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ARTICLE INFO ABSTRACT
Keywords: Low thermal performance is one of the biggest challenges of using micro combustor in Thermo-photovoltaic
Thermo-photovoltaic (TPV) system (TPV) system. In this study, a novel micro-combustor with porous media was designed and installed to

Micro-combustor
Porous medium
CFD

enhance energy and exergy performance. Furthermore, the effects of several effective parameters including
different porous media materials, length, porosity coefficient, and inlet mass flow on energy efficiency, exergy,
entropy generation, wall temperature and its uniformity were studied. A comprehensive CFD model for using
porous media in the micro-combustor of TPV systems was proposed. Results showed utilizing porous media
significantly improve the exergy efficiency and energy output of TPV system. Therefore, using a 6 mm long
porous media increased the average wall temperature by 111 K compared to the case without porous media.
Additionally, the uniformity coefficient of the wall temperature decreased by 80.05 %, from 4.58 % to 0.89 %.
This reduction increased the temperature uniformity of the outer wall of the micro-combustor with porous media
compared to the case without a media, increasing the system’s lifetime. Moreover, the 6 mm-long porous media
enhanced radiation efficiency and exergy efficiency by 37 % and 79.7 %, respectively, compared to the con-
ventional micro combustor. The total energy conversion efficiency from the fuel chemical energy to electric
power increased from 8.9 % to 12.32 %.

e Combustor

1. Introduction e Optical filter
e Photovoltaic (PV) cell

Due to environmental issues of using fossil fuels, industries are

turning to new renewable energy sources that do not have the problems Given the direct relationship between the outer surface of the
of the current fossil fuels. Industrial owners have recently shown interest combustor and the electric power generation, a higher surface-to-
in electricity generation from systems with non-fossil sources. Using the volume ratio of the combustor results in increased thermal efficiency
TPV system is one of the viable methods to generate electricity, which of the system [6]. Therefore, the combustor is used at the micro scale to
performs based on the direct conversion of fuel chemical energy to increase the volume to area ratio of micro-combustor at the microscale.
electrical energy [1]. However, proper power generation is the most Low thermal efficiency is one of the most significant defects of micro-
crucial challenge in using this system, and reducing the prime cost of TPV generators [7]. Considering that the micro-combustor in these
cells is highly significant in increasing its commercialization potential generators has the greatest influence on determining the overall effi-
[2]. ciency of power generators [8], researchers have studied the perfor-
The demands of various industries in the world for portable energy ~ mance of micro-combustors to enhance their efficiency.
sources at a small scale are high. Hence, micro-power generators (MPG) Using mixed fuels in the micro-combustor is one of the practical
have been developed to convert different forms of energy to electricity methods in enhancing the performance of micro-TPV systems. In this
[3]. Therefore, it is necessary to establish a cost-efficient system based regard, fuels such as Hy [9-13], propane [14-17], and methane [18,19]
on existing equipment for the utilization of TPV [4]. Fig. 1 illustrates the are commonly used in these systems., Tang et al. [20] compared these
conceptual structure of a TPV cell for electricity generation, whose three hydrocarbon fuels in the micro-combustor at different equivalence
components are comprised of the following [5]: ratios, it was proven that the hydrogen/air mixture has a wider and
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Nomenclature u (é) Specific internal energy
A; (mz) The surface area of grid cell i on the wall nj, The numbf:r density ?f SPeCIeSJ
. . Yj Mass fraction of species j

Ti(K) The temperature of grid cell i _ .

, ) u Velocity vector
Er (@) total fluid energy Sgcn The entropy generation rate
I Unit tensor . .

C (L) Specific heat capacity at the outlet

d(m) particle diameter Pasa \ReK ) OP pacity
h(-3%) Heat transfer coefficient Greek symbols
by (kig) Enthalpy of species j Sgen The entropy generation rate

W . X . e Surface emissivity
Ki(=%) Solid material thermal conductivity o -

m-‘iv ) o NRad Combustor radiative efficiency
Kerr (k) Effective conductivity Nrpy Thermo photovoltaic system efficiency
St(¥%)  Fluid enthalpy source term Mot Total efficiency
p(Pa) Pressure 0 (k_ga ) Density
Po(Pa)  Atmosphere pressure 101,325 "

c (%) Stefan-Boltzmann constant

Routlet (kﬁ() Specific gas constant at the outlet

R,(-3+) Universal gas constant [oh The rate of reaction of the jth species
U \mol.K . .
w Mean molecular weight of the mixture #(Pas)  Molecular viscosity
3 . . L
Tj ( n:(2g\> Diffusion flux of species j B (kg> The chemical potential of species j
L(mm)  The length of the micro-combustor Abbreviations
D(m) The diameter of the micro-combustor TPV Thermophotovoltaic
T(K) Temperature rad Radiation
Tave(K) Mean temperature con Conversion
Tm(K)  Mean outer wall temperature LHV Low heat value
Tar(K)  Surrounding temperature sur Surrounding
EXjoss The exergy loss eff Effective conductivity
Eios(W) Energy brought away by the exhaust gases m In?et
. (ke MPG Micro-power generators
m<T> Total mass flow rate CFD Computational fluid dynamics

Mo (%) The mass flow rate of hydrogen at the inlet
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Fig. 1. An illustration of the conceptual model of a TPV cell.
more stable flammability limit compared to the other two fuels. Under the methane/air and propane/air mixtures. Also, methane showed the
similar input energy ratios, maximum wall temperature and tempera- most uniform temperature distribution in the outer wall of the
ture gradient for the hydrogen/air mixture were reported higher than combustor and the highest average wall temperature among the three



M. Bagjelani et al.

Table 1
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A summary of the studies conducted on combustors of TPV systems with porous media.

