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ABSTRACT: In this paper, for the first time, four thermal and environmental objective functions are
simultaneously taken into account in the process of the optimal design of a natural gas diffusion burner.
The burner thermal efficiency and the emissions of carbon monoxide, nitrogen oxide, and unburned
methane constitute the objective functions of the present study. In the first step, the burner is numerically
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simulated, and the simulation results are verified through being compared with the available experimental

data. Next, the simulation is carried out for the different set values of design variables (the dimensions

of the air and fuel inlets, and the overall equivalence ratio) and the optimum design is chosen by using
“Pareto front concept”. The paper will show that as a result of the mentioned procedure, the burner
thermal efficiency is increased by 29.4%, and the emissions of carbon monoxide, nitrogen oxide, and
unburned methane are decreased by 81.2%, 98.6%, and 83.9%, respectively. The manuscript explains
the reasoning for the superiority of the modified design over the reference one in detail.
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1- Introduction

The IEA reported that 81.1% of the world total primary energy
demand was supplied from the combustion of fossil fuels in
2014 [1]. This high level of usage can lead to the depletion
of fossil fuel resources in the coming decades; moreover,
it made the fossil fuels the major cause of environmental
pollution [2]. Consequently, it is very important to improve
the combustion efficiency in order to minimize both fuel
consumption and the emission of pollutants. In this regard,
various research works have been focused on the burner head
design along with its overall equivalence ratio (OER).
Papanikolaou and Wierzba [3] experimentally studied the
influence of nozzle geometry (circular or elliptic) on the
stability limits of a jet diffusion flame issuing into a co-
flowing air stream. The results indicated that only attached
flames, but not lifted flames, are influenced by the nozzle
geometry. For an inverse diffusion flame (IDF), Sobiesiak
and Wenzell [4] experimentally showed that fuel/air nozzle
diameter ratio and fuel to air OER could be optimized to
produce an extended region of uniform and high temperature.
Sze et al. [S] experimentally compared two IDFs, one with
circumferentially arranged ports (CAP) and the other with
co-axial (COA) jets. The results showed that at low OERs,
the temperature distributions of the CAP and COA flames
were similar; however, at higher OERs, the peak temperature
of the CAP flame was higher than that of the COA flame.
It was also observed that there was more intense air—fuel
mixing in a CAP flame than the COA one. Experimental
study of Hariharan et al. [6] showed that the premixed flame
of an elliptic nozzle was longer, had a lower liftoff velocity,
radiated less, produced higher peak temperatures, and had a
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lower peak NO as compared to the flame of a circular nozzle.
Furthermore, it was observed that global NO decreased by
increasing air to fuel OER for both nozzle shapes. Four types
of burner head configurations (radial flow, swirling flow,
vertical flow, and porous radiant) were experimentally tested
by Makmool et al. [7]. The results indicated that, among the
tested burners, the swirling flow burner led to the highest
thermal efficiency. Moreover, it was observed that despite
its low CO emission, the conventional radial flow burner
was not attractive for household use due to its inefficient
utilization of the energy. Liu and Smallwood [8] modified a
conventional co-flow diffusion flame burner by introducing
a central air jet inside the fuel tube. The numerical and
experimental evaluations indicated that the mentioned
modification was an effective means to control the flame size,
structure, and sooting characteristics. An IDF with a central
air jet surrounded by an array of fuel jets for the impingement
heating was experimentally studied by Dong et al. ([9,10]).
The results showed that smaller air nozzle diameter produced
a blue flame with better thermal characteristics, higher
maximum flame temperature, higher heat flux, wider range of
flame stability, and wider operation range of OER. Moreover,
the smaller air nozzle diameter produced more incomplete
combustion products of CO and HC but less NO, which was
attributed to the lower volume of high-temperature zone and
shorter flame residence time. Dong et al. [11] experimentally
