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ABSTRACT
In this work, a numerical study has been carried out in order to investigate the effects of a micro combustor
size on the exergy and energy efficiencies of a premixed hydrogen/air for a micro thermophotovoltaic system.
For this purpose, six combustors in different sizes are designed, in which geometry dimensional size
gradually reduced. The effects of the combustor size on the entropy, exergy, radiation power, and energy
conversion efficiency are investigated. Also, mean and uniform wall temperature are discussed. In order to
compare the entropy generation of each micro combustor, a dimensionless entropy generation rate is defined.
The hydrogen/air combustion with 9 species and 19 reversible elementary reactions were simulated by using
the Eddy Dissipation Concept (EDC) model. Results indicate the micro-combustor geometry size has
important effects. A reduction of the combustor geometry size dimensionality causes an increase in average
wall temperature and makes it uniform. Moreover, by decreasing micro combustor size, the radiation power
efficiency increases from 41.96 to 45.62% and total energy conversion efficiency from 6.46 to 7.02%. The
highest exergy efficiency, 38.63%, is achieved in the smallest micro combustor while the minimum exergy
efficiency 33.22%, is obtained in the largest micro combustor.
Keywords: Micro combustor size; Wall temperature; Entropy generation; Exergy efficiency; Thermal
performance.
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external wall
Specific heat capacity of the exhaust
gases
The inlet diameter
The outlet diameter
The outer diameter of the micro
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Unit tensor
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Ti

The temperature of element i

j

Reaction rate
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Toutlet
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Mean wall temperature
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Boltzmann constant
Surface emissivity
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Velocity vector
Specific internal energy
Average molecular weight
Mass fraction of each species




Density
Molecular viscosity
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Chemical potential of each species

u
W
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Outlet Temperature

Abbreviations
con
Conversion
gen
Generation
in
Inlet
LHV
Low heat value
rad
Radiation
sur
Surrounding
TPV
Thermophotovoltaic

INTRODUCTION

Today, small-scale devices are being developed,
with the appearance of science and technology, and
need to construct small-scale devices. Energy
sources for these devices are batteries, micro gas
turbines, micro thermophotovoltaic systems.
Batteries have limitations such as a low energy
density, long recharging time, relatively short
lifetime,
heavyweight.
The
Micro
Thermophotovoltaic (MTPV) power generator is
one of the best choices for power generation
because it has not included any moving parts, easy
to manufacture, and high energy density (Su et al.
(2015)). The MTPV systems include three basic
parts, which are a combustion chamber, a PV cell
array, and an emitter (Yang et al. (2002)). To
illustrate the function of the MTPV systems,
chemical energy during a combustion process of
hydrogen and air causes rising the wall temperature
of a micro combustor and thermal radiation flux
released from the combustor wall. It is absorbed by
the PV cell array, and then electric power is
generated.
A lot of researches have been done to improve
radiation heat transfer, energy efficiency, flame
stability, uniform wall temperature, and structure
optimization for a micro combustor of the MTPV
system. Yang et al. (2007) experimentally studied
micro cylindrical combustor with a backwardfacing step and the combustor diameter. They show
that raising the height of the backward-facing step
of the micro combustor and reducing the combustor
diameter can improve the short circuit current total
energy conversation of the MTPV device. Wan et
al. (2012) investigated experimentally and
numerically lean hydrogen-air combustion in a
planar micro combustor with a bluff body and
found that increasing the equivalence ratio from 0.4
to 0.6 causes an increase in the blow-off limit range.
Moreover, with increasing inlet velocity, the flame
is long and becomes thin, and the high-temperature
zone of wall shifts downstream. A uniform and high
wall temperature distribution on the micro
combustor is effective to receive higher energy
efficiency. Gradually reducing the wall thickness of
the micro-cylindrical combustor makes wall

