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The high temperature diluted air combustion, which improves the flame stability while lowers the NO
emission level, has been numerically investigated. The Favre-averaged Navier–Stokes equations are
solved by a finite volume method of SIMPLE type that incorporates the laminar flamelet concept with
the standard k–e turbulence model. The NO formation is estimated by solving the Eulerian particle trans-
port equations in a postprocessing mode. Calculations are performed for a coflowing jet flame for various
conditions of inlet air temperature and oxygen concentration. A production rate analysis of elementary
reactions reveals major paths for NO formation. When the oxygen concentration is high, the reaction zone
is formed near the fuel nozzle and the NO formation by the thermal mechanism becomes dominant, due
to the increase in flame temperature. On the other hand, when the oxygen concentration is low, the reac-
tion is spread out more uniformly in the furnace. The NO formation by the prompt route is dominant
compared to other routes especially when the air is diluted with nitrogen.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

Due to the rapid industrialization of the world, the energy con-
sumption is increasing at an alarming rate. The growing energy
consumption eventually leads to increased emission of greenhouse
gases, CO2 and pollutants, such as SOx and NOx. Regulations on pol-
lutant emission have been toughened in recent years. To cope with
this changing environment, new combustion technologies that
would improve the combustion efficiency and reduce pollutant
emission have evolved. Nitric oxides, among other pollutants, are
contributors of the production of acid rain and photochemical
smog. The high temperature diluted air combustion is a promising
combustion technology that reduces NOx emission. Preheating the
inlet air increases the combustion intensity and thus extends the
stable combustion region. The higher flame temperature, however,
accompanies increased NOx emission. By lowering the oxygen con-
centration in the air, the temperature distribution in the furnace
can be made uniform and the NOx emission is effectively reduced.

Many experimental studies in the literature [1–3] on the char-
acteristics of high temperature diluted air combustion showed
that it yields very low NOx emission, low luminosity, higher flame
stability, large flame volume and a more uniform temperature
field. The literature on the computational side of the study is also
extensive: Yuan and Naruse [4] obtained the combustion charac-
teristics of a cross-jet flame with highly preheated diluted air,
ll rights reserved.

: +82 42 869 3210.
which were in line with those of experiment, by using a PDF/mix-
ture fraction model with equilibrium chemistry. Comparative
studies on various relatively simple turbulent combustion models
may be found in Orsino and Weber [5] and Yang and Blasiak [6].
The NO formation for highly preheated air conditions was exam-
ined by using either empirical correlations [7,8] or a full chemis-
try approach in the methane–air laminar diffusion flame [9]. The
detailed NOx formation routes in turbulent combustion, however,
have not been examined thoroughly at high temperature diluted
air condition.

For accurate prediction of NOx emission, the complex turbu-
lent combustion process, including turbulence and chemistry
interaction, needs to be adequately accounted for. Among many
combustion models, the laminar flamelet model [10] is proven
to be effective in predicting complex physical phenomena, such
as detailed chemistry, formation of pollutants, by decoupling
chemical reactions from the turbulent flow field. Until recently,
most flamelet model approaches commonly neglected the unstea-
dy effects, which may become substantial when the process is
slow such as in the formation of NOx. Pitsch et al. [11] showed,
in their study on the turbulent hydrogen–air diffusion flame, that
while the temperature and the concentration of chemical compo-
nents were predicted accurately by the steady flamelet model, NO
was overpredicted. The results were shown to improve if an
unsteady model was used. Barths et al. [12] proposed a more
general Eulerian particle flamelet model (EPFM) that solves an
Eulerian particle transport equation for probability to find the
multiple flamelets, and successfully obtained the NOx and soot
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Nomenclature

ap,k Plank mean absorption coefficients for radiating species
k

cp, cp,k specific heat of mixture and species k at constant
pressure

D diameter of fuel nozzle
Dz mixture fraction diffusivity
hk specific enthalpy of species k
In probability of finding nth flamelet
k turbulent kinetic energy
Pk partial pressure of species k
_qrad radiative heat loss rate per unit volume
r coordinate in radial direction
t time
SceZ ; SceZ 002 Schmidt numbers
T temperature
Tb background temperature
uj velocity component in jth direction
xj coordinate in jth direction
Yk mass fraction of species k
Z mixture fraction
Z
002 mixture-fraction fluctuation