Reference Combustor Fuel Research Porous Studied parameter
method
Planner  Cylindrical Exp.  Num.
Chou et al. [33] - v H, - v SiC e Porosity
Pan et al. [34] - v H, - v SiC Si3N4 e Material of porous media
Al,03 Hy /0, equivalence ratio
Porosity
Mixture flow rate
Mustafa et al. v - kerosene-VCO v/ - Porous alumina e Fuel-air equivalence ratios
[35]
Bani et al. [36] - v Hy v v SiC e Variation of the distance between the TPV cell and the external
surface of the combustor
Qian et al. [11] v - H, - v - e H, equivalence ratio inlet velocities
Peng et al. [15] - v C3HgHj v v Ten kinds of porous e Various PPI
media Porosity
Mixture flow rate
Fuel-air equivalence ratios
Varied wire diameter of porous medium
Peng et al. [31] - v Hy v v - o Multi-PM-layers
Porosity
H, equivalence ratio
Mixture flow rates.
Wang et al. [37] v - C3Hg v v Nickel foam e C3Hg equivalence ratio
Inlet velocities
Gentillon et al. - v CHy v - - e Three different designs of porous media
[38] Different PV cells
Bubnovich et al. - v CH4 v - Al,03 e CH4 equivalence ratio
[39] Volumetric flow rate
Yang et al. [40] - v Hy v - SiC e Mixture flow rate
H; equivalence ratio
Jun Li et al. [41] v — H, — v SiC e Mixture flow rate
H; equivalence ratio
Porosity
Thermal conductivity
Peng et al. [32] - v Hy v v SS304 e H; equivalence ratio
Various of Combustor length
Various of Combustor diameter
Peng et al. [42] - v Hy — v e Various of outer wall thickness
Various of flame location
H; equivalence ratio
Present research - v H, - v SiC Si3Nyg e Material of porous media
Inlet velocities
AlyO3 Various Porous Medium Length
SS304 Thermal conductivity

Porosity

fuels. Also, L. Han et al. [21] used the Hy/NHj3 fuel mixture for the TPV
system to enhance the thermal performance and to stabilize the flame in
the micro-combustor. They designed a wavy geometry for the micro-
combustor and revealed that it is possible to obtain a much higher
average wall temperature and a more stable flame than typical com-
bustors by utilizing the H,/NH3 fuel mixture in such wavy micro-
combustors. Furthermore, the effects of the Hy/NH3; mixture on the
NOx emission were fully analyzed, and a 21.2 % reduction in NOx
emission in the wavy micro-combustor was reported.

Peng et al. [14] conducted a numerical analysis of the premixed Hy/
air combustion with different ratios of the propane mixture C3Hg in the
micro-combustor to improve energy efficiency and the system’s output
power. The results revealed that adding 5 % of C3Hg to the premixed
mixture would enhance the flame regime and its stability, cause the
uniform distribution of the outer wall temperature, and reduce heat loss.

The effect of modifying in the geometry of the micro-combustor on
increasing the surface subjected to heat transfer has also been investi-
gated in recent years. This is because employing efficient configurations
improve heat transfer from hot gases into the combustor walls, which
reduces the temperature of output gases and prevents energy losses in
the micro-combustor [22]. Akhtar et al. [23] investigated the effect of
circular, rectangular, triangular, and trapezoidal cross-sections on

micro-combustors. Hence, they concluded that the rectangular and
trapezoidal cross-sections had the highest efficiency in energy conver-
sion. In their other study, Akhtar et al. [24] analyzed the impact of
curved channels on heat transfer, flame stability, and emission levels in a
circular micro-combustor. Using curved channels increased the outer
wall temperature and overall efficiency in energy conversion to 110 K
and 7.84 %, respectively, compared to direct channels. However, the
flame structure in curved channels showed more instability. Researchers
have always attempted to make the wall temperature more uniform and
increase radiation efficiency through an optimal design of the micro-
combustor geometry. Mansouri [25] designed a new geometry with
wavy walls in which using this type of wall would increase the surface-
to-volume ratio in the micro-combustor, resulting in enhanced heat
transfer. Additionally, an increase in the number of waves in the wall
would help the flame move toward the outlet of the micro-combustor.
Furthermore, creating cavities in combustor walls is another solution
to increase the surface of heat transfer in the micro-combustor. Yang
et al. [26] examined the thermal performance of a combustor by
creating two cavities in it. According to the results, the new combustor
showed a higher and more uniform temperature distribution along the
wall. An increase in the number of cavities increased radiation efficiency
from 1.25 % in a single-cavity combustor to 1.53 % in a two-cavity
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combustor.

With the use of a insert body, such as a fin, conductive sheet, bluff
body, or porous medium, some researchers have enhanced energy
conversion and flame stability at the microscale. Zigiang He [27]
designed an internal spiral fins in order to reduce heat loss and increase
heat transfer. Further, the effect of the geometrical parameters,
including internal spiral fin number, length and pitch distance on the
thermal performance and exergy efficiency was examined. According to
the results, the micro-combustor with 8 spiral fins exhibits the highest
exergy efficiency of 66.9 %, which is 6.9 % higher than that of the
conventional one at the inlet velocity of 5 m/s. furthermore results
revealed that the micro-combustor with 8 spiral fins obtains the highest
energy output is 5.01 W at inlet velocity of 8 m/s. Yang et al. [28]
proposed a swirling geometry to enhance the flame stability at the inlet
of the micro-combustor. They examined the flame stability mechanism
and combustion characteristics at various velocities and equivalence
ratios. Their results showed this swirling area causes the heat circulating
from solid walls to couple with the swirling flow in recirculating areas,
increasing the flame stability. Wu et al. [29] installed a new conductive
sheet in a cylindrical micro-combustor to enhance the outer wall tem-
perature and exergy efficiency. The effect of different factors, including
the number of sheets, the sheet width, the thickness, and the conver-
gence and divergence angles of the sheet, on the thermal performance of
the micro-combustor was examined. According to the results, the pro-
posed conductivity sheet improved the thermal performance of the
micro-combustor and the outer wall temperature and the exergy effi-
ciency increased by 108 K and 12.86 %, respectively.