temperature distribution higher and more uniform,
which is proposed by Zuo et al. (2017). Akhtar et
al. (2015) showed the effects of channel crosssection (circular, rectangular, square, trapezoidal,
and triangular) on the total efficiency. Also, they
reported that a Reynolds Stress Model (RSM) for
turbulent flow with the Eddy Dissipation Concept
(EDC) model for combustion proses, gives the best
prediction of the wall temperature. Su et al. (2015)
found that the usage of a two-cavity and one-cavity
for the micro combustor caused that radiation power
is increased from 2.1 W for one cavity to 2.5 W for
two cavities. The irreversible energy loss and
entropy generation in combustion proses cannot be
neglected. The entropy generation in the microcombustion process has been carried out by some
researchers (Peng et al. (2018); Huang et al.
(2019)). In recent years, exergy analysis has been
used for the micro combustor. Jiaqiang et al. (2016)
investigated the effect of inlet pressure on entropy
generation and temperature distribution in premixed
hydrogen-air combustion in a circular microcombustor. Their results suggested that when inlet
pressure is P = 100 KPa, the maximum exergy
efficiency is reached 40 percent. The minimum
exergy efficiency is obtained 36 percent when the
inlet pressure is P = 60 KPa. Moreover, they
reported that the maximum average wall
temperature is achieved at P = 0 KPa while the
highest wall temperature difference is reported at P
= 100 KPa. Also, the maximum energy efficiency is
obtained at P = 20 KPa. The bluff body was used to
improve uniform wall temperature and micro
combustor performance. Jiang et al. (2014)
numerically studied the entropy generation
distribution in the hydrogen-air mixer in the micro
combustor. Their numerical results showed that the
stoichiometric mixture has maximum entropy
generation but minimum entropy generation is
obtained in a rich and lean premixed hydrogen-air.
Ni et al. (2019) numerically studied a micro
combustor with the rib, they observed that the micro
combustor with two ribs works more efficiently
than one rib. they reported that the chemical
reaction contributed about 70 percent of the total
entropy generation.
Many types of research have been done on micro
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Fig. 1. Schematic of the micro-combustor.

Fig. 2. Geometry and dimensions of the micro combustors.

combustor, but most of them have been studied to
achieve uniform wall temperature and to increase
the energy performance and electric power
production of the MTPV systems. No research has
so far been carried out to study the effect of the
micro-combustor size on the entropy generation
distribution, total energy efficiency, and exergy
efficiency. In this work, a three-dimensional
simulation and numerical investigation of the
effects of the micro-combustor scale on the entropy
generation, exergy efficiency and wall temperature
have been done under the same boundary conditions
where inlet velocity is 5 m/s, and the premixed

H2/air equivalence is 1.

2.

DESCRIPTION OF THE NUMERICAL
MODEL

2.1. Micro Combustor Geometry
The micro-combustor geometry is shown in Fig. 1.
The total length (L1); step length (L2); inlet diameter
(D1); outlet diameter (D2), and the outer diameter
(D3) are the dimensions of the micro-combustors.
The micro combustors are made of 316 stainless
steel, which its physical properties presented in

1235

E. Nadimi and S. Jafarmadar / JAFM, Vol. 13, No. 4, pp. 1233-1243, 2020.
Table 1 (Wan et al. (2015)). We used six micro
combustors (A, B, C, D, E, F) in different scales for
CFD simulation. Its sizes can be seen in Fig. 2.
Table 1 Properties of stainless steel
Thermal
Specific
Properties Density
conductivity
heat
stainless
8000
12.0
503
steel

constant.
Species transport equations:


  uY j  J j   j





(6)

Where  j is the net production rate of species j.
Entropy transport equation:
1
Tds  du  Pd   


2.2. Mathematical Model
Before building the pursuant governing equations,
some assumptions are essential for simplifying the
mathematical model as follows: (a) combustion
process is a steady-state; (b) The H2/air premixed is
uniform; (c) No Dufour effect (Williams (1965));
(d) The work done by pressure forces and viscous
are ignored; (e) No gas radiation in the combustion
channel but the radiation between the out wall and
the environment are considered (Norton et al.
(2004)); (f) No surface reactions.

(7)

 nj 

n

  d   
j

j 1

 soutlet  sin 
S gen  m

(8)

Where S gen is the total entropy generation rate, s is

 is the mass flow rate, u and
the specific entropy, m
 j are the internal energy and the chemical
potential of each species, and n j is the number
density of species j.