Greek symbols
v scalar dissipation rate
~vst mean scalar dissipation rate conditioned on

stoichiometric mixture
v̂st;n surface averaged conditional scalar dissipation rate of

nth flamelet
e dissipation rate of turbulent kinetic energy
lt turbulent viscosity
q density
rB Stefan–Boltzmann constant
rt turbulent Prandtl number
_xk chemical production rate of species k
f enthalpy defect

Subscripts
n nth flamelet particle
st stoichiometry

Superscripts
�/ Reynolds-averaged (density-unweighted) property
~/ Favre-averaged (density-weighted) property
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formation in a gas turbine combustor. More recently, the
model was applied to solve the low oxygen dilution combustion
[13].

The primary objective of the present study is to develop an
analysis procedure using the laminar flamelet model coupled with
the EPFM and examine the detailed NO formation characteristics
for the turbulent nonpremixed coaxial jet flame with the preheated
diluted air. Each NO formation mechanism, i.e., thermal, prompt, or
N2O intermediate mechanism, is discussed using detailed chemical
kinetics. The important elementary reactions for NO formation are
scrutinized by the production analyses.

2. Numerical procedure

The analysis procedure in this section describes both the steady
and unsteady flamelet models. The unsteady effects are taken into
consideration in the postprocessing stage by using the Eulerian
particle transport equations.

2.1. Flamelet equations

In laminar flamelets, all scalars are functions of the mixture
fraction and scalar dissipation rate. Their balance equations for
species k and energy for unit Lewis numbers of chemical species
are written as

q
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Here, the scalar dissipation rate is defined as

vðZÞ ¼ 2DZ
oZ
oxj

� �2

ð3Þ
and Yk is the mass fraction, T the temperature, q the density, cp the
specific heat, hk the specific enthalpy, _xk the chemical production
rate, _qrad the radiative heat loss, DZ the mixture fraction diffusivity
and Z the mixture fraction. To obtain the solution of the flamelet
equation, the relation between the mixture fraction and the scalar
dissipation rate is needed. Peters [10] has proposed a one-parame-
ter function as

vðZÞ ¼ as

p
exp �2½erfc�1ð2ZÞ�2

n o
ð4Þ

where erfc�1 is the inverse of the complementary error function and
as is the velocity gradient at the stagnation point. The equation may
be rewritten in terms of the stoichiometic values

v ¼ vstf ðZÞ=f ðZstÞ ð5Þ

For adiabatic flame condition with negligible radiative heat loss,
the mass fractions of all chemical species and temperature are
determined by the mixture fraction Z and stoichiometric scalar dis-
sipation rate vst. When radiation is not negligible, an additional
variable, i.e., the enthalpy defect f [14], is introduced:

f ¼ h� ½ho þ Zðhf � hoÞ� ð6Þ

which is the difference between the actual enthalpy and the enthal-
py for the adiabatic case. The radiation effects could be substantial
in predicting NO formation [15]. Treating the radiative heat transfer
within a turbulent flame in detail is computationally very expen-
sive. To lessen the computational burden, the optically thin radia-
tion model is incorporated in which the radiative loss rate per
unit volume may be obtained as

_qrad ¼ 4rB T4 � T4
b

� �X
Pkap;k ð7Þ

where rB is the Stefan–Boltzmann constant and Pk is the partial
pressure of species k. The Plank mean absorption coefficients ap,k

for radiating species k are calculated from the curve
fits in TNF workshop (http://www.ca.sandia.gov/TNF/radiation.
html).
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2.2. Equations for the flow field

The governing equations for the turbulent flow field are the
Favre-averaged, continuity and Navier–Stokes equations coupled
with the standard k–e model for turbulence closure. A cell cen-
tered, colocated finite volume scheme of SIMPLE type is developed
and used to solve these equations. The mixing of fuel and oxidizer
in the turbulent flow field is described by the transport equations
for the mean mixture fraction eZ and its variance eZ 002
o

ot
�qeZ� �

þ o

oxj
�q~uj
eZ� �
¼ o

oxj
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where the Schmidt numbers SceZ and SceZ 002 are chosen to be 0.7 and
the mean scalar dissipation rate ~v is modeled as

~v ¼ Cv
~e
~k
eZ 002; Cv ¼ 2:0 ð10Þ

where ~k is the turbulence kinetic energy and ~e is the dissipation rate
of ~k.

