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ABSTRACT 

Micro-combustion research works are motivated by development of portable, autonomous power generators such as the 
micro TPV with improvement in energy density over batteries. Heat recuperation is a technique which contributes to 
better energy efficiency performance by recovering heat from the exhaust gas. In this paper, a numerical simulation is 
carried out to study the impact of incorporating recuperation on the performance of micro modular combustor system. 
The simulation results have been validated by experiments; achieving close agreement between simulated and experi-
mental data. It was observed that the mean wall temperature, radiation power and emitter efficiency markedly improved 
with the incorporation of a heat recuperator. In addition, 25.8% enhancement of total radiation power and 30.6% emitter 
efficiency could be realized when the hydrogen air equivalence ratio was 0.9. 
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1. Introduction 
With the continuous development of MEMS (micro ele- 
ctro-mechanical system) devices, much attention has be- 
en focused towards the design of light weight power sou- 
rces with high power density. For a long time, chemical 
batteries have played a dominant role as the power 
source for MEMS and mobile electronic devices. How-
ever, there exist some major limitations such as negative 
environmental impacts, low power density and short us-
age time [1-3]. To overcome these limitations, there is an 
exacting need to develop an alternative and environ-
mental friendly energy source with a higher power den-
sity. Ever since Epstein and Senturia [4] proposed the 
concept of “micro heat engine” in 1997, various types of 
micro heat engines such as micro gas turbine engines, 
micro Wankel engines and micro piezoelectric devices 
had been developed [5-8]. Meanwhile, micro thermoe-
lectric devices and micro TPV (thermophotovoltaic) de-
vices were also created as direct energy conversion sys-
tems without moving parts [9]. 

Micro-TPV power generator is a typical micro power 
generation system which converts thermal radiation into 
electrical power. It consists of series of micro combustors, 
emitters, filters and photovoltaic cells. There are many 
challenges to improve the performance of the micro-TPV 
system. Firstly, the heat loss caused by the large surface 
to volume ratio brings thermal quenching to the micro 

combustion process. A number of studies have been car- 
ried out to stabilize the flame in the micro scale combus- 
tion process. Kim and Lee [10] have investigated se- 
veral factors affecting the thermal quenching phenomenon 
in micro-combustion devices. It was found that the quen- 
ching distance was independent of the surface characteris- 
tics at low temperatures, whereas at high temperatures, the 
quenching distances were strongly affected by the surface 
characteristics. Another factor contributing to the quench- 
ing effect is the flame speed. Ananthanarayanan et al. have 
developed an analytical model to predict the flame speed 
[11]. Their results have suggested that the net heat recir- 
culation was the fundamental parameter which determined 
the flame speed in a micro channel and it could be used as 
a good reference to avoid the quenching phenomenon. 
Another challenge for micro-TPV system application is to 
obtain a high temperature distribution on the wall surfaces. 
As has been proved by researchers, porous media has a 
positive impact on the thermal conduction from the flame 
to the combustor wall and increase the wall temperature. 
Li et al. have studied the influence of porous media posi- 
tion on the micro planar combustor performance [12]. The 
highest emitter efficiency was achieved when the porous 
media was in the middle of the combustor. Chou et al. 
have discussed the optimal porosity of porous media to 
obtain the highest emitter efficiency in micro cylindrical 
combustors [13]. It was found that a different optimal po- 
rosity should be adopted for different fuels for the highest 
emitter efficiency. *Corresponding author. 
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Besides the positive impact of integrating porous me- 
dia to the micro combustor’s performance, another 
method which can be utilized to increase the wall tem- 
perature and emitter efficiency of micro TPV system is to 
recycle the heat of exhaust gas. In previous works, the 
hot exhaust gas is used to reheat the outer surface of the 
combustor. Park et al. have developed several micro cy- 
lindrical emitters with annular-type shield for heat recir- 
culation [14]. An optimized design was achieved when 
the flow velocity of propane/air was at 3.9 m/s, the 
equivalence ratio was equal to 1.0 and the gap between 
the emitter outer wall and the shield inner wall was 12 
mm. Federici et al. have studied the effect of heat recir- 
culation on flame stability by computational fluid dy- 
namics method [16]. Key results have demonstrated that 
heat recirculation had minimal effects on extinction 
mode but had profound impact on blowout mode. Yang 
et al. tested a micro planar combustor with heat recircu- 
lation. The temperature could be increased by 70 - 110 K 
and the useful radiation energy could be improved by 
83% with the effect of heat recirculation [16]. Another 
approach to recycle the heat of exhaust gas is preheating 
the reactants inside a heat exchanger. By wrapping the 
heat exchanger in the Swill-Roll configuration, combus- 
tor heat dissipation is effectively reduced and heat trans- 

fer between the windings and the combustion in the core 
become integral parts of the thermal system [17]. When a 
swiss-roll recuperator with an effectiveness of 0.85 and 
pressure drop of 10%, the thermal efficiency is 19%. 