The governing equations are then given as follows:

Under the second law of thermodynamics, exergy
loss, and the exergy efficiency (Sahoo et al. (2012))
are defining as below:

Continuity and momentum conservation equation:

 H  QLHV
E xin = m

(9)



T
P 
E xloss  E loss  m  Tsur   C Poutlet ln sur  Routlet ln 0 
Toutlet
Poutlet 



(10)
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Where  and u are the fluid density and the
velocity vector. And P is the pressure, T is the
turbulent viscosity, and I is the unit tensor.
Energy conservation equation:


 

C  
  u ET  P      k f  P T T   h j J j 

 (3)

PrT 
 j



T 2
  
 
     T  u  (u )    uI   u  S f
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The total heat transfer ( Q wall ) between the
external wall of the micro combustor and the
environment is defined as follows:
Q wall  Q Rad  Q con
Q Rad  

conductivity, PrT is the turbulent Prandtl number,


J j is the diffusion flux of species j, h j is the

enthalpy of species j, and S f is the fluid enthalpy
source.
Energy equation for the solid zone:

Where K s denotes the solid

(4)
domain

thermal

conductivity

Ru
W

T

 A T
n

i

i

4

4
 Tsur

(12)



(13)

i 1

Q Con  h0 Ti  Tsur 

(14)

Where  ,  are Boltzmann constant and surface
emissivity, respectively. Ti , Ai
are the
temperature and the surface area of element i at the
outer wall and h0 is the heat transfer coefficient.
The radiation power efficiency (  Rad ) is defined as


the ratio of the radiation heat transfer rate ( QRad )
from the outer wall of the micro-combustor to the

heat of reaction ( QR ):

Ideal gas equation (Alipoor et al. (2017)):
P

(11)

Where E loss is the energy loss by the outlet gases,
QLHV is hydrogen lower heating value that is
assumed to be 119 MJ/kg (Turns (2002)).

Where ET is total fluid energy, k f is the fluid

  K s  T   0

E xin  E xloss
E xin

(5)

Q

Where W and Ru are the average of molecular
weight of the H2/air mixture and the ideal gas

 Rad  Rad
Q

(15)

R

The total energy conversion efficiency in the micro
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Table 2 H2/air chemical reaction mechanism
A
Reaction
β
E (J/kmol)
(m3/kmol s)
13
H + O2 = O + OH
5.1×10
-0.82
6.91×107
H2 + O = H + OH
1.8×107
1.0
3.7×107
H2 + OH = H2O + H
OH + OH = H2O + O
H + OH + M = H2O +Ma
O2 + M = O + O + M
H2 + M = H + H +Mb
H2 + O2 = OH + OH
H + O2 + M = HO2 +Mc
H + O2 + O2 = HO2 + O2
H + O2 + N2 = HO2 + N2
HO2 + H = H2 + O2
HO2+H = OH+OH
HO2 + O = OH + O2

1.2×107
6.0×106
7.5×1017
1.9×108
2.2×109
1.7×108
2.1×1012
6.7×1013
6.7×1013
2.5×1010
2.5×1011
4.8×1010

1.52×107
0.0
0.0
4.001×108
3.877×108
2.0×108
0.0
0.0
0.0
2.9×106
7.9×106
4.2×106

1.3
1.3
-2.6
0.5
0.5
0.0
-1.0
-1.42
-1.42
0.0
0.0
0.0

HO2 + OH = H2O + O2
5.0×1010
0.0
10
HO2 + HO2 = H2O2 + O2
2.0×10
0.0
H2O2 + M = OH + OH + M
1.3×1014
0.0
H2O2 + H = HO2 + H2
1.7×109
0.0
10
H2O2 + OH = H2O + HO2
1.0×10
0.0
a Enhancement factors: H O/20/.
2
b Enhancement factors: H O/6/, H/2/, H /3/.
2
2
c Enhancement factors: H O/21/, H /3.3/, O /0/, N /0/.
2
2
2
2