The mean properties of the reacting mixture in the computa-
tional domain are then evaluated by convoluting the tabulated val-
ues in the flamelet library with the probability density functions

~/ ¼
Z 1

�1

Z 1

0

Z 1

0
/ðZ;vst; fÞePðZ;vst; fÞdZ dvst df ð11Þ

The mixture fraction and scalar dissipation rate are assumed to
be statistically independent, so that the presumed probability den-
sity functions can be constructed asePðZ;vst; fÞ ¼ ePðZÞePðvstÞePðfÞ ð12Þ

The probability density functions for the mixture fraction and
the dissipation rate take, respectively, the forms of the b function
and the logarithmic normal distribution while that for the radia-
tion effect is of delta function form. The details are laid out in Refs.
[10,14] and are not repeated here.

2.3. The Eulerian particle flamelet model (EPFM)

The following Eulerian particle transport equations are solved
in the postprocessing stage for the species concentrations and
NOx formation:
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where eInðx; tÞ is the probability of finding nth flamelet at location~x
and time t. The model is capable of treating both parabolic and ellip-
tic flows.

Different flamelet particles with specific initial conditions are
transported through the flow field along different pathways. Fol-
lowing Barths et al. [12], the initial distribution of the particles in
the flow field is prescribed as

eIn ¼
1 if eZ > Zst and eT < 1800 K
0 otherwise

(
ð14Þ

The initial flamelet particles are placed close to the fuel inlet
because the temperature there is low and the NO formation is neg-
ligible in the fuel rich stream. For multiple flamelet particles, the
initialization region is divided into the equal number of subregions
to which each flamelet particle is assigned. The initial probability
of finding a flamelet is then equal to unity in its own subregion
and zero elsewhere.

Flamelet history of each particle is different and is represented
as the variation of scalar dissipation rate. The surface averaged
conditional scalar dissipation rate is given as

v̂st;n ¼
R

V
eIn �q~v3=2

st
ePðZstÞdVR

V
eIn �q~v1=2

st
ePðZstÞdV

ð15Þ

where the integration is performed over the whole computational
domain. In each subregion, the flamelet equations are solved with
vst ¼ v̂st;n. The mean scalar dissipation rate conditioned on stoichi-
ometric mixture ~vst in Eq. (15) is modeled from Eq. (5) by assuming
that vst and Z are statistically independent

~v ¼ ~vst

Z
Z

f ðZÞ=f ðZstÞePðZÞdZ ð16Þ

Equating this with the modeled average scalar dissipation rate
in Eq. (10), one obtains

~vst ¼
Cv

~e
~k
eZ 002R 1

0 f ðZÞ=f ðZstÞePðZÞdZ
ð17Þ

The flamelet particles released at time t = 0 are dispersed by
convection and turbulent diffusion in the combustion chamber.
The Favre-averaged mass fractions of chemical species at~x are cal-
culated by

eY kð~x; tÞ ¼
P

n

R t
0
eIn ~x; t0ð ÞeY k;n ~x; t0ð Þdt0P

n

R t
0
eIn ~x; t0ð Þdt0

ð18Þ

This is a weighted average of all flamelet particles over the cor-
responding period. Here, eY k;nð~x; t0Þ is the Favre-averaged mass frac-
tion of species k for the nth flamelet particle:

eY k;n ~x; t0ð Þ ¼
Z 1

0
YiðZ; v̂st;nÞePðZÞdZ ð19Þ

where YkðZ; v̂st;nÞ is the flamelet profile of the unsteady flamelet
equations with scalar dissipation rate corresponding to each flam-
elet history.