Flame stability is a another crucial parameter in the micro-
combustor in improving the performance of the TPV system. Qian
et al. [11] placed a bluff body in the micro-combustor for better flame
stability and examined its impact on the average wall temperature and
system efficiency. According to the results, system efficiency increased
by 14.72 % by deploying a buff body compared to the simple system. To
improve the heat transfer rate in the micro-combustor, Mohseni et al.
[30] analyzed various approaches including using a porous medium,
multi-hole blades and setting 24 and 8 tubes in the micro-combustor.
Based on the calculations, the micro-combustor with a porous medium
performed best, among other designs, in terms of energy through
reduction of the exhaust gas temperature by 289 K and the average wall
temperature increased by 115 K. Additionally, the temperature distri-
bution on the wall surface became 50.4 % more uniform.

Therefore, using a porous media in the micro-combustor has been
one of the latest topics regarding TPV systems in which researchers have
shown interest. This is because utilizing a porous media prevents the
energy loss and convection heat from the outlet of the micro-combustor,
which increases wall temperature, and consequently, reduces heat los-
ses. This increased wall temperature could result in an improvement in
radiation efficiency and exergy efficiency, as well as reduce entropy
generation in the micro-combustor. A low porosity coefficient could
improve flame stability and heat transfer while preventing emissions in
the system. Therefore, Peng et al. [31] suggested using a layered porous
media with different porosity coefficients per layer to create a balance in
the system and proportion between the flame stability and its power.
According to their simulation, the combustor with a three-layer porous
media with porosity coefficients p = 0.95 + 0.9 + 0.85, cause the
output electric power and the system efficiency to be high, making it a
favorable option as a micro-power generator. Peng et al. [32] examined
the premixed Hy/air combustion with and without a porous medium.
According to the results, flame stabilization in a micro-combustor with a
porous media drastically increased compared to the simple one.

Above literature review shows a micro-combustor with a porous
media can improve thermal performance. Table 1 illustrates a summary
of all studies conducted using porous media in the micro-combustor of
TPV systems. This table shows utilized porous media, different fuel, and
the main studied parameter. It is concluded that researcher have carried
out studies on improving the flame stability and energy conversion

Applied Thermal Engineering 231 (2023) 120846

efficiency of micro-combustors. In addition, the effects of porous media
on the exergy and combustion of micro-combustor for TPV system are
not studied in previous work. However, various porous characteristics in
micro-combustor resulting in difference heat transfer mechanisms and
thermal performance of micro-combustor. Therefore, in mentioned
studies, only one parameter of porous media were analyzed, thus a
comprehensive study on the effect of porous media in micro-combustor
is required for the design and practical application of the combustor.
Thus, a numerical comparative simulation has been carried out to
investigate impacts of key parameters of a micro-combustor with a
porous media such as the porous media’s length, the porosity coefficient,
several types of porous material and inlet velocity on entropy genera-
tion, radiation power and its efficiency, wall temperature and inlet
temperature, at the same boundary conditions and operation. Moreover,
exergy loss and exergy efficiency of micro combustor with porous media
was studied. A micro-combustor has been developed to improve the
energy and exergy performance as well as to present a comprehensive
model for the utilizing porous media in micro-combustor in TPV sys-
tems. Ultimately, the most optimal state of micro-combustor to use in
TPV systems is introduced for electricity generation.

2. The reference system configuration and its governing
equations

In this study, simulation was conducted based on the utilizing porous
media with different length inside the micro-combustor and considering
the wall temperature rise, the uniform temperature distribution on the
wall surface, efficiency increase of first and second laws, and exergy loss
reduction. This porous media has several significant characteristics that
increase the heat transfer surface inside the micro-combustor, guide hot
combustion gases from the center of the tube to the inner wall, and the
inner temperature uniformity of the micro-combustor in the porous
area. The combustion of Hy/air will be simulated and examined in a
three-dimensional and fully turbulent state with 9 species and 19 re-
actions. The effect of essential parameters, such as the length of the
porous media in the micro-combustor, the porosity coefficient of the
medium, the thermal conductivity coefficient, inlet velocity, and
different heat transfer conditions from the outer wall, on the energy
conversion efficiency, heat transfer, exergy efficiency, energy loss,
pressure drop, and wall temperature will be examined.

2.1. Mathematical model

Mathematical modeling of hydrogen-air stoichiometric combustion
in a micro-combustor, due to the complexity of simulating at the
microscale, some assumptions have been considered to simplify the
model without insignificant impact on the results. These hypotheses are
as follows:

1. Viscosity and weight of the fluid are neglected.

2. Surface reactions are disregarded.

3. Based on the experimental and numerical results obtained by Li et al.
[43], the radiation of gases inside the micro-combustor and the inner
walls was disregarded. However, the radiation of the outer wall was
taken into account.

4. The Mach number is under 0.3 and the mixture of Hy/air is consid-
ered an ideal incompressible gas.

5. Viscous force, the radiation of hot gases, and the Duffor’s effect due
to the low heat flux are ignored.

6. As the Reynolds number of the inlet premixed hydrogen-air is more
than 500, the reactive flow is considered as turbulent and at inlet
flow is developed

Considering the hypotheses above, conservation of mass, mo-
mentum, and energy equations are finally obtained as follows:
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Outlet

B Porous media

B Fluid

Fig. 2. The geometry of the micro-combustor with a porous medium along with boundary conditions.

L:
V(pu)=0 (€]
p(W.VT) = —VP+V.<p {v?+ (vu)" %V.WID )

Where p denotes the gas density, u denotes the velocity vector, P
denotes the gas pressure, u denotes the viscosity, and I denotes a tensor.

i

%v.m} ).w +S 3)

Where Er denotes the total energy of the fluid, K4 denotes the
effective thermal conductivity coefficient, J; denotes the diffusion of
species j, h; denotes the entropy of species j, and Sy denotes the entropy
generation of the fluid.