4.2×106
0.0
1.905×108
1.57×107
7.5×106

Table 3 Boundary conditions
Boundary

Parameters

Values

Inlet

Velocity inlet
Gage pressure
Turbulent intensity

5 m/s
0 Pa
5%

The hydraulic diameter
Temperature
Gage outlet pressure
Turbulent intensity
The hydraulic diameter
Interface
No-slip
Thermal condition
Material

Regard to inlet diameter
300 K
0 Pa
5%
Regard to outlet diameter
zero-flux for all species

Radiation and convection
Heat transfer coefficient
Emissivity

Mixed
15 W/m2 K
0.7

Outlet

Inner wall

Out wall

combustor for MTPV systems is defined as:
 tot   TPV   Rad

coupled
steel

outer wall temperature ( Tm ) are defined as below
(Ansari et al. (2018)):

(16)

where TPV is MTPV systems efficiency that is
assumed to be 15.4% (Xue et al. (2005)).
Two parameters to measure the nonuniformity
coefficient of outer wall temperature (RT) and mean
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n

T A
i

Tm 

i

i 1
n

A

(18)

i

i 1

2.3. Numerical Setup
For the numerical simulation, the Ansys Fluent 17
has been used to solve the governing equations. The
coupled algorithm is applied for the velocity
pressure decoupling of the Navier-Stokes equations
(Jiang et al. 2015). The standard k- model (Kuo et
al. (2007)) is used for turbulent flow and the eddy
dissipation concept (EDC) model (Akhtar et al.
(2015)) are applied for the chemical reaction. 9
species and 19 reversible reaction mechanisms of
H2/air are given in Table 2 (Yang et al. (2014)). The
specific heat and the density of the premixed
hydrogen-air
mixture
are
computed
by
incompressible ideal gas law and mixing law,
respectively.
Viscosity
and
gas
thermal
conductivities of the mixture are computed by the
weighted mass fraction of all species, and the
specific heat of each species is computed utilizing a
sectioned polynomial method (Tang et al. (2015a,
b)), kinetic theory is used to calculate the mass
diffusivity of the H2/air mixture. The convergence
criterion of continuity, momentum, and species
equations are 1×10-4, and lower than 1×10-6 for the
energy equation.

maximum difference in the two temperature profiles
is 6% at the beginning of the micro combustor. But
this difference is reduced throughout the length of
the micro combustor. This error is due to the
rectangular cross-section for the micro combustor in
experimental results. But in this research, the
circular cross-section has been used. Akhtar et al.
(2015) discussed the reasons for this difference.
However, this simulation is in good agreement with
our previous work.

Besides, the boundary conditions in the current
work are shown in Table 3.

2.4. Grid Independency

Fig. 3. The computational grid for solid and
reaction zones.

In order to determine the minimum number of grid
cells to guarantee that the present numerical
simulation is independent of the grid cells,
moreover, to reduce the computational time, the
grid sensitivity is tested (Fig. 3). Three meshes
(517610, 759278, and 913851) are used to study the
wall temperature profile of combustor C, where
premixed hydrogen-air velocity is kept at 5 m/s. As
presented in Fig. 4, the difference in the wall
temperature distribution on the three meshes is very
small and over 913851 elements, the wall
temperature wasn't changed. So, the mesh structure
about 913851 cells is used for an accurate
simulation.

2.5. Validation of the numerical simulation
To validate the numerical simulation of this study,
the temperature distribution of the micro-combustor
wall is compared with the experimental data
reported by Wenming et al. (2015) and with our
previous work (Nadimi et al. (2019)). As presented
in Fig. 5, in this work, we used dimensionless
length, which is defined as z axial per the total
length of the micro-combustor (z⁄L). We considered
wall temperature of the micro combustor C where
H2/air equivalence ratio and the inlet velocity are 1
and 5 m/s, respectively. As shown in this figure,
there is a discrepancy at first between experimental
results and numerical simulation. However, the

Fig. 4. Mesh independence study for combustor
C.

3.