In this work, a numerical model has been detailed and 
formulated to study the combustion of premixed hydro- 
gen and air in planar combustors with and without heat 
recuperator. The significance of this work includes the 
detailed fundamental study of new generation of micro 
combustors incorporating heat recuperation with the 
chief aim of markedly improving the combustor’s tem- 
perature distribution as well as energy efficiency. The 
originality of this work stems from studying the effects 
of incorporating heat recuperation in a modular mirco 
combustor design as well as its energy efficiency per- 
formance. Combing through available literature, we 
would like to emphasis that such a study has not been 
conducted before. In developing the numerical model, 
the combustion process was modeled as species transport 
based on the detailed mechanism with 9 species and 19 
reactions as shown in Table 1 [18]. The impact of sev- 
eral key parameters such as hydrogen air equivalence 
ratio, outlet flow velocity and the application of heat re- 
cuperator on the temperature and emitter efficiency were 
judiciously investigated. 

 
Table 1. Specified hydrogen air reactions with 9 species and 19 reactions. 

Reactions Ak (m, kmol, s) βk  Ek (J/kmol) 

O2 + H = OH + O 5.10E+13 −0.82 6.91E+07 

H2 + O = OH + H 1.80E+07 1.00 3.70E+07 

H2 + OH = H2O + O 1.20E+06 1.30 1.52E+07 

OH + OH = H2O + O 6.00E+05 1.30 0.00 

H2 + O2 = OH + OH 1.70E+10 0.00 2.00E+08 

H + OH + M =H2O + Mb 7.50E+17 −2.60 0.00 

O2 + M = O + O + M 1.90E+08 0.50 4.001E+08 

H2 + M = H + H + Mc 2.20E+09 0.50 3.877E+08 

H + O2 + M = HO2 + Md 2.10E+12 −1.00 0.00 

H + O2 + O2 = HO2 + O2 6.70E+13 −1.42 0.00 

H + O2 + N2 = HO2 + O2 6.70E+13 −1.42 0.00 

HO2 + H = H2 + O2 2.50E+10 0.00 2.90E+06 

HO2 + H = OH + OH 2.50E+11 0.00 7.90E+06 

HO2 + O = OH + O2 4.80E+10 0.00 4.20E+06 

HO2 + OH = H2O + O2 5.00E+10 0.00 4.20E+06 

HO2 + HO2 = H2O2 + O2 2.00E+09 0.00 0.00 

H2O2 + M = OH + OH + M 1.30E+14 0.00 1.905E+08 

H2O2 + H = H2 + HO2 1.70E+09 0.00 1.57E+07 

H2O2 + OH = H2O + HO2 1.00E+10 0.00 7.50E+06 

aRate constants are given in the form ;  exp /k
k k uk A T E R T 

bEnhanced factors: H2O = 20.0; 
cEnhanced factors: H2O = 6.0, H = 2.0, H2 = 3.0; 
dEnhanced factors: H2O = 21.0, H2 = 3.3, O2 = 0.0, N2 = 0. 
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2. Material and Methods  

As shown in Figure 1, the experiment set up consisted of 
3 sub-systems namely: fuel supply and control system, 
combustion system and testing system. The entire system 
was operated at room condition with ambient tempera- 
ture spanning 295 to 300 K. Fuel supply and control sys- 
tem comprised of the hydrogen tank, air compressor, 
mass flow rate controller and pipes. Hydrogen and air 
were used as fuel because hydrogen has the advantages 
of high power density, fast flame speed and short reac- 
tion time. The hydrogen and air flow rates were con- 
trolled by two Brooks Mass Flow Controllers with an 
accuracy of 1% of the full scale. The combustion system 
included a connecting tube, 4 connectors and 4 micro 
combustors. Micro combustors were connected on the 
connectors by threaded bolts, and the 4 connectors were 
designed to produce a more uniform flow profile before 
entering the micro combustors. The testing system con- 
sisted of a high-performance RAYTEK Infrared ther- 
mometer (Model MA2SSCF, with an accuracy of ± 
(0.3%T + 1) K), a high precision Mitutoyo Height Gauge 
with an accuracy of 0.001 mm and a PC. The infrared 
thermometer was used to measure the wall temperature of 
micro combustors. The distance from the thermometer to 
the spots to be tested was 300 mm. The height gauge was 
used to control the testing position of thermometer. Taking 
reference from the baseline of the wall, a total of 10 tem- 
perature readings were recorded for each experiment.  