studied the effects of OER and air inlet diameter on the
thermal efficiency of an impinging IDF. The results showed
that the maximum thermal efficiency was obtained when
the flame reaction zone directly impinged on the plate
under quasi-stoichiometric conditions; moreover, thermal
efficiency decreased as the air jet diameter increased. Zhen
et al. [12] experimentally investigated the effects of nozzle
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length on the thermal and environmental characteristics of a
multi-fuel-jet IDF. The results showed that a shorter nozzle
produced a flame with a shorter base height and a smaller
potential core due to the enhanced air/fuel mixing. Moreover,
it led to a faster and more complete combustion at the inner
reaction core of the flame as well as higher peak values of CO
and CO2 concentrations. Kashkousha et al. [13] numerically
and experimentally studied the characteristics of concentric
elliptical jet diffusion flames for pollution (NO and HC)
reduction and more flexible firing. The results showed that
the optimum relative angular positioning of the air and
fuel jets depended on the co-flow velocity and aspect ratio.
Mahesh and Mishra [14] experimentally studied the effects
of the recession of the central air jet on the flame properties
of a coaxial diffusion burner. The observations revealed
a negligible reduction in the flame height by increasing
the recession of the air jet. Moreover, the results showed a
reduction in the luminosity of the flame by increasing air
jet recession for Reynolds number (Re) of 3421. In another
numerical and experimental work, Mahesh and Mishra [15]
showed that un-recessed IDF had a higher flame stability as
compared to the recessed case for the same fuel jet velocity.
Lamige et al. [16] experimentally showed that fuel nozzle lip
thickness strongly affected the stability limits of an attached
flame through creating a wake flow behind the nozzle rim.
The experimental investigations of Zhen et al. [17] revealed
an improvement in the thermal efficiency and some reductions
in the emissions of a domestic gas stove burner as a result
of redesigning the burner cap to utilize the swirl flows. The
empirical study of Saediamiri et al. [18] indicated that the
fuel nozzle geometry had great impacts on the stability limits
of non-premixed lifted biogas flame. These findings revealed
that the blow-out velocity of a smaller diameter nozzle was
higher than that of a larger one. Akbarzadeh and Birouk [19]
conducted an experimental study on the effect of the circular
and rectangular fuel nozzle orifice geometry on the stability
of a turbulent non-premixed methane flame. Results showed
that a circular nozzle could improve the stability of the
turbulent non-premixed methane flame by accelerating the
liftoff of an attached flame and decreasing the liftoff height.
Saediamiri et al. [20] examined the effect of the fuel nozzle
geometry on the stability limits of a low swirl non-premixed
biogas flame. Fuel nozzle geometry was changed by changing
its diameter or the number of circumferential holes, while
the total cross-sectional area was kept constant. The results
revealed that the swirl was essential for stabilizing a turbulent
non-premixed biogas lifted flame. More importantly, the fuel
nozzle was found to drastically influence both the attached
and lifted biogas flame stability limits. Kuntikana and Prabhu
[21] presented experimental and numerical investigations
on the influence of the equivalence ratio and the burner to
plate spacing on the thermal characteristics of inline and
staggered configurations of a multi-port plate methane-air
premixed burner. In the staggered configuration, the heat
flux uniformity was assured due to the biased arrangement.
The increase in the mixture flow improved the heat transfer
and the increase in the burner to plate spacing lowered the
thermal efficiency due to a higher ambient air entrainment.
The analysis of combustion processes was limited to the
measurements and observations prior to the development
of computer simulation software. Nowadays, computer
simulation is indispensable for the analysis and improvement
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of reacting flow systems [22]. This paper employs numerical
simulation, which is verified through being compared with
available experimental data, to improve the thermal and
environmental characteristics of a confined natural gas
diffusion flame through the examination of the various
settings of the design parameters (the sizes of fuel and air
inlets, and the OER). The contributions of the present paper
to the subject are as follows:

*  To the best of authors’ knowledge, it is the first time
that four thermal and environmental objective functions
(burner thermal efficiency, and the emissions of CO,
NO, and unburned CH4) are simultaneously taken into
account to achieve an optimum burner design

*  The paper presents a series of superior designs (on the
basis of Pareto front concept) each of which may be
considered as the optimal design, depending on the
designer’s priorities

*  The paper reaches a modified burner design with great
improvements in the mentioned objective functions

2- Theoretical Modeling

2- 1- Governing equations

In this study, a simplified two-step mechanism is considered
for the combustion of methane as shown in Eq. (1) [23]:

CH, Jrgo2 —CO +2H,0

| M
co +502 - Co,

The governing partial differential equations for the steady
reacting flow are listed below.

Continuity [24]:
0
—(pu.)=0
0xi(pu,) )
Momentum [24]
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In this study, the fluctuating term (the last term on the right-
hand side) is modeled using the standard k-e turbulence
model ([24]).

Species balance [23]:

0 0 M, |0Y
—(puY, )= —|| pD, + =~ |=—~ |+ R @
o, (puY,) ox. ([p K Sc, j o, j k
Ny
Ry =M, Zle.r (5)

In this study, the molar rate of creation/destruction of species
k in reaction r (R,,r) is determined by the hybrid Arrhenius-
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eddy dissipation model on the basis of which the reaction
rate is limited by the slower mechanism between turbulence
mixing and chemical kinetics. In this model, both the
Arrhenius rate (Eq. (6)) and the eddy-dissipation rate (Egs.
(7) and (8)) are calculated. The net reaction rate is then taken
as the minimum of these rates [25].
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Radiation [26]:
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Where the local absorption coefficient (a) is obtained from
the weighted sum of gray gases model (WSGGM) ([26]).
Moreover, the radiation heat source is obtained from Eq. (10),
where A denotes the surface of each cell.

S = j (/15 7id€Y' ) da

A

(10)

h.radiation

In the present work, the radiation heat transfer is modeled by
using Discrete Ordinates (DO) model ([27]). In this model,
Eq. (9) is solved for a sufficient number of discrete directions
determined through solution independency analysis.

Energy [23]:
0 0 C iy \oT
axi(p”‘ ) axﬂ Pr, jﬁxi]
A}% J an

0
+— h D, +
ox, [Zk: x ( PETSe, o,
In the energy equation, the reaction heat source is calculated

+S + S
as shown in Eq. (12).

h.Reaction h.Radiation

R R 12
h.Reaction M -, k ( )
NO transport [28]:
v’(pu_YNO ) = v'(IODVYNO ) + SNO.Thermal + SNOAPrompt (13)

In this work, no formation is assumed to be governed by
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the Zeldovich (thermal) and Fenimore (prompt) mechanisms.
These mechanisms are important at high temperatures and
fuel-rich conditions, respectively. Thermal and prompt NO
(Nitrogen Oxide) source terms are approximated by Egs. (14)
and (15), respectively [28].

k. k., [NOT J
(14)

(l‘km[Nz]km [0.]
ok [NO] J

kf.2 [02]+kf.3 [OH]

SNO,Thermal = 2kf.1 [O] [Nz] [

SNO.Prompt =f [Oz]g [Nz][fuel] eXP(_ RE; ] (15)
In the present work, the above-mentioned equations are
solved with the finite volume approach by using Fluent©
software. Also, the mesh generation is carried out by using
Gambit software. Second-order upwind scheme and SIMPLE
algorithm are used for the discretization of the governing
equations and the pressure-velocity coupling, respectively

([29D.