Having obtained the steady flamelet solutions, Eqs. (1), (2) and
(13) with the surface averaged scalar dissipation rates (15) are
solved in succession in a coupled manner. The steady-state results
are used to provide the initial condition for this unsteady proce-
dure. The initial mass fraction of species associated with the NOx

mechanism (N, NH, NH2, NH3, NNH, NO, NO2, N2O, HNO, CN,
HCN, H2CN, HCNN, HCNO, HOCN, HNCO, and NCO) is set equal to
zero. The Favre-averaged mass fraction of species k at ~x and t0 for
the nth flamelet particle is then evaluated from Eq. (19). The calcu-
lation is carried out until all flamelet particles are transported
away from the combustor. Finally, the species mass fractions eY k

are obtained from Eq. (18).
3. Results and discussion

3.1. Code validation

The numerical model outlined in the previous section is then
tested against the Meier-flame because of its ample experimental
data base [16]. The experiment was originally carried out at DLR
in Stuttgart and also later at the Sandia National Laboratories.
The details of the two data sets are compared and discussed in
Meier et al. [17]. The flame was one of the test cases at TNF
Workshop of 1998 and many different results of various modeling
approaches are available at (http://www.ca.sandia.gov/TNF/

http://www.ca.sandia.gov/TNF/3rdWorkshop/TNF3.html
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3rdWorkshop/TNF3.html). The fuel composition is 22.1% CH4,
33.2% H2 and 44.7% N2 by volume. The mean velocity and temper-
ature of the fuel at the nozzle exit are 42.2 m/s and 295 K while
those for the coflowing air are 0.3 m/s and 292 K, respectively.

The calculation is performed for the axisymmetric domain that
extends to x/D = 120 and r/D = 30. After thorough grid dependency
tests, a 70 � 80 grid is found to be adequate to resolve the flow
field. The GRI 3.0 chemical reaction mechanism, which consists
of 325 elementary chemical reactions including the NOx chemistry
and contains 53 species, is adopted. The CHEMKIN-II and TRANFIT
subroutines [18,19] are used to obtain the thermodynamic and
transport properties of each chemical species.

The small Lewis number of hydrogen molecule makes the non-
equal diffusion effects more pronounced in flames where hydrogen
is a major species. However, it was shown, for instance, in Bergmann
et al. [16] and Meier et al. [17] that the effects of non-unity Lewis
number become important only in the region close to the fuel nozzle.
The differential diffusion effect disappears as the distance from the
fuel nozzle increases. In the present study, the calculation is
performed under the assumption that the Lewis number is unity.

The temperature, mixture fraction and mixture-fraction fluctu-
ation fields along the centerline are compared in Fig. 1. The
results by Sanders (http://www.ca.sandia.gov/TNF/3rdWorkshop/
TNF3.html), who used laminar flamelet including full differential
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Fig. 1. Temperature, mixture fraction and RMS of fluctuation along the centerline:
(a) temperature and (b) mixture fraction and RMS of fluctuation.
diffusion and the GRI 2.11 chemical reaction mechanism, are also
plotted in the figure for reference. The temperature and the mix-
ture fraction obtained in the present study are in very good overall
agreement with the measured data. The mixture-fraction fluctua-
tion is somewhat larger than the experiment in the near field but
closely follows the experimental data farther downstream. Radia-
tion is seen to play an important role as the results obtained with-
out the radiation effects grossly overpredict the temperature
beyond the point of maximum temperature. The close agreement
in the upstream region is presumably due to the fact that the dif-
fusive transport of heat in this region is very large compared to
the radiation.

Fig. 2 depicts the NO concentration along the centerline. Calcu-
lations have been performed with varying number of flamelet par-
ticles to show its effects. Although the results degrade in the
downstream region, it is apparent that the unsteady calculation
improves the results considerably over the steady model. Increas-
ing the number of flamelet particles improves the results but no
further improvement is achieved when it exceeds six. It is also
observed in the figure that the NO concentration is wildly overpre-
dicted unless the radiation effects are not properly taken into
account. The discrepancy in the downstream region may be attrib-
uted to the overpredicted flame length. The longer flame length re-
sults in a higher temperature and mixture-fraction fields which are
directly responsible for a higher NO prediction. Besides, the chem-
ical mechanism adopted in the calculation may also have affected
the NO prediction. The performance of a chemical mechanism var-
ies with the combustion conditions, such as air temperature, strain
rate, pressure, fuel dilution, and partial premixing [20–22]. The
widely used GRI 3.0 mechanism has a tendency of overpredicting
NO levels.