RESULTS AND DISCUSSIONS

3.1. Effects of Micro Combustor Size on
Entropy
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Figure 6 presents the entropy generation under
various micro combustor size. It can be observed
that the variety of micro combustor sizes have
essential effects on the entropy generation. By
increasing the size of the micro-combustor, the
mass flow rate of the inlet increases. It causes an
increase in the total entropy generation rate. Figure
7 shows the specific entropy distribution for three
micro combustors. It is observed in Fig. 7 that the
specific entropy of the smallest micro combustor is
lower than that of the largest micro combustor
under the same condition. The high entropy areas of
them are located in the central region of the micro
combustors (contour lines 20, 19, and 18). These
high entropy areas are gotten smaller by decreasing
the size of micro combustors. The micro combustor
F causes a lower specific entropy region, that is the
major reason why the total entropy generation of
the smallest micro combustor is lower than that of
others.

we need to normalize the rate of entropy generation
and the volume of the micro combustors. To do this,
we use the volume and entropy generation rate of
micro combustor C, S Dim  S gen S gen
,
C

VDim  V VC . As it is observed in Fig. 8 with the
increasing value of the dimensionless volume, the
dimensionless entropy generation rate is increasing
due to the high mass flow rate.

Fig. 7. Effects of micro combustor sizes on
specific entropy of premixed hydrogen-air.

Fig. 5. Validation of the numerical results with
experimental data and numerical simulation in
literature.

Fig. 8. Dimensionless entropy generation under
dimensionless volume.

3.2. Effects of Micro Combustor Size on
Radiation

Fig. 6. Entropy generation rate under different
micro combustors.
To determine the relationship between the size of
the micro combustors and entropy generation rate,

Figure 9(a) depicts the radiation power and
radiation power efficiency of the micro combustors
at a different size. Radiation power has an inverse
correlate with micro combustor size. The highest
radiation power is obtained by the biggest micro
combustor. So, the micro combustor A has a
maximum radiation power, and micro combustor F
has a minimum. While micro combustor F has a
high mean wall temperature. That’s due to the
radiation power, according to Eq. 13 has a direct
relationship with the out wall surface area. Based on
Eq. 15, the radiation power efficiency has defined
the ratio of the radiation power through the micro-

1239

E. Nadimi and S. Jafarmadar / JAFM, Vol. 13, No. 4, pp. 1233-1243, 2020.
combustor wall to the total energy input. Therefore,
with the increase in the size of the combustor, the
total input energy increased, so radiation power
efficiency reduces, as shown in Fig. 9(b). The micro
combustor F has a maximum radiation power
efficiency, whereas this only 0.04 percent point is
higher than micro combustor E. The difference
between micro combustor A and B is 1.52 percent
point. The difference between the largest and
smallest micro combustor radiation power
efficiency (A, F) is only a 3.66 percent point. While
the radiation power is decreased almost three times
from 64.45W to 21.83W. This radiation power can
generate 4.1 W to 1.5 W of electricity. This means
that radiation power efficiency does not change
more compared with the radiation power by
decreasing the size of the micro combustor smaller.

presented in Fig. 10 and Fig. 11, respectively. As
shown in Fig. 10 by decreasing the micro combustor
size, the mean wall temperature faces an increase
from 1195.7 K to 1221.6 K, and the non-uniformity
coefficient is decreasing from 6.04 to 5.29 and the
least amount of non-uniformity coefficient indicates
more uniform wall temperature. When the
dimensions of combustor are reduced by 1.71 times,
the mean out wall temperature increased 25.85K,
and the nonuniformity coefficient is decreasing by
12.35%. Figure 11 shows the contours of outlet
temperature at different micro combustors. To
compare the contours of outlet temperature, we have
changed the contours to the same size. For all
contours, the outlet temperature climbs up to the
peak when moving from an inner wall to a center of
the micro combustors. A high-temperature region at
the outlet is decreased by making the size of the
micro-combustor smaller. The high-temperature
distribution at the outlet surface causes that the
energy brought away by the outlet gases are
increasing.

