
and 0.5 mm, correspondingly. The three single MCs channels
have the same inlet hydraulic diameter (d1) and outlet
hydraulic diameter (d2), measuring 2mm and 3mm,
respectively. As well as, the chamber of combustion’s internal
diameter is first held constant until z=L, (L,=2 mm), then
progressively enlarged from 2 - 3 mm as the coordinate of
axial z is enlarged from 2 - 18 mm.

(a) Circular cross section

[ Solid domain
[ Fluid domain

Figure 2. Computational analysis field of (a) circular, (b)
square, (c) flat CS



2.1 Mathematical model

Prior to solve the mathematical combustion model, mass,
and transport of heat in micro-combustion channels, the
following assumptions are made:

(a) The Knudsen O, and Hz number is significantly lower
compared to the value being critical as the H/air combination
is supposed a continuum, (b) The mixture of H/air is
considered uniform, (c) The final combustion status may be
determined utilizing a steady solver, (d) The exterior wall's
radiation and convection are considered, while the radiated gas
in the chamber of combustion is not, (¢) Convection and
radiation between the exterior wall and the surroundings are
studied, whereas gas radiation is omitted in the chamber of
combustion, (f) In the combustion channels, there are no
reactions of surface. Finally, the leading formulas are as

following, based on mass, momentum, energy, and
conservation of species:
Continuity formula
V.(pv) =0 (1)
where, U=vector of velocity and p=gas density.
Formula of momentum conservation
p(B.VD) = —Vp+V.(u[Vs + (vO)" —2v.a1]) (2

where, p=viscosity being molecular, p=gas absolute pressure,
and I=tensor unit.
Formula of conservation of energy

VB(pEr + P) = V.[keys VT — (2 1,D;) + (n[v5 +
Vo) —2v.31|). 3| + s? ®
(V) -3 .v]).v]+ Y
where, T=temperature, Eq=total energy fluid, ﬁzdiﬁusion
species flux=j, hj=species enthalpy=j, S}‘ =fluid source of

enthalpy term, and kes=effective conductivity.
Formula of wall conservation of energy

v.(k,.VT) = 0 4)
where, kw=thermal wall conductivity.
Formula of conservation of species
V(piY;) = —VD, + R; (5)

where, Yj=species fraction mass, j and Rj=net production rate
of species j by chemical reaction.

Between the environment and the outer wall of combustor,
the total energy Qioss is defined:

Quoss = ho X Aw;i (Twi —To) + e L Ay (Toh; —
Ts)
where, the constant of Stephan-Boltzmann is (6=5.67x1078

W/(m? K%)), the natural coefficient convection of transfer of
heat is ho=10 W/(m? K), the temperature as ambient, is To=300

(6)
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K, and ¢ is 0.85 for Steel material [3]. Furthermore, the outer
temperature of wall variance AT,, and the mean temperature
of wall T,, [34] are defined:

= X Aw,iTw,i
Ty = ZV:W:V Q)
ATy, = TW,max - TW,min ®

where, Ty, is the outer grid cell temperature of wall i, T,, is the
mean temperature of wall, and Ay is the outer wall surface grid
cell area i. Twmax i the outer maximum wall temperature, and
Tw,min is the outer minimum wall temperature.

The efficiency of combustor of MCs emitter and the total
power of radiation Pen may be measured as following:

Pem

My, QLHV

X 100% )

Ncombustor =

Pem = EGZ Aw,i(Tv?/,i - T04) (10)
Qunv is the Hydrogen lower heating, 119.96 MJ/kg [34] and

Ty, is the Hz inlet MFR.
2.2 Computation analysis

Fluids can be considered as continuums as long as the
combustor chamber's characteristic size stays larger than the
gas flow through the MC’s molecular mean-free path. The
structural characteristic of the new shape of MC is numerically
investigated  with  three-dimensional ~ model.  The
computational domain of the studied case is illustrated in
Figure 3. The MC geometries were drawn and meshed
utilizing Gambit 2.3.6. For calculating the momentum, mass,
energy, and conservation of species formulas, along with
conjugated conduction of heat in walls being solid, the
commercial program FLUENT 6.3.2 was chosen. The
standard k-model is applied in the viscous model panel to
simulate flow behaviour when the cold flow's Reynolds
number hits 500 [36, 37]. A typical H/air chemical process
confirmed by Yang et al. [38] is employed for combustion
behaviours representation in the species model panel, as
shown in Table 1.