The energy equation for the solid area is defined as below [44]:

V.(K.VT) =0 4

Where K; denotes the thermal conductivity coefficient of the solid
area.
The gas equation in an incompressible state is defined as below [45]:

T %)

=l

P=p

Where W is the mean of molecular weight of the mixture gases, and
R, denotes the universal gas constant.
The equation of species transfer is as follows:

V.(pTY;) = VT + (6)

Where ; denotes the reaction rate of species j.
The equation of the entropy transfer is described as below:

1 n »
Tds = du+Pd (5) - ; pjd(%) @)

Where s denotes the specific entropy, u denotes the specific internal
energy, 4; denotes the chemical potential of species j, and n; denotes the
number density of species j.

The entropy generation rate S'gen and irreversibility Egegrucive inside
the micro-combustor are defined as follows [44]:

Sgen = Iil(Sin - Soul) (8)

I;:deslruclive = ggen X Tourr (9)

In accordance with the second law of thermodynamics, the exergy
efficiency 7, and the exergy loss Ex,, are defined as follows [44]:
TSUIT

EXioss = Elogs + [M X Ty X CPouuc.lnT
outlet

- Routletln (10)

Poullcl

Edeslruclive + E]oss

- 11
i Quay an

My =1-
Where E,;, denotes the energy that is transferred outside by exhaust
gases, and Q,yy denotes the hydrogen low heat value, which equals
119MJ/kg [17].
Pressure drop inside the micro-combustor is as follows:

Pioss = Pinter — P outter (12)

Where P,,;; denotes the pressure drop, Py, denotes the inlet pressure
inside the micro-combustor, and P, denotes the outlet pressure equal
to 1 atm.

Heat transfer from the outer surface of the micro-combustor Q,q
occurs through radiative heat transfer Qgqq and convective heat transfer
Qcon- These two values are calculated using the equations below:

Qwa]] = QRad - Qcon (13)

QRad =eXxXo Z Ai (T‘? - Tjurr) (14)
i=1

chn = h(Tl - T:urr) (15)

Where e and ¢ denote the radiation coefficient of the outer surface of
the micro-combustor and the Boltzmann constant, respectively. T; and A;
indicate the cell temperature of the outer wall and the surface area of the
micro-combustor, respectively.

The micro-combustor efficiency 74, the radiation efficiency 7,4, and
the total efficiency of converting the inlet energy to electric power #,,,4,
while using micro-combustors in MTPV power generation systems, are
defined as follows:

Qwall
— wall (16)
1070,
NRad = QQL:I 17)
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Table 2
The dimensions of the micro-combustor.
L1 18 mm
L2 2 mm
L3 2,4,8 mm
D1 2 mm
D2 3 mm
D3 4 mm

Table 3

The thermal properties of stainless steel and porous media.

Material name  Density (kg/m®)  C,(j/kg.K)  Thermal conductivity (W/m.K)
Stainless steel 8000 503 12
SiC 1300 275 92
SizNy 3210 690 31
Al O3 3970 1000 25
SS304 7930 500 21.5
Table 4
Boundary conditions for the geometry considered in the simulation.
Boundary Parameters Values
Inlet Velocity inlet 5,6,7 m/s
Pressure outlet 0 Pa
Turbulent intensity 5%
The hydraulic diameter 2 mm and regard to inlet diameter
Temperature 300 K
Outlet Pressure outlet 0 Pa
Turbulent intensity 5%
The hydraulic diameter 3 mm and regard to inlet diameter
Inner wall Interface No-slip Zero-flux for all species
Thermal condition Coupled
Material Steel
outer wall Heat transfer coefficient 5,10, 15 W/m?. K
Emissivity 0.4, 0.6, 0.8
Niotat = Nrpy NRad (18)

Where Q denotes the heat released from the chemical reaction, and
nqpy denotes the efficiency of TPV systems, which stands at 15.4 % [46].

Ry and T, coefficients are used to describe the wall temperature
uniformity and the average wall temperature [14].

o lITi = Tu|Af]
Ri= (=0 ——— 100 19
! ( TmZ?:lAi . a9
_ 2 TiA
R 5 v 0

2.2. Geometry configuration

The geometry of the micro-combustor was designed using ANSYS
Design Modeler. Three different domains were defined below:

The solid body of the micro-combustor.

The fluid inside the combustor, which includes inlet and combustion
gases.

The porous media inside the micro-combustor.

Fig. 2 illustrates a schematic of the geometry of the micro-combustor
with a porous media, the fluid inside it, and boundary conditions.
Table 2 presents the dimensions observed in the figure. According to
Fig. 2, the total length (L1) and the outer diameter (D3) of the micro-
combustor are 18 mm and 4 mm, respectively. The inlet diameter
(D1) and the step (L2) are both 2 mm. Further, the inner diameter of the
micro-combustor and the porous medium diameter (D2) are each 3 mm.

Applied Thermal Engineering 231 (2023) 120846

# Fluid

& Solid

Fig. 3. The grid generation used in the micro-combustor with a
porous medium.

The porous medium is fully attached to the micro-combustor. Table 3
illustrates the material and the thermal properties of the porous media
used in the micro-combustor [47]. Moreover, Table 4 depicts the
boundary conditions concerning the geometry of the micro-combustor.

2.3. CFD simulation and grid independence analysis

The simulation of the micro-combustor has been carried out in Fluent
R2 2019. The k —e model, which has the highest compatibility with the
experimental results [48], has been utilized for turbulence model. The
turbulent chemical reaction rate is calculated through emissivity [23]. A
second-order discretization is conducted for all the equations, and the
coupled method is used for the pressure-velocity coupling [49]. Hy/air
combustion reactions with 19 micro-reactions and 9 species are used in
simulation [50]. The convergence criteria for the mass, momentum, and
species transfer equations are from the 1 x 1073 order while the
convergence criteria for the energy equation is from the 1 x 107 order.

A structured grid for the solid, porous media and fluid domains of the
micro-combustor were generated, as can be seen in Fig. 3. The total
622,000 elements were generated during the meshing. In addition, the
mesh size of 0.1 mm is employed for all the cases.