2- 2- Modeling verification

To verify the present modeling, the simulation results are
compared to the experimental data ([30]) available for the
axial-symmetric case study schematically shown in Fig. 1.
The specifications of the air and fuel streams are presented
in Table 1. Mass flow inlet is considered as the boundary
condition of both the air and fuel inlets. Combustion
chamber walls are assumed to have no-slip condition, to be
fixed at 393.15K, and to have the emissivity factor of 0.6.
The outlet pressure is fixed at latm, and the axisymmetric
boundary condition is applied to the chamber centerline. The
convergence criteria for the different governing equations
are listed in Table 2. Fig. 2 shows the mesh independency
analysis on the basis of the flow temperature on the centerline.
Regarding Fig.2, a 22000-quadrilateral-cell structured mesh
(88 x250) was considered to be sufficiently fine, since a finer
mesh did not lead to a noticeable change. Fig. 3 shows an
acceptable agreement (with an average difference of <10%)
between the numerical results and the experimental data for
the flow temperature and the mass fraction of CH, on the
centerline.

| 1170 |
b Side wall .
Front wall
Back wall
d
[¥al L J =
o~
a Exhaust|gases .~
< 9 Air inlet —D o
e Fuel inlet
o s
Centerline

Fig. 1. Burner geometry (dimensions are in cm)
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Table 1. Air and fuel streams data

Parameter At fuel inlet At air inlet

0.0125
7.76
313.15
Oxygen mass fraction 0 0.23
0.1 0.76

0.9 0
0.01

0.186
36.29
323.15

Mass flow rate, kg/s
Velocity, m/s
Temperature, K

Nitrogen mass fraction
Methane mass fraction

Water mass fraction 0

1600 -+

— =mesh 51x170
-mesh 67x210 l
mesh 88x250 l
7| m====mesh 100290

1400 -

1200

1000 -

800 -

Temperature (k)

600 -

400 -

200 T T T T T 1
0.6 0.9 1.2 1.5 1.8

Axial Distance (m)

Fig. 2. Mesh independency analysis on the basis of the flow
temperature on the centerline

3- The Optimization Problem and Pareto Front Concept
Objective functions and design variables along with their
domains of change are presented below:

Objective functions:
e Ist Objective function: Maximize thermal efficiency ;

n(L, L,.9)

¢ 2nd Objective function: Minimize Emission of CO ;
COL,, L,.$)

* 3rd Objective function: Minimize Emission of NO;
NO(L,, L,.$)

*  4th Objective function: Minimize Emission of unburned
CH,;CH(L, L,.¢)

Design variables:

*  Ist design variable: Dimension of fuel inlet; L, cm {2,
2.5,3,3.5,4}

*  2nd design variable: Dimension of air inlet; L, , cm {1,
1.5,2,25,3,3.5, 4}

e 3rd design variable: Air to fuel overall equivalence ratio;
@ {095,1,1.1,1.2, 1.3}

In this study, while the fuel mass flow rate is constrained

to be constant, it is attempted to reach a better thermal

A Experiment [30]
1750 A

—Present modeling

1500

1250

1000

Temperature {K)

750

0.6 0.9

Centerline (m)

(a)

1.2 1.5 18

L

i 30
08 A Experiment [30]

—Present modeling

0.6 -

0.4 4
A

Mass Fraction of CH,

0.2 4 A
A,

0.6 0.9 12 15 18

Centerline (m)
(b)

Fig. 3. Comparison of the numerical and experimental data for
(a) temperature (b) methane mass fraction on the centerline

and environmental characteristics of a flame through the
examination of the different settings of the above-described
design variables. In this regard, five different values (0.95,
1, 1.1, 1.2, and 1.3) are considered for air to fuel OER, five
different values (2cm, 2.5cm, 3cm, 3.5cm, and 4cm) are
considered for L, and seven different values (Icm, 1.5cm,
2cm, 2.5cm, 3e¢m, 3.5cm and 4cm) are considered for L,
Next, the problem is numerically modeled for a total of 175
(=5x5x7) possible settings of the design variables, and the
different settings are compared on the basis of Pareto front
concept by taking into account the above described four
objective functions simultaneously.