3.4. Effects of Micro Combustor size on
Exergy Efficiency
As the size of the micro-combustor reduces, the
entropy generation and the temperature of the
exhaust gases decrease. Therefore, the exergy loss
is diminished, according to Eq. 10, as depicted in
Fig. 12(a). The exergy loss is reduced to a
considerable level by reducing the micro combustor
size. it is decreased from 43.04 W to 13.39 W for
the largest to the smallest micro combustor.
Based on the above results and Eq. 11, Fig. 12(b)
depicts the exergy efficiency for each combustor.
The highest exergy efficiency 38.63% achieved in
the combustor F but, minimum exergy efficiency
33.22% obtained in the combustor A. When the
dimension of the combustor A is reduced to the
combustor F (1.71 times reduction), the exergy
efficiency is increased by 5.41 percent point, and
the exergy loss is decreased by 68.88%.

(a)

To summarize, Table 4 represents various
parameters to study the MTPV systems. The signs
↓ and ↑ indicate reduce and increase of the
parameters. To select the best micro combustor in
terms of mean wall temperature ( Tm ), radiation
power efficiency (  Rad ), exergy efficiency (   ),
and total energy conversion efficiency (  tot ). The
micro combustor F has the maximum total energy
conversion efficiency (7.02%), and it is suitable for
MTPV systems.

(b)
Fig. 9. (a) Radiation power rate and (b) radiation
power efficiency under different micro
combustors.

4.

3.3. Effects of Micro Combustor Size on
Temperature
In order to investigate the effects of micro
combustor size on the temperature field, the mean
outer wall temperature, nonuniformity coefficient,
and contour of temperature at outlet regions are

CONCLUSIONS

In the present work, a 3D simulation and numerical
investigation of the effects of the micro-combustor
geometry size gradually reducing on entropy
generation, exergy efficiency, and radiation power
efficiency have been studied. For this purpose, six
micro combustor geometries were constructed
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(a)
(b)
Fig. 10. (a) Mean out wall temperature and (b) nonuniformity coefficient under different micro
combustors.

Combustor A

Combustor B

Combustor C

Combustor D
Combustor E
Combustor F
Fig. 11. Contours of outlet temperature for different micro combustors.

(a)
(b)
Fig. 12. (a) Exergy loss and (b) exergy efficiency for different micro combustors.
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Table 4 various parameters on the micro combustor performance for MTPV systems. The signs ↓ and ↑
indicate the reduction and increase of the parameters
 Rad
S gen
Tm
RT
 
 tot
Parameters
Q
Q
Q
E x
R

Combustor A
Combustor B
Combustor C
Combustor D
Combustor E
Combustor F
Decreasing
combustor size

wall

Rad

64.45
54.15
44.68
36.13
28.16
21.83

31.47
26.72
22.39
18.41
13.43
11.49

27.05
23.03
19.33
15.92
12.84
9.963

0.035
0.029
0.024
0.019
0.015
0.013

43.04
35.70
29.06
23.10
17.93
13.39

loss

1195.7
1199.9
1207.0
1210.3
1217.1
1221.6

6.04
5.98
5.81
5.69
5.48
5.29

41.96
42.25
43.26
44.06
45.58
45.62

33.22
34.06
34.95
36.04
36.34
38.63

6.46
6.50
6.66
6.78
7.01
7.02

↓

↓

↓

↓

↓

↑

↓

↑

↑

↑

under the same boundary conditions for micro TPV
systems. The main results of the present work are
concluded as follows:


The micro combustor size has important
effects on the temperature, entropy generation,
exergy, and radiation of the micro combustors.



By decreasing micro combustor size, the
radiation power decreases but, radiation power
efficiency increases. The micro-combustor F
has a maximum radiation power efficiency
45.62%, while it has minimum radiation power
9.96W.







The highest mean wall temperature 1221.64 K,
and the least nonuniformity coefficient 5.29
obtain at the smallest micro combustor (micro
combustor F).
When the size of the combustor A 1.71 times
reduce, exergy loss decreases to 29.64 W, and
entropy generation decreases by 68%.
The highest exergy efficiency 38.63%
achieved in the combustor F but the minimum
exergy efficiency 33.22% obtained in the
combustor A. For the same micro combustor
geometry and boundary conditions, by
decreasing the micro-combustor geometry size
performance of the micro-combustor improved
from the perspective of the second law of
thermodynamics.
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