Grid independence for the micro-combustor with and without a
porous medium was analyzed to ensure the results are grid independent
and to find the minimum number of required elements. Four different
meshes with 999000, 622000, 211000, and 112000 elements were
examined to find the minimum number of required elements to analyze
the effect of the micro-combustor’s dimensions on its performance.
Fig. 4 illustrates the temperature distribution of these four meshes. Ac-
cording to Fig. 4, the wall temperature does not change with an increase
in the number of elements from 622000. Moreover, the wall tempera-
ture profile for meshes with 999000 and 622000 elements match each
other. As can be seen in Fig. 4, the temperature distribution graph has
two temperature peaks: the first is at the step and is due to the com-
bustion reaction and drastic increase in the temperature of the inlet
gases, and the second peak is caused by the start of the area with a
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Fig. 4. Grid independence analysis for a micro-combustor with a 8 mm-long porous medium.
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porous medium. Fig. 4 shows at the entrance of the inlet, there is a
temperature discrepancy for grids with a low number of different ele-
ments. However, this discrepancy increases as the distance from the
inlet of the micro-combustor grows. Furthermore, the wall temperature
sensitivity at the end of the micro-combustor with a porous medium is
high compared to the number of elements. A rise in the number of ele-
ments for a similar situation z/l would decrease this discrepancy in a
way that the maximum wall temperature discrepancy for z/l is the same
and the number of 211000 and 622000 meshes is 9 K. As the number of
elements increases from 622000, the wall temperature does not change.
For instance, the temperature distribution in a grid with 999000 ele-
ments are close with a grid 622000 elements and only 1.5 % difference
for the wall temperature. Therefore, in the present study, the meshing
with 622000 elements for the micro-combustor with a porous medium is
deployed for the entire simulation.

2.4. Validation

To validate the numerical modelling, the wall temperature graph of
the micro-combustor without a porous medium will be compared with
the experimental results of Yang et al. [26] and the numerical simulation
of Yilmaz et al. [51]. Also, the wall temperature graph of the micro-
combustor with a porous medium will be compared with the results of
the numerical simulation of Mohseni et al. [30] at the inlet velocity of 5
m/s and the equivalence ratio of 1.0. As can be observed in Fig. 5, the
calculated wall temperature of the micro-combustor without/with a
porous medium is the same as the simulation results of Yilmaz with a
tube combustor. The greatest discrepancy was in the temperature peak
at 1 %, which decreases along the micro-combustor. The difference
between the numerical simulation of Yilmaz et al. [51] and the experi-
mental results are due to using a micro-combustor with a rectangular
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cross-section in the experiment setup. Thus, the results obtained from
the simulation are reliable. The results in Fig. 5 illustrate the validity of
this model in examining the effect of the porous medium on the thermal
performance and energy of the micro-combustor.

3. Results and discussions

3.1. Analyzing the thermal performance and the efficiency of the Micro-
Combustor under different physical circumstances

Fig. 6 depicts the graph of the outer wall temperature of a micro-
combustor with an 8 mm porous medium and a porosity coefficient of
0.9, a micro-combustor with an 8 mm-long micro-fin (according to
reference [48]), and a simple micro-combustor. The graph in Fig. 7 il-
lustrates parameters including uniformity coefficient, maximum tem-
perature, minimum temperature, average outer wall temperature, and
exhaust gas temperature in the micro-combustor with a porous medium,
with a micro-fin, and in a simple state. Fig. 7 shows the significant
performance of the micro-combustor with a porous medium and the
micro-combustor with a micro-fin compared to the simple system. In the
case of the simple micro-combustor, the uniformity coefficient R, equals
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4.58. In TPV systems, the low values for the uniformity coefficient are
more favorable as a reduction in this coefficient causes more tempera-
ture uniformity in the outer wall, increasing the system’s lifetime. Ac-
cording to Fig. 7, the values of this coefficient for the micro-combustor
with a porous medium and the micro-combustor with a micro-fin stand
at 2.27 and 1.75, respectively, indicating the significant temperature
uniformity of the outer wall.

Temperature uniformity of the outer wall, exergy efficiency, and
high radiation efficiency are regarded as some of the most significant
necessities in using the micro-combustor of TPV systems. As illustrated
in Fig. 8, using a porous medium and setting a micro-fin in the micro-
combustor of TPV systems dramatically increases the exergy efficiency
and radiation efficiency. Hence, it can be concluded that it is crucial to
use a porous medium or a micro-fin in the micro-combustor as not only
does it make the outer wall temperature more uniform and increases the
system’s lifetime, but it also increases exergy efficiency and radiation
efficiency. A comparison of these three states in the graph in Fig. 8 re-
veals that the porous medium performs better than the micro-fin in
terms of radiation and exergy efficiency. Accordingly, radiation and
exergy efficiencies for an 8 mm-long porous medium are 52.91 % and
44.5 %, respectively, which is higher by 3.51 % and 3.9 % than the one
with a micro-fin and 15.61 % and 20.8 % than the one without a me-
dium. Additionally, during the analysis of different circumstances of
using a porous medium, the most optimum way of using it in TPV sys-
tems will be examined to obtain the highest exergy efficiency and ra-
diation efficiency and the lowest uniformity coefficient on the surface of
the outer wall of the micro-combustor.

3.2. Analyzing the effect of changes in the porous medium length on the
Micro-Combustor

This section will analyze the effect of changes in the porous medium
length in the micro-combustor on its performance, maximum tempera-
ture, minimum temperature, average outer wall temperature, and
exhaust gas temperature, uniformity coefficient, temperature contour at
a plane of symmetry, and various cross-sections along the micro-
combustor with a porous medium and the contour of OH mass frac-
tion distribution.