Between the combustors and connectors, stainless steel 
wire meshes were employed. The holes on the mesh were 
small enough to prevent the back flow of the hydrogen 
flame. The error associated with each experimental 
measurement was computed to be 5%. 

As shown in Figure 2, a cross flow heat exchanger, 
performing the function of heat recuperator, has been 
designed to recover the heat from the exhaust gas.  

For a complete combustion of hydrogen in air, the 
overall chemical reaction can be written as 

 2 2 2 22H + O 3.76N 2H O 3.76N   2      (1) 

 

 

Figure 1. Schematic of the experiment set up. 

 

Figure 2. Working mechanism of the recuperator. 
 

This stoichiometric relation is based on the assumption 
that the simplified composition for air is 21% 2  and 
79% 2

O
N by volume. The stoichiometric hydrogen-air 

ratio can be expressed as: 
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The flow rates of H2 and air can be determined by 
considering the conservation of mass within the plenum. 
At the combustor inlet, it can be observed that: 

2H air mixturen n n                (4) 

By applying ideal gas law and with the assumption of 
constant pressure and temperature in the plenum, 
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The heat transfer between exhaust gas and intake gas 
is calculated by NTU method for cross flow heat ex- 
changer. In the calculation of NTU, fouling factor is ig- 
nored in calculating the heat transfer coefficient: 
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A simple calculation reveals that the thickness of the 
centre tube has little effect on the overall heat transfer of 
the recuperator. 

 min min ,h cC C C             (10) 

min
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＝                (11) 

The outlet temperature of heat recuperator can be de-
termined: 
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The heat transfer coefficient is determined by Dittus 
Boelter equation which is applicable to premixed gas 
inside tube [19]. 
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k
       (14) 

3. Computational Methods 

The planar combustor employed in this study has internal 
dimensions of 10 mm × 1 mm × 17 mm with 0.5 mm 
wall thickness. The heat recuperator has a shell diameter 
of 10 mm and tube diameter of 5 mm. The exhaust gas 
flows through the shell side while the fresh gas flows 
through the tube. A 3-D model was built up. 

The fluid medium can be regarded as to be in contin- 
uum as the Knudsen number is less than unity. That is 
the characteristic lengths of the models used are suffi- 
ciently large compared to the mean free path of air or 
hydrogen molecules. After the chemical energy is re- 
leased in the combustor, an energy balance is achieved 
between the combustor and the environment. As a result, 
a steady-state model is employed. As the gas flowing 
through the combustor at a constant speed, the tempera- 
ture effect caused by mass gradient can be neglected. 
Based on these, the following assumptions were made: 1) 
steady-state combustion, 2) no Dufour effects [20], 3) no 
work done by pressure and viscous forces, (4) insert wall 
with no surface reactions, 5) no gas radiation [21]. 

For continuity conservation: 
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where   s1 keff fk k     and h
fS  is the fluid enthalpy 

source term. 
For species conservation: 

 i i iY R iS     u J         (18) 

where i  is the net rate of production of species I by 
chemical reaction, i  is the rate of creation by addition 
from the dispersed phase, and 

R
S

iJ  is the diffusion flux of 
species I which is given by 

i i mD Yi   J              (19) 

A detailed hydrogen-air reaction mechanism with 9 
species and 19 reactions is employed to simulate the hy- 
drogen combustion. Based on the governing equations 
listed above, the 3-D model is solved by Fluent Release 
14.0 [22]. SIMPLE algorithm which is convenient to 
solve the coupling between pressure and velocity has 
been employed to discretize the governing equations. 
The residuals for continuity, momentum, and species are 
set as 1 × 10−3 for the criteria of convergence. 1 × 10−6 is 
set as the energy convergence criterion. A massfraction- 
weighted average method is utilized to compute the vis- 
cosity, constant pressure specific heat and thermal con- 
ductivity of the hydrogen and air mixture. A piecewise 
polynomial fitting method is employed to calculate the 
specific heat of each species. A mesh independence study 
is performed to get better accuracies as well as to reduce 
the computational time. The calculation error can be ne- 
glected as the mesh size is 0.1. 