The volumetric reactions are taken into account, but the wall
surface reactions are not. The turbulence-chemistry interaction
is solved utilizing the dissipation conception of Eddy model.
The mixture specific and density heat are determined in the
material panel by utilizing the mixing-law and the law of
incompressible-epitome-gas. The thermal and viscosity
conductivity of the mixture are measured use the fraction-
weighted mass mean approach. In the same way, the specific
of every species heat is determined use a method of piecewise
fitting polynomial. The piecewise fit is obtained by connecting
each pair of consecutive data points with a straight line, using
adegree-1 polynomial on each subinterval. Indeed, this is what
Matlab’s plot command does by default with the arrays of x
and y values that you give it. Table 2 shows the results. The
pressure-velocity relationship is decoupled utilizing a coupled
algorithm in the solution control panel. To estimate the leading
formulas, a second-order exposed approach is utilized.



Table 1. (H/air) chemical kinetics for Nineteen Species and
Nine Reactions as reported in [39]

] Er
No. Reaction Ar b (J/kmol)
1  0;+H-OH+O 510x10% -082  6.91 x10’
2 Ha+O—OH+H 1.80 10"  1.00  3.70 x107
g MRTORSHOT yo0xip 130 152x107
g OHTOHSHO™ goox10° 130 000
5 et O(;:OH ’ 1.70 <10  0.00  2.00 %108
6 MTH?(;:\A& 7:50 <107 -2:60 0.00
7 Oz+M—I\>A0 TOT 190%10° 050  4.001 x10°
8 Hzﬂ\/mlbi +H 220x10° 050  3.877 x108
H+ 12
9 02+M—HO2+M¢ 2.10>10 - 100 0.00
10 H* OZ: gZHHOZ 6.70 108 -1.42 0.00
11 H+O :’\’]‘22—>H02 6.70 x1013 - 1.42 0.00
12 HOz+H—-Hz+02 25010 000  2.90 x10°
13 HOz+ (I){H—»OH T 250x10M 000  7.90 x106
14 HO2+ 82—>0H T 480100 000 420 x10°
15 HOz+ sz—»HzO 500 <101 000  4.20 x10°
16 HO2rHOO 500 %100 0.00 0.00
17 HZOZOLM:K?H T 130x104 000  1.905x108
15 HO2 L IC{):HZ T170x10° 000 157 x107
19 HzOziﬂIg)?Hzo 1.00 %1010 0.00 7.50 %108

a Enhancement factors: H20 = 20.0.

b Enhancement factors: H.0 = 6.0, H = 2.0, and H2 = 3.0.

¢ Enhancement factors: H20 = 21.0, H2=3.3, 02 =0.0, and N2 =
0.0.

Table 2. Methods for calculating critical modelling

parameters
Parameters Properties Estimation methods
Mass .
diffusivity Kinetic theory [40]
Densit Law of incompressible
Mixture physical Y ideal gas
properties Viscosity Mixing law of mass
Thermal weighted [40, 41]
conductivity g '
Specific heat Law of mixing
Temperature piecewise
Physical Specific heat polynomlilz?ttmg [40,
properies theyiosity
P Thermal Kinetic theory [43]

conductivity

The momentum, continuity, and conservation of species
formulas all have a 1x<10-® convergence criterion, but the
conservation of energy formula has a 110 criterion. The
boundary situation of the outlet of pressure is used as the
condition as outlet, while the boundary mass-flow-inlet
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condition is utilized as the inlet condition in the boundary
condition panel for the fluid area.

The fluid region's outer surface is used as the interface.
Natural convection and radiation are considered in the outer
solid surface of domain. The surface on the side is supposed
as being adiabatic. The inner solid surface of domain is termed
the interface, and it is utilized to couple with the fluid domain's
interface. The following Table 3 has the detailed settings.

Table 3. Boundary conditions

Boundary Variables Value
Turbulent intensity 5 (%)
Input Hydraulic diameter 2 (mm)
parameters Temperature 300 (K) )
A kit
Mass fraction of . . .
: H/air equivalency ratio
Output SPECIES
parameters Hydraulic _dlame_ter 3 (mm)
Turbulent intensity 5 (%)
Gauge pressure 0 (Pa)
Thermal condition Coupled
Internal wall Wall slip Non-slip
Material Steel
Coefficient of 9
external wall transfer of h?E.‘t 10 (W/-(m )
Thermal condition Mixed
Materials Steel