In cylindrical micro-combustors, the temperature and velocity of
exhaust gases increase from the inner wall to the center of the cylinder
while the outer wall temperature along the micro-combustor without a
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combustor with a porous medium, with a micro-fin, and in a simple state.
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sections along the micro-combustor with porous media of L = 2,4,6,8mm.

porous medium, especially at the outlet, decreases. However, the tem-
perature of exhaust combustion gases is much higher than the wall
temperature, which causes energy and exergy loss. Therefore, to
enhance the performance of the cylindrical micro-combustor, a new
porous medium, as illustrated in Fig. 9, is utilized. Fig. 9 shows

temperature distribution at the plane of symmetry and various cross-
sections along the micro-combustor with a porous medium of different
lengths L = 2,4,6,8mm. This type of porous medium inside the micro-
combustor increases the heat transfer surface and moves hot gases
from the center of the cylinder to the walls of the micro-combustor.
Additionally, it makes temperature distribution in the inner area with
a porous media more uniform than the one without a porous media. The
temperature of exhaust gases drops along the micro-combustor due to an
increase in heat transfer, which results in exergy and energy loss
reduction at the outlet.

Fig. 10 shows temperature changes in the outer wall of the micro-
combustor with and without a SiC porous medium (whose properties
are shown in Table 3) with a 0.9 porosity coefficient and at a 5 m/s
velocity. As depicted in Fig. 10, using a porous medium drastically in-
creases wall temperature in a way that selecting an 8 mm-thick porous
medium increases the average temperature by 115 K, making its final
value reach 1324 K. Also, the average temperature for the 6 mm length
increases by 111 K, making its final value reach 1320 K. According to the
equation of radiation in the outer wall (Equation (14)), this temperature
rise also the radiation power. Additionally, the porous medium makes
the wall temperature more uniform and increases the efficiency of TPV
systems. According to Fig. 11, the R, coefficient, as a criterion for
determining the uniformity of the wall temperature, equals 2.27 for an 8
mm-long porous medium while it equals 1.29, 1.7, and 2.32 for lengths
of 6 mm, 4 mm, and 2 mm, respectively. As can be observed in Fig. 11,
the R, coefficient for a 6 mm-long porous medium reaches its lowest
point, making the discrepancy between the maximum and the minimum
temperatures stand at 121 K, which is equivalent to the most uniform
temperature on the wall surface. As illustrated in Fig. 10, the tempera-
ture graph shifts from one peak in the state without a medium to two
temperature peaks in the state with a porous medium, and increased
dimensions of the medium increase the average temperature. Nonethe-
less, the discrepancy between the maximum and the minimum tem-
peratures and the uniformity coefficient of the wall temperature
increase with an increase in the dimensions of the medium, which re-
duces the system’s lifetime and increases its susceptibility.

Based on Fig. 12, temperature decreases along the centroidal axis
with an increase in the length of the porous media. By assuming the
porous medium to be 6 mm long, heat transfer from the inside to the
outside, at a 0.66 dimensionless distance from the inlet, increases while
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in the micro-combustor with or without porous media of L = 2,4, 6, 8mm.

the temperature of the central line decreases. Additionally, the tem-
perature of combustion gases, at dimensionless distances farther from
the inlet, is higher, meaning the temperature along the centroidal axis of
the shorter porous medium is higher. Temperature drop in combustion
inside the micro-combustor reduces NOx.

3.3. Analyzing the effect of changes in the porous medium thickness on
radiation efficiency and exergy of the Micro-Combustor

Radiation power, exergy efficiency, and high radiation efficiency are
regarded as some of the most significant necessities in using the micro-
combustor of TPV systems. To achieve this goal, wide surfaces were used
to increase the inner heat transfer surface. For instance, in the state with
a porous medium, the inner surface area subjected to heat transfer is
greater than one without. This is due to the high porosity percentage of

10

the one with a porous medium, which increases heat transfer in TPV
systems. Fig. 13 shows changes in exergy efficiency and exergy loss
while Fig. 14 shows radiation efficiency and radiation power at a 5 m/s
inlet velocity and a 0.9 porosity coefficient for various porous media
lengths.

Using a porous medium significantly increases radiation and exergy
efficiencies compared to the one without a medium. Accordingly, radi-
ation and exergy efficiencies for an 8 mm-long medium are 52.91 % and
44.5 %, respectively, which is higher by 15.6 % and 20.8 %, respec-
tively, than the one without a medium. An increase in the length of the
porous medium also increases exergy efficiency, radiation efficiency,
and the micro-combustor efficiency 7. According to Fig. 14, the radi-
ation power is directly proportional to the length of the porous medium
of the micro-combustor so that greater radiation power is achieved with
greater lengths. The reason behind this matter is related to Equation (14)
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in which the radiation power is directly proportional to the outer surface
of the wall.

Radiation efficiency from the outer wall of different micro-
combustors is defined as the ratio of energy emitted by the outer wall
to total inlet energy. An increase in the length of the porous medium in
the micro-combustor also increases the energy conversion efficiency.
The highest radiation efficiency is from the micro-combustor with an 8
mm-long porous medium, which is greater than the micro-combustor
with a 6 mm porous medium by approximately 1.8 %. Therefore, an
increase in the length of the porous medium of the micro-combustor has

11

a marginal effect on the improvement of radiation efficiency. Further-
more, the radiation efficiency difference between the smallest and the
biggest porous media of the micro-combustor (2 mm and 8 mm) stands
at only 5.77 %.

3.4. Analyzing the effect of changes in the inlet velocity on the thermal
Performance, exergy Efficiency, and radiation efficiency of the Micro-
Combustor

Fig. 15 shows changes in the wall temperature at different velocities
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for the micro-combustor with a 6 mm-long porous medium and a 0.5
porosity coefficient. Fig. 16 also illustrates the effect of the inlet velocity
on the uniformity coefficient, maximum temperature, minimum tem-
perature, average outer wall temperature, and temperature of exhaust
gases of the micro-combustor with a porous medium. Based on Fig. 15,
increased inlet velocity causes the average wall temperature to rise and
its uniformity to decrease. Accordingly, for maximum velocity V = 77,
according to Fig. 16, the difference between the maximum and mini-
mum temperatures is 162 K and the Rt coefficient is 3.24, which is not
considered a favorable value for the uniformity coefficient. Additionally,
the discrepancy between the maximum and minimum temperatures and
the uniformity coefficient at minimum velocity (5 m/s) stands at 56 K
and 0.89, respectively, indicating an extremely uniform temperature on
the wall.