The pressure drop in heat exchanger is defined as 

min
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where f is the streamwise pressure drop coefficient which 
is expressed as 
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where cK  is the entrance loss coefficient, eK  is the 
exit loss coefficient, cf  is the core friction factor, e  
is the specific volume at the exit, i  is the specific 
volume at the inlet,  is the mean specific volume. 

v
v

I

 

(16) 

m

The wall thermal conductivity is taken to be 20 W/m2K. 
At the inlet plane, the mixture enters the combustor with 
a uniform temperature 300 K. Heat loss from the non- 

v
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insulated wall to the ambient are given by 

   4 4
w conv wo o wo oq h T T T T           (22) 

where the convective heat transfer  and the wall 
emissivity 

convh
  are taken to be 5  and 0.78, re-

spectively. 

2KW/m

The efficiency of micro combustor is defined as the 
ratio of the net radiation power emitted by emitter to the 
chemical energy input flow. Planck’s distribution shows 
the emissive power of a blackbody as a function of 
wavelength,  , at different temperatures. 
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where  and  8 4
1 3.742 10 Wμm /mC  

4 21.439 10 WμmK 

2

T

2C  
By Stefan-Boltzmann law, the total emissive power 

per unit surface area of a black body can be determined 
from 
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where  5.67
The efficiency of the micro combustor is defined as 

4
mean

emitter .

fuelfuel

A T

H m


               (25) 

where  is the mass flow rate of the hydrogen, 
.

fuelm A  
corresponds to the emissive surface area of micro com-
bustor that will be utilized to emit photon for PV cell and 
  is the wall emissivity. 

4. Results and Discussion 

4.1. Model Validation 

Adopting the various assumptions to simplify the com- 
plexity of the model, we expect an acceptable degree of 
variance between the numerical results and experimental 
results. From the comparison of the mean wall tempera- 
ture between the numerical result and experimental result, 
(Figure 3) differences of 40 - 105 K are observed. This 
translates into 3.6% - 8.5% temperature differences. 
From the comparison of the gas temperature between 
numerical result and experimental result, only an around 
33 K difference was observed, which translates into a 5%. 
Hence, as depicted, the numerical result generally in 
good agreement with experimental result, thereby con- 
firming the validity of the simplified model. 

It is noteworthy that the numerical temperature data 
are higher than experimental results for all equivalence 
ratios. This observation may be attributed to the assum- 
ptions made in the computational methods and involving 
deviation from the real condition. 

 
Figure 3. Comparing between mean wall temperature and 
gas temperature based on numerical and experimental re-
sults. 

4.2. Effect of Inlet Pipe Numbers 

Micro combustors with single and double inlet pipes are 
employed in the experiment. The hydrogen/air mixture 
flows through the inlet pipe and enters the combustors 
for burning. Figures 4 and 5 show the temperature dis- 
tributions of the micro modular combustors with single 
inlet pipe for both simulation and experiment. Symmetric 
distributions are obtained in both numerical and experi- 
mental results. It is apparent that the temperature distri- 
bution is non-uniform where the two central combustors 
have comparatively higher temperature than the two 
combustors located at the sides. This fact indicates that 
the design with single inlet pipe is not suitable for the 
micro modular TPV system application. An obvious 
temperature gradient can be observed between the top 
and the bottom of the connector. The temperature gradi- 
ent on the connectors may be attributed to the thermal 
conduction from high temperature zone to the ambient 
temperature zone through the wall. A more combustors 
uniform distribution can be observed among the four 
with double inlet pipes as shown in Figures 6 and 7 
which is caused by the equally supplied hydrogen/air 
mixture. There exist marginal differences between nu- 
merical and experimental results. This is due to the oxi- 
dizing of wire meshes between combustors and connec- 
tors in the experiment. After a long combustion duration, 
the meshes potentially become oxidized and may block 
the flow at certain region. This can account for the differ- 
ences between numerical and experimental results. 