Pareto front concept [31-33]:

In order to determine the best case (or series of best cases)
from among 175 cases, “Pareto front concept” is used. In
this concept, a case is said to be better than another, if it is
better at least in one objective, and it is not worse in any other
objective. In other words, “Solution A” is better than (or
dominates) “Solution B”, if:

Table 2. Convergence criteria (residuals) for the governing equations

Continuity x-velocity y-velocity energy

k

€ Do-intensity  species NO

0.001 0.001 0.001 le-08

0.001

0.001 le-06 0.001 le-06
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NA,bettcr 21 and NB,bcrter = 0 (16)
Where, N, denotes the number of objective functions in
which “solution 4” is better than “solution B”, and N, is

the number of objective functions in which “solution B” is
better than “solution 4.

Moreover, solutions “4” and “B” are said to be non-dominant
if none of them dominates the other one. If there is no solution
better than a solution, that solution is said to be located on
the Pareto front. It is worth noting that the solutions on the
Pareto front are non-dominant (or they are not better than each
other); therefore, each of them can be chosen as the optimal
solution, depending on the designer’s priorities. However,
usually, among the solutions on Pareto front, the solution
with the shortest distance from the ideal point is suggested as
a trade-off or optimum case. The ideal point is an imaginary
point whose each objective value is equal to the best value
obtained from within all cases.

The previously mentioned terms are illustrated in Fig.4 for
an imaginary problem in which two objective functions are
to be minimized. As shown in Fig.4, solutions “4”, “B”, and
“C” are located on the Pareto front, since there is no solution
better than them. However, solutions “D” and “E” are not
located on the Pareto front, because there is at least one
solution better than them (solution “A4” is better than solution
“D”, and solution “B” is better than solution “E™). Each of
the solutions on the Pareto front (“4”, “B”, and “C”) can be
chosen as an optimum solution, depending on the designer’s
priorities. However, among them, solution “B” is the nearest
one to the ideal point and is selected as the trade-off solution.

Pareto front
Minimize:

Sample Objective 2

Imaginary ideal solution

v

Minimize: Sample Objective 1

Fig. 4. Illustration of Pareto front terminology

4- Results and Discussion

In the following subsections, first, the results are presented
in general terms. Then, the superiority of the modified design
over the reference design is discussed in detail.

4- 1- Results in general terms

Fig. 5 shows the variations of the objective functions with
respect to the design variables. The different designs (or
different settings of design variables) are numbered on the
basis of what is shown in Fig.6.

The noticeable variations of the objective functions with
respect to the design number, shown in Fig.5, imply the
substantial influence of the setting of the design variables.
As shown in Figs. 5(a) and 5(b), the emissions of both CO
and unburned CH, mostly increase by increasing L, and .
Fig. 5(c) indicates that the emission of NO increases with
L,, but it decreases with @. Also, Fig. 5(d) shows that the
total heat transfer to the combustion chamber walls mostly
decreases with both L, and ®@. However, the dependency of
the objective functions to L, is not as explicit and obvious as
the dependency of them to L, and @. It is worth noting that
the mentioned trends are most likely to occur; however, the
opposite trends are also observed in Fig.5.

Since four objectives are considered in this study, the Pareto
front is 4-dimensional and can be presented with six two-
dimensional plots, as shown in Fig. 7, where the triangles
represent 21 cases located on Pareto front, and the circles
represent the remaining cases.

Table 3 introduces trade-off design and shows that the trade-
off design attained a noticeable improvement in each of the
objective functions as compared to the reference design
(previously described in section 2.2). In this study, thermal
efficiency is defined as the ratio of the total heat transfer to
the walls to the fuel heating rate (which is the product of
the fuel mass flow rate and the fuel lower heating value).
Since the fuel mass flow rate is kept constant for all designs,
thermal efficiency is directly proportional to the heat transfer
to the chamber walls.