2.3 Mesh independency study

The solid material in this study is steel. However, it is
critical to have a structure as mesh with a small components
number for a precise simulation in order to decrease
computing time and effort. The H/air equivalency ratio and
velocity of input are 1.0 and 5 m/s, correspondingly, to make
the comparison effective and fair. Five alternative mesh
structures with various amounts of elements (445,673,
897,310, and 1,2684,60 elements) are built, and their
centreline temperature profiles are compared. The mesh
structure temperature profile with 897,310 elements is
remarkably alike the mesh structure with 1,2684,60 elements,
as shown in Figure 3. As a result, an 897,310-element mesh
structure is adopted. The MC outer temperature of wall is
explored and compared use the aforementioned three mesh
models at diverse densities of mesh, with the H/air
equivalency ratio and the mH, MFRs fixed at 1.0 and
5.25x1077 kg/s, respectively.
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Distance from the inlet z (mm)

Figure 3. Outer temperature of wall profile for an input MFR
(5.25x107 kg/s) and mesh size equivalency ratio



3. VALIDATION

The fluctuating curves pattern of the external temperature
of wall is generally adequate, as shown in Figure 4. The
deviation among the current results and the obtained results
numerically by Zuo et al. [35] is less than 2%. According to
Akhtar et al. [33] the combustors of micro-tube with different
CS exhibit similar shifting patterns, with the exception of the
highest temperature of wall and its rate of variation.
Consequently, the numerical model described above may be
used to analyse and evaluate the thermal performance of
improved circular, square, and flat MC.
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Figure 4. Model verification

4. RESULTS AND DISCUSSION

The most important parameter in systems of micro-power
which use heat radiation flux to generate electricity is flam
temperature. Flame temperature characterizes heat transfer
properties and consequently system output, as well as
providing insight into choosing optimal combustor material
[44]. The CS of a MC is improved in order to produce
excessive and uniform power production through the outer
wall of combustor. These factors adjust the amount of
chemical heat rate and the transfer heat released via
combustion. Therefore, the MFR and heat combination
transfer area are reserved persistent. An additional the wall of
combustor thickness is considerable factor that influences the
distribution of temperature at the MC walls, which has to be
kept constant for correct comparison.

Five typical mmH, (MFRs) extended from 5.25x<1077 kg/s to
9.8245x1077 kg/s were used to evaluate the influence of intake
MFRs for different CSs at constant H; ratio as equivalence of
(®=1.0). For all tested mH, MFRs, the distributions of outer
temperature of wall along the axial (Z) direction is shown in
Figure 5 (a), and Figure 5 (b) displays the outer temperature of
wall distributions besides the CSal (X) direction of the circular
MCs at (Z=3.0 mm). The results show that the temperature of
the outside wall rises abruptly to a peak, and then drops at the
measured position far away from the entrance to the minimum
value.

The higher outer temperature of wall relegated to the mH,
MFRs of 9.8245x1077 kg/s at constant H ratio as equivalence
of (®=1.0). Furthermore, the greater is the mH,-MFR, the
greater temperature of the outer wall. As a result, elevating the
flow rate leads to a greater and more uniform temperature of
wall since extra fuel is consumed by time, resulting in a faster
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release of heat rate.
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Figure 5. (a) Outer temperature of wall profile for different
inlet mnH, MFR and at 1.0 ratio as equivalence for circular
cross sectional MC, (b) The outer temperature of wall was
compared with varying input mnH, MFRs and 1.0 ratio as

equivalence for circular CS MC

25

Figures 6 (a) and (b) demonstrate the impact of geometry on
distribution of the temperature of wall for 1.0 ratio as
equivalence and inlet nH, MFR at 5.25%107 kg/s. The results
illustrate that the flat CS temperature of MC outer wall is more
uniform and greater compared to circular and square cross
section MCs on the X and Z directions. Additionally, Figure 6
shows the flat CS yields the maximum outer temperature of
wall for ratio as equivalence values, area transfer heat,
combustor thickness of wall, and MFR respectively. At 3.2
mm combustor downstream, the flat CS reaches a maximum
temperature of roughly 1328 K. Moreover, the flat micro-
mean combustor's outer temperature of wall in the (2)
direction is 1260.8 K, at a 1.0 ratio as equivalence and
5.25x107 kg/s mH, MFR. On the other hand, square and
Circular MCs have means outer temperature of walls around
1216.3 K and 1221.1 K respectively. This behaviour has also
been documented in the literature [33, 38]. The MCs outer
temperature of wall with varied CS has the similar shifting
patterns as the highest temperature of wall and the
development and decline outer wall rate of section for the
same intake and other boundary circumstances, according to
literature [33, 38].
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In this study it is assumed that Plane cuts across the MC.
Figure 7 delineates temperature forms for non-circular and
circular CSs. The maximum temperature is calculated at the
outer flat CS wall for the identical values of mH, MFR, ratio
as equivalence, hydraulic diameter, and wall of combustor
thickness. At 3.2 mm combustor downstream, the flat CS
reaches a maximum temperature of roughly 1328 K. The
temperature raises the least in the square CS, whereas it raises
the most in the flat CS. As seen in Figure 8, the elevated outer
temperature of wall for the flat CS might be ascribed to the
gaseous mixture's vorticity being higher than for the other CSs.
Consequently, the effective mass and heat movement, the
temperature of walls is uniform and high.
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Figure 7. Temperature contours at 3 mm downstream for (a)
circular, (b) square, and (c) flat CS at 5.25>107 kg/s and 1.0
ratio as equivalence
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Figure 8. Vorticity contours at 3 mm downstream for ()
circular, (b) square, and (c) flat CS, at 1.0 ratio as
equivalence, and mH, = 5.25x107" kg/s