Figure 8 shows the temperature profile along the sur- 
face of the combustors with single inlet pipe. As can be 
observed in the figure, the temperature profile of central 
combustors is higher than the side combustors. This 
kind of phenomena shows the same law as Figures 4 
nd 5. A good agreement between simulation result and a   
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Figure 4. Numerical results showing the temperature distribution of single inlet pipe combustor. 
 

 
Figure 5. Experimental results showing the temperature distribution of single inlet pipe combustor. 

 

 

Figure 6. Numerical results showing the temperature distribution of double inlet pipes combustor. 



D. Y. JIANG  ET  AL. 27

 
Figure 7. Experimental observation of the temperature distribution of douopble inlet pipes combustor. 

 
experimental result is obtained. The highest temperature 
of the central combustor is 1468.15 K as measured in the 
experiment and 1411.48 K in the simulation. The highest 
temperature of the side combustor is 1128.15 K in the 
experiment and 1185.59 K in the simulation. Compared 
to simulation result, the temperature difference between 
the central combustor and side combustor is larger in the 
experiment. This is because that the two central combus- 
tors got higher temperature at the early stage of combus- 
tion and resulted in the density of burned gas becoming 
lower than that in the side combustors. This mechanism 
could generate more suction force at the two central 
combustors and enlarge the temperature difference with 
the side combustors. Figure 9 shows the temperature 
profile of the central combustor in the double inlet pipes 
design. The largest difference between simulation and 
experimental results is computed to be 3%. The tem- 
perature profile of experimental result is decreasing from 
inlet to the outlet which is due to the heat losses on the 
combustor walls. The highest temperature of double inlet 
pipes combustor is 1340.15 K as measured in the ex- 
periment and 1356.97 K in the simulation. 

4.3. Effect of Equivalence Ratio 

From Figure 10, it can be observed that there is an 
increase of 71 - 160 K in mean wall temperature when 
the inlet gas is preheated by the recuperator. As the equi- 
valence ratio is increased fro 5m 0.   to 1.0, more 
fuel is available for combustion. This results in greater 
heat released and higher wall temperature. Nevertheless, 
as the equivalence ratio approaches the stoichiometric 
value, the increase in mean wall temperature is reduced 
and becomes negative. This may be attributed to the fact 
that combustion speed increases as the equivalence ratio 
approaches the stoichiometric value. Hence, peak temp- 
erature occurs very early and this will result in higher  

 

Figure 8. Temperature profile of the single inlet pipe com. 
 

 
Figure 9. Temperature profile of the double inlet pipes 
combustor. 

heat loss through the combustor wall by natural con- 
vection. 

Another interesting phenomenon we have observed in 
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the simulation is that at lower equivalence ratios, the 
flame tends to shift to a position that is very close to the 
exit. Conversely, as   increases, the location of the 
maximum flame temperature is shifted upstream. This 
phenomenon has also been observed by Yang et al. [23]. 
It can be explained by the ratio of flow velocity and the 
reaction rate. The concentration of 2H  molecules de- 
creases simultaneously with  . As a result, it gives rise 
to the need for a longer length scale. 

4.4. Effect of Inlet Flow Velocity 

Though the preheated gas using recuperator in a micro 
combustor tends to achieve higher peak temperature 
compared to one without heat recuperation at the same 
velocity, it is subjected to greater heat loss by natural 
convection since the peak temperature occurs earlier for 
preheated gas. As shown in Figure 11, at velocities of 2 
m/s and 3 m/s, the increase in peak temperatures is offset  

 

 
Figure 10. Mean wall temperature within the combustor 
with different equivalence ratio. 

 

 
Figure 11. Mean wall temperature within the combustor 
with different inlet flow velocities. 

by the heat loss due to natural convection; resulting in no 
significant increase in wall temperature. At higher 
velocities, the increase in peak temperatures is much 
higher in order to compensate for the heat loss by the 
convection. Hence, a significant increase of 40 - 100 K is 
observed. 

With or without heat recuperation, at a fixed equiva- 
lence ratio, a higher flow velocity will increase the 
amount of fuel supplied for combustion per unit time. 
This results in a higher heat release rate and a higher 
mean wall temperature. Accordingly, the high tempera- 
ture zone shifts downstream as the increment of velocity.  