12

Fig. 17 shows changes in the radiation efficiency and exergy effi-
ciency in the micro-combustor with a 6 mm porous medium at different
inlet velocities. As depicted in the figure, the increase of exhaust gases
temperature at a high velocity reduces radiation efficiency and exergy
efficiency so that radiation and exergy efficiency discrepancies between
the maximum and minimum velocities stand at 4.44 % and 7.87 %,
respectively.

Fig. 18 shows the contour of the OH mass fraction and its gradient at
the plane of symmetry for the minimum and maximum porous media
lengths and inlet velocity in the dimensionless state. According to
Fig. 18, a reduction in the thickness of the porous medium and an in-
crease in the inlet velocity of the micro-combustor increases the OH
expansion in the micro-combustor. Moreover, the OH mass fraction at
the inlet of the micro-combustor at low velocity and great length is
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greater than this value at high velocity and small length. This causes the
flame to move from the inlet to the inner area of the micro-combustor
and the maximum wall temperature to transfer to the outlet, which re-
sults in the uniformity of the wall temperature.

3.5. Analyzing the effect of changes in the porosity coefficient on the
thermal Performance, exergy Efficiency, and radiation efficiency of the
Micro-Combustor

Based on the previous topics, it was determined that the most viable
performance, including the favorable efficiency and temperature dis-
tribution uniformity, occurs when a 6 mm-long porous medium at the
inlet velocity of 5 m/s is used in the micro-combustor. Later, the effect of
the porosity coefficient of porous media on the performance of the
micro-combustor with a medium will be examined. Parameters
including maximum temperature, minimum temperature, average outer
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wall temperature, the temperature of exhaust gases, and uniformity
coefficient of different porosity coefficient values will be calculated and
the outputs such as radiation efficiency and exergy efficiency, will be
examined to analyze the effect of changes in the porosity coefficient of
porous media in the micro-combustor on its performance.

An increase in porosity coefficient also increases the number of
porous particles in the object, and consequently moving fluid through
pores become restricted, which results in slow fluid movement and
temperature increase. Fig. 19 illustrates changes in the temperature
profile of the micro-combustor with different values of porosity coeffi-
cient and per dimensionless distance from the inlet of the micro-
combustor. As depicted in the figure, despite increased wall tempera-
ture due to a rise in porosity coefficient, the discrepancy of maximum
and minimum temperatures in the wall also rises, which causes the
uniformity coefficient to go up. This is also clear in Fig. 20 at the 5 m/s
inlet velocity and the 6 mm length in a way that an increase in porosity
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coefficient from 0.5 to 0.9 leads to an increase in uniformity coefficient
from 0.89 to 1.29.

Fig. 21 illustrates changes in radiation efficiency and exergy effi-
ciency as a function of the porosity coefficient. According to Fig. 21,
radiation efficiency and exergy efficiency are directly proportional to
the porosity coefficient of the micro-combustor so that maximum effi-
ciency is obtained with the maximum porosity coefficient in the micro-
combustor. This is because as the contact between the moving fluid and
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the pores increase, heat transfer enhances due to an increase in the
porosity coefficient.

According to Fig. 21, maximum radiation efficiency and exergy ef-
ficiency belong to the micro-combustor with a 0.9 porosity coefficient,
which shows a marginal rise at approximately 0.84 % and 1.18 %
compared with the 0.5 porosity coefficient. This indicates that radiation
efficiency and exergy efficiency are less susceptible to changes in the
porosity coefficient of the micro-combustor. However, it is more
favorable to select smaller values of the porosity coefficient as, accord-
ing to Fig. 21, an increase in the porosity coefficient from 0.5 to 0.9
increases the uniformity coefficient from 0.89 to 1.29.

3.6. Analyzing the effect of changes in the material of a porous medium in
the Micro-Combustor

Based on the previous topics, using a 6 mm-long porous medium with
a 0.5 porosity coefficient and a 5 m/s inlet velocity showed the most
viable performance in terms of uniformity coefficient, radiation effi-
ciency, and exergy efficiency in micro-combustors with porous media.

Later, four different materials of porous media, whose properties are
depicted in Table 3, will be discussed to find the most proper porous
medium for the micro-combustor.

Fig. 22 shows changes in radiation efficiency and exergy efficiency in
the micro-combustor with 6 mm-long porous media of different mate-
rials with an inlet velocity of 5 m/s. According to Fig. 22, using the
porous SS304 creates maximum radiation efficiency and exergy effi-
ciency in the micro-combustor. However, the performance of this ma-
terial is not significantly different from other porous media with a
discrepancy of less than 1 % for both efficiencies compared with other
media (Fig. 22).

3.7. The effect a porous medium and its dimensions on pressure drop

Increased pressure drop is one of the defects of using porous media.
Fig. 23 depicts pressure drop for porous media of different lengths and
the inlet velocity of 5 m/s along the centroidal axis. Pressure drastically
drops from the inlet to the step, maintains relatively constant from the
step to the outset of the porous medium but then significantly decrease
in porous media. Moreover, pressure is at maximum at the outset of the
porous medium, and pressure on the porous media has a linear drop at
the outset of the medium. Further, the pressure gradient from the outset
to the end of the porous media decreases as the length increases. An
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increase in the length of the porous medium also increases friction,
which intensifies pressure drop so that with a 2 times increase in the
length of the porous medium from 4 mm to 8 mm, pressure drop in-
creases by 238 Pa.