4- 2- A detailed comparison of the reference and optimum
cases

In this section, the reference and the modified cases are
compared in detail. To gain some insight into the flame
shapes, the temperature contours of the two cases are shown
in Fig. 8. This figure indicates that the modified case led
to a more uniform temperature distribution and lower peak
temperature values as compared to the reference design.

Fig. 9 shows the rate of 1st reaction on some transverse
lines at different axial locations, respectively. As shown in
Fig. 9, in the modified case, the reaction began earlier and
continued with lower rates at the end stages, as compared to
the reference case.

Fig. 10 shows the convective, radiative, and total heat fluxes
to the walls of the combustion chambers of the modified
and reference cases. The mostly greater convective heat flux
of the modified case than the reference case, shown in Fig.
10 (a), can be attributed to its higher air flow rate (@=1.3)
compared to the reference case (©=0.95). However, the
opposite trend is observed on a part of the front wall encircled

Table 3. Comparison of the optimum (or trade-off) and reference cases

design L L CH, at o.utlet CO at 0}1tlet NO at o.utlet Tl.lermal
! 2 gr/min gr/min gr/min Efficiency (%)
Trade-off 2.5 1 1.3 7.53E-01 3.74E+00 4.09E-05 50.97
Reference 3 2 0.95 4.71 19.9 3.58E-03 39.38
Improvement (%) - - - 83.9 81.2 98.6 29.4
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in Fig. 10 (a). This observation resulted from the more direct
flame impingement of the reference case in that region as
compared to the modified case. Total convective heat transfer
rates are 93.5kW and 173.8kW for the reference and modified
cases, respectively. As shown in Fig. 10 (b), the more uniform
temperature distribution of the modified case led to a more
uniform radiative heat flux to the walls. However, the hot
spots of the reference case at the end stages of the chamber
resulted in its 5.4% higher total radiative heat transfer rate as
compared to the modified case. Total radiative heat transfer
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rates are 152.4kW and 144.6kW for the reference and the
modified cases, respectively. The total heat flux curve (i.c.,
the sum of convective and radiative heat fluxes) shown in Fig.
10 (c) indicates that the modified case led to a greater heat
flux on the back and side walls; however, the total heat flux
to the front wall is approximately the same for the two cases.
As previously shown in Table 3, the modified case resulted
in a 29.4% greater total heat transfer rate as compared to the
reference case.

Fig. 11 shows the molar concentration of methane on the
centerline. As shown in this figure, the curve of the modified
case lies below that of the reference case. This is because
the air OER of the modified case is higher than that of the
reference case; moreover, in the modified case, the beginning
of reactions takes place nearer to the inlets. Therefore, the
modified case shows a lower value of unburned methane at
the exhaust as compared to the reference case.

Although the creation or the consumption of each species
depends on several local variables, air deficiency of the
reference case (OER=0.95) may be a reason for its higher
emission of CO as compared to the modified case, previously
shown in Table 3. Fig. 12 shows the molar concentration of
CO on some transverse lines at different axial locations. This
figure indicates that in the modified case, CO began to be
created earlier, and therefore, it had a longer residence time
to be consumed by the combustion chamber. This observation
may be considered as another reason for the higher emission
of CO in the reference case as compared to the modified one.
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The results show that the rate of prompt NO is much higher
than that of thermal NO (that is not shown here for the sake
of conciseness). This is usually the case for low-temperature
flames [23, 28]. The rates of prompt NO formation on the
centerline of the reference and modified cases are compared

0.25

0.20

0.15

0.10

Radial distance (m)

0.05

in Fig. 13 (a). This Figure shows that the modified case led to
the substantially lower rates of prompt NO. As shown in Eq.
(15), prompt NO formation non-linearly depends on several
local variables (i.e., local O,, N, and fuel concentrations, and
local temperature). Among the mentioned factors, the fuel
(CH,) concentration curves were previously shown in Fig.
11. Herein, the variations of temperature and concentrations
of N, and O, are presented in Figs. 13 (b) to (d).