The impacts of the mH, MFR on efficiency of emitter and
power of emitter of different micro tube combustors such as
circular, square, and flat are shown in Figure 9 (a) and (b) at
1.0 H/air equivalency ratio and flow rate at 5.25x10" kg/s to
9.8247x107 kg/s. When the 7H, MFR increases, the
efficiency of emitter of micro-circular, square and flat tube
combustors decrease as shown in Figure 9 (a). On the other
hand, the emitter micro-circular efficiency of square and flat
tube combustors decreases if the mH, MFR increases as
shown in Figure 9 (b). It can be concluded, the increasing of
H, flow rate causes additional chemical potential energy
release through combustion chemical processes.

Consequently, as the mH, MFR rises, the input velocity
rises dramatically, resulting in incomplete combustion. Finally,
the gas that has been burnt releases more energy. Nonetheless,
at all mH, MFRs, the power of emitter and efficiency of
emitter of flat combustor are higher than circular and square
combustor. This result can be attributed to the flat combustor's
geometrical form and the mean outer temperature of wall.
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Figure 9. (a) mH,MFR effects on micro-circular, square, and
flat tube combustors' power of emitter, (b) mH, MFR effects on
micro-circular, square, and flat tube combustors' efficiency of

emitter
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Figure 10. (a) Influences of the H equivalency ratio on
micro-circular, square, and flat tube combustors’ power of
emitter, (b) Effects of the H equivalency ratio on micro-
circular, square, and flat tube combustors' efficiency of
emitter

The H/air ratio as equivalence has a significant influence on
the power of emitter and efficiency of emitter of the micro-
circular, square, and flat combustors as shown in Figure 10 (a),
and 10 (b). This impact is observable by reducing H/air ratio
as equivalence from 1.0 to 0.8 and setting mH/air MFR at 5.25
10 kg/s. As shown, decreasing in H/air equivalency ratio has
caused a reduction in power of emitter and efficiency of
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emitter. This reduction has been occurred because of
decreasing heat transmission between the inside wall of
combustor and the burnt gas as a result of the lower of H/air
equivalency. In addition, the lower of H/air equivalency has
allowed more thermal energy to be absorbed by the unburned
gas. Figure 10 (a) and 10 (b) illustrate that the highest emitted
power (25.1 W) and emitted efficiency ratio (39.8%) have
been recorded of the MC with flat cross section, followed by
the circular combustor with 23.5 W and 37.4% and the square
combustor with 23.3 W and 37.1%. It might be arrived to a
conclusion that the MC with a flat CS is most efficient than
the other two CSs.

5. CONCLUSIONS

In this study, investigation being numerical of a pre-mixed
H/air reacting flow inside MC with different CS such as
circular, square, and flat was presented. In addition, various
mH, MFRs and premixed H/air equivalency ratios had been
taken into consideration to assess the impact of cross sectional
of MC. And then, the numerical outcomes had been explored
and compared. The flat CS of modified combustor achieved
the greatest thermal improvement and efficiency of emitter
with mH, MFR from 5.250x<107 kg/s to 9.82450x10"" kg/s.
The increased vorticity caused by the combustor's CSal form
and the improved vorticity providing effective heat transfer in
the recirculation area can be ascribed to this. It might be
arrived to a conclusion that if the advantage of the MC with a
flat CS is completely leveraged, the conversion energy of the
system of MTPV may be significantly increased.
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