3.8. Using the Micro-Combustor with the suggested porous medium for
TPV systems

Table 5 presents essential parameters for the design and utilization of
a micro-combustor with a porous medium. The most significant pa-
rameters include radiative heat transfer, energy and exergy efficiencies
of the TPV system are shown in this table. For different values of the
studied parameters such as different thermal conductivity coefficients,
convective thermal transfer, and radiation intensity coefficient are the
total efficiency obtained. Finally, for the micro-combustor in the present
model, the maximum efficiency of total electricity generation is 12.75
%.

15

4. Conclusion

In this study, to enhance the performance and improve the micro-
combustor for utilization in Thermo-Photovoltaic systems was studied
through a 3D CFD simulation. The effect of different parameters in
porous media micro combustor on the energy and exergy efficiencies
entropy generation average wall temperature and its uniformity, inlet
mass flow, heat transfer, energy efficiency and exergy efficiency were
analyzed. The main findings are summarized as follows:

e The porous medium showed a favorable effect on the performance of
the micro-combustor, especially on exergy and energy efficiency,
temperature of the outer wall, and uniform distribution of
temperature.

e Generally, an analysis on different models revealed that uniform
temperature distribution is more important than exergy and radia-
tion efficiency. Further, it has a decisive role in the performance of
Thermo-Photovoltaic systems.
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e it was found that the micro-combustor with a 6 mm-long porous
medium has the least temperature uniformity coefficient and great

e A 6 mm-long porous medium increases the radiation efficiency and
exergy efficiency by 37 % and 79.7 % compared to the micro-

exergy efficiency and radiation efficiency. As a result, it shows the
most favorable performance in the utilization of porous media in a
micro-combustor.

combustor without a porous medium. Total efficiency in the con-
version of inlet energy to electric power increases from 8.9 % to
12.32 %.

Under the same conditions, the highest average wall temperature
and the highest uniformity coefficient of wall temperature were
obtained for the micro-combustor with an 8 mm-long porous me-
dium. Moreover, a decrease in the length of the porous medium in
the micro-combustor leads to an increase in the exergy efficiency and
a decrease in the exergy loss.

Using a 6 mm-long porous medium increases the average wall tem-
perature by 111 K compared with the case without a porous medium.
Moreover, the uniformity coefficient of wall temperature decreases
from by 80.05 %, from 4.58 to 0.89. As a result, using porous media
increases temperature distribution uniformity on the surface of the
wall compared to the case without a medium.
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Table 5

Main parameters for the design and utilization of the micro-combustor with a

porous medium.

L Porosity v QRad Rad Uil Mo Ntotal
8 0.9 5 23.7 52.91 44.51 24.1 12.75
8 0.9 6 27.3 50.84 40.33 24.1 12.25
8 0.9 7 30.5 48.98 37.14 24.1 11.80
8 0.8 5 23.4 52.14 43.63 24.1 12.57
8 0.8 6 26.9 50.29 39.41 24.1 12.12
8 0.8 7 30.0 48.40 36.57 24.1 11.67
8 0.7 5 23.2 51.75 43.05 24.1 12.47
8 0.7 6 26.7 49.87 38.82 24.1 12.02
8 0.7 7 29.7 47.96 35.78 24.1 11.56
8 0.6 5 23.0 51.36 42.63 24.1 12.38
8 0.6 6 26.4 49.46 38.36 24.1 11.92
8 0.6 7 29.4 47.54 35.33 24.1 11.46
8 0.5 5 22.8 51.15 42.27 24.1 12.33
8 0.5 6 26.2 49.23 38.04 24.1 11.86
8 0.5 7 29.2 47.28 34.99 24.1 11.40
6 0.9 5 22.9 51.11 42.16 24.1 12.32
6 0.9 6 26.2 48.91 37.67 24.1 11.79
6 0.9 7 29.0 46.93 34.53 24.1 11.31
6 0.8 5 22.7 50.69 41.64 24.1 12.22
6 0.8 6 26.0 48.72 37.44 24.1 11.74
6 0.8 7 28.8 46.61 34.10 24.1 11.23
6 0.7 5 22.5 50.58 41.37 24.1 12.19
6 0.7 6 25.8 48.40 36.85 24.1 11.66
6 0.7 7 28.6 46.33 33.73 24.1 11.16
6 0.6 5 22.4 50.25 41.00 24.1 12.11
6 0.6 6 25.7 48.20 36.74 24.1 11.62
6 0.6 7 28.4 46.16 33.48 24.1 11.13
6 0.5 5 22.4 50.27 40.98 24.1 12.11
6 0.5 6 25.5 48.05 36.43 24.1 11.58
6 0.5 7 28.2 45.83 33.10 24.1 11.04
4 0.9 5 22.0 49.19 39.57 24.1 11.85
4 0.9 6 24.9 46.77 34.90 24.1 11.27
4 0.9 7 27.5 44.51 31.47 24.1 10.73
4 0.8 5 21.9 49.13 39.59 24.1 11.84
4 0.8 6 24.9 46.74 34.85 24.1 11.26
4 0.8 7 27.4 44.42 31.32 24.1 10.71
4 0.7 5 21.9 49.03 39.47 24.1 11.82
4 0.7 6 24.8 46.60 34.69 24.1 11.23
4 0.7 7 27.2 44.20 31.05 24.1 10.65
4 0.6 5 21.8 48.76 37.68 24.1 11.75
4 0.6 6 24.7 46.51 34.57 24.1 11.21
4 0.6 7 27.2 44.21 31.05 24.1 10.65
4 0.5 5 21.8 48.88 39.24 24.1 11.78
4 0.5 6 24.7 46.59 34.61 24.1 11.23
4 0.5 7 27.1 44.13 30.94 24.1 10.64
For K =12, e = 0.6 and h = 15 and Sic as porous material.

Porous media Orad "IRaa Ui Mo Ntotal
Sic 22.4 50.27 40.98 24.1 12.11
AL203 44.5 50.92 41.93 24.1 12.27
SI3N4 44.6 50.69 41.59 24.1 12.22
$S304 44.7 50.95 41.93 24.1 12.28

For L = 6 mm, Porosity = 0.5,V =5m/s,e =0.6,h =15.
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