The two vertical lines in Figs. 11 and 13 highlight the limit
within which the differences between NO formations of the
modified and reference cases are more considerable. Fig.
13 shows that the curve lines of the modified and reference
cases intersect for each of the temperature, O,, and N,
concentrations. In other words, the values of temperature,
O, and N, concentrations of the modified case are higher
somewhere, but lower somewhere else, as compared to those
of the reference case. However, as shown in Fig. 11, the fuel
concentration of the modified case with the air to fuel OER
of 1.3 is always lower than that of the reference case with the
air to fuel OER of 0.95. As a result, the higher prompt NO
formation of the reference case can be primarily attributed to
its higher fuel concentrations.

5- Conclusions
In the present work, it was attempted to reach better thermal
and environmental characteristics of a natural gas diffusion
flame through the numerical examination of the various
settings of air to fuel overall equivalence ratio (OER) and
the sizes of fuel and air inlets. The selection of optimal
design was performed on the basis of Pareto front concept
by considering four thermal and environmental objective
functions. The results indicated that:

*  The emissions of pollutants mostly increased with both
air inlet size and air to fuel OER, except that the emission
of NO decreased with air to fuel OER. Moreover, the total
heat transfer mostly decreased with both air inlet size
and air to fuel OER. The dependency of the objectives to
the fuel inlet size was not as explicit and obvious as the
dependency of them to the air inlet size and OER.

*  From among 175 numerically tested designs, 21 designs
were located on Pareto front, each of which could be
chosen as the optimum case depending on designer’s
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Fig. 12. The molar concentration of CO on some radial lines at different axial locations
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of the optimum and reference cases

priorities. Nomenclature
* The .selected. trade-off (optimum) design at.taiged A Constant
a noticeable improvement in each of the objective ) ) )
functions as compared to the reference design. Ar Pre-exponential factor, Consistent unit
*  The reference design showed a higher peak temperature a Absorption coefficient, m™!
and, hence, a 11tt}e greater vradlatlvevt heat tr'ansfer; B Constant
however, the optimum design attained noticeably ) R
higher total heat transfer due to its substantially higher C, Heat capacity at constant pressure, J.kg™.K-
convective heat transfer. D Diffusion coefficient, m%.s’!
¢ The lower emissions of CO and unburned CH, of the E Activation encrev. J kemol”
optimum design was attributed to its higher air to fuel £y, J.Kke
OER as well as its earlier beginning of the reactions E, Constant, J.kgmol"!
providing a longer residence time for the CH, and CO to f Constant
be consumed inside the combustion chamber. 0 . d
* The lower NO formation of the optimum case was g Xygen reaction order
attributed to its lower fuel concentrations (or leaner h Enthalpy, J.kg!
flame). 1 Radiation intensity, W.m
Acknowledgments K Thermal conductivity, W.K-'.m!
Guilan Province Gas Company is gratefully acknowledged k Rate constant, m*.gmol'.s!
for supporting this study (contract No 31548). L Dimension of fuel inlet, m
L Dimension of the air inlet, m

()
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M Molecular weight, kg.mol!
N Number of chemical species
n Refractive index
Pr Prandtl number
)2 Pressure, Pa
R, Rate of creation, Kmol.m?3s!
R Universal gas constant, J.kgmol'.K"!
r Position vector
s Direction vector
s’ Scattering direction
Sc Schmidt number
T Temperature, K
u Velocity, m.s™!
Y Mass fraction
Greek symbols
b Constant

n Thermal efficiency
U Viscosity, kg.m.s™!
v

’

stoichiometric coefficient for reactant

”

v stoichiometric coefficient for product
p Density, kg.m?

o Stefan- Boltzmann constant, W.m?2.K*
o, scattering coefficient, m™

® Equivalence ratio
Q' solid angle, Radians

Subscript
f Forward reaction

chemical species

k
p Product
R

Reactant
r Backward reaction
t Turbulent
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