The increase in mean wall temperature is most 
significant for flows in lower velocity ranges. Further 
increase in flow velocity leads to an increase of meanT  
with decreasing rate. For example, at 0.9   without 
recuperation, the increase in meanT  associated with the 
increase of flow velocity from 2 m/s to 3 m/s is 115.1 K, 
while for the increase in meanT  associate with the flow 
velocity spanning 5 m/s to 6 m/s is only 12.8 K. This 
phenomenon can be attributed to the incomplete com- 
bustion that occurs at higher flow velocity. Even though 
higher fuel input rates are obtained at high flow velocities, 
the residence time of the fuel decreases correspondingly. 
Incomplete combustion ensues. This effect is especially 
prominent for combustors designed at the micro scale level. 
On the other hand, this phenomenon is less significant for 
micro combustors incorporating heat recuperation because 
the preheated gas improves flame speed enhancing the 
probability of a complete combustion to take place. 

4.5. Emitter Efficiency 

From Figure 12, it can be observed that heat recup- 
eration promotes better emitter efficiency by 5% - 10%. 
Since radiation power is markedly influenced by mean 
wall temperature, it follows the same trend as the mean wall  

 

 
Figure 12. Emitter efficiency with fuel flow having different 
equivalence ratio. 
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temperature at different equivalence ratios. With higher 
equivalence ratios, greater amount of hydrogen is able to 
take part in the combustion process. Subsequently, the 
radiation power and input chemical energy are simul- 
taneously enhanced. It is also indicative from Figure 12 
that when the equivalence ratio is 0.9, highest emitter 
efficiency can be achieved for micro combustors with 
and without heat recuperation effects. Similar effect has 
also been noted by Pan et al. [24]. This could be because 
of the effect of equivalence ratio on the ignition position. 
As the equivalence ratio increases, more  

hydrogen releases chemical energy and leads to a 
higher efficiency. At the same time, the flame position 
move upstream nearer to inlet. When the equivalence 
ratio is higher than 0.9, the flame moves upstream and a 
part of chemical energy is released on the flange part 
which is treated as the heat loss to the environment. 

However, for a micro TPV system, only photons with 
energy higher than the band gap of the PV cell are able to 
evoke free electrons. For instance, for a InGaAsSb PV 
cells with a band gap of 0.55 eV, only photons with a 
wavelength shorter than 2.5  are considered useful 
[16]. This is the key reason why a high temperature 
radiative power with short wavelength is highly desirable 
and greatly sought after in a micro TPV system design. 

μm

5. Conclusions  

In the present study, a double-inlet pipes combustor in- 
corporating a recuperator which is capable of utilizing 
the waste heat to preheat the incoming fresh premixed 
gas has been designed and studied. A numerical model 
validated with experimental data has been formulated in 
this study. Numerous simulations have been conducted 
with the model. By employing the double inlet pipes 
combustor, a more uniform temperature distribution can 
be achieved. The recuperator is able to elevate the tem- 
perature of the incoming reactants from ambient tem- 
perature to 400 - 470 K depending on the exhaust gas 
temperature from the combustor and the velocity of the 
gas. A temperature increase spanning 71 - 160 K can be 
observed when the reactants are preheated by the recu- 
prator. It is predicted that higher inlet flow velocity also 
produces higher mean wall temperature due to the in- 
crease amount of fuel being supplied for combustion per 
unit time. The increment of emitter efficiency is signify- 
cant when heat recuperation is introduced. Incorporating 
heat recuperation to a micro combustor can enhance its 
emitter efficiency by 5% - 10%. 

The major contribution of this study is the demonstra- 
tion of heat recuperator which is capable of utilizing the 
waste heat to preheat the incoming fresh premixed gas. 
The concept of using waste heat to improve the energy 
efficiency performance is important. Besides, as the fab- 
rication cost is concerned, it is also advantageous over a 

long time operation. 
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Nomenclature 

inA  Inlet area of the combustor, m2 minC Minimum heat capacity rate, W/K 

airm  Air mass flow rate, kg/s 
2Hm Hydrogen mass flow rate, kg/s 

NTU  Number of transfer unit 2cT  Exiting temperature of preheated reactants, K 

2hT  Exiting temperature of exhaust gas, K iR  Net rate of production of species i, kg/(m3s) 

iV  Volume of compound i, m3 u  Velocity vector, m/s 

iJ  Diffusion flux of species i, kg/(m2s)   

Greek Symbols   

  Equivalence ratio   Density of fluid, kg/m3 

emitter  Emissivity   Efficiency of emitter 

  Wavelength, m   Stefan-Boltzmann constant 

af  Fuel-air ratio   Viscosity of fluid, Pa·s 
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