The major and minor species concentrations along the center-
line are presented in Fig. 3. The OH concentration shown in
Fig. 3(a) is grossly underpredicted by the steady flamelet model.
The unsteady model, on the other hand, gives much better results
when multiple flamelet particles are used. The CO concentration
compared in Fig. 3(b) shows that the maximum value is slightly
underpredicted by both the steady and unsteady models. Unlike
in the case of NO or OH, the results appear to be insensitive to
the number of flamelet particles. For major species, since the con-
centration distributions are not sensitive to the number of flamelet
particles in the present calculation, only the results of six flamelet
particles are presented in Fig. 3(c) and (d). The unsteady flamelet
model performs slightly better than the steady model, but the dif-
ference appears to be negligible. The calculated results are gener-
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ally in close agreement with the measured data. The CH4 and CO2

concentrations of the present calculation are seen to correlate
much better with the data than those of Sanders’.

3.2. Analysis of NO in high temperature diluted air combustion

To examine the effects of air temperature and oxygen concen-
trations on the combustion characteristics and NO formation, a
coaxial jet flame studied by Fujimori et al. [23] is considered. The
schematic of the experimental setup is shown in Fig. 4(a), which
was used to examine the effect of the liftoff height for highly pre-
heated air with varying fuel flow rates on NOx emission. Calcula-
tions are carried out for the flames attached to the nozzle. The
methane of 373 K flows at a rate of 5.87 � 10�5 kg/s and the
coflowing air at 7.03 � 10�3 kg/s. The air temperature is varied to
be at 1273, 1373 and 1473 K and its oxygen concentration ranges
from 16 to 4 vol%. The diluted air composition is given in Table 1.

To test the grid resolution, calculations were carried out with
three different meshes, namely, 50 � 60, 70 � 80 and 90 � 100.
The radial temperature distributions across two axial cross-
sections, x/D = 100 and 300, are compared in Fig. 4(b). It is observed
that the 70 � 80 mesh is sufficiently fine to resolve the flow field.
The effects of the number of flamelet particles on NO concentra-
tions in Fig. 4(c) show that the particle number of six is adequate
for unsteady flamelet analysis. Therefore, the 70 � 80 mesh with
six flamelet particles is used for these calculations.

The emission indices of NOx (NO + NO2) for two oxygen concen-
trations, diluted with nitrogen, are compared with the experimen-
tal data in Fig. 5. The index is defined as the amount of pollutant
produced per unit mass of fuel by the combustion process:

EINOx ðg=kgÞ ¼
WNOx

R
V

_xNOx dV
�WCH4

R
V

_xCH4 dV
� 103

where WNOx and WCH4 denote the molecular weights of NOx and
CH4 while _xNOx and _xCH4 the production rates (mol/m3 s) of NOx

and CH4, respectively. The 70 � 80 mesh, again, gives converged
solution, which is in satisfactory agreement with the measured
data. Despite the general agreement, the emission index is overpre-
dicted when the oxygen concentration is 16%. Considering that the
flame temperature increases with the oxygen concentration as shall
be seen in Fig. 6, the thermal NOx, and thus the total NOx, may be
overpredicted by the GRI 3.0 reaction mechanism when the temper-
ature is high. The thermal NOx portion of the total, plotted in the fig-
ure, indeed shows that the thermal route is increasingly the
dominant NOx producing mechanism as the temperature becomes
high. This will be elaborated in more detail later in the paper.

The maximum flame temperature is plotted against the oxygen
concentration in Fig. 6 for various inlet air temperatures. It
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Fig. 4. Schematic of the experimental setup and effects of grid and number of particles on NO at inlet air of 1273 K and 10% O2 concentration: (a) experimental setup, (b)
temperature, and (c) NO.

Table 1
Composition of diluted air

Oxygen concentration (vol%) Composition of diluted air (vol%)

Diluent: N2 Diluent: CO2

4 O2(4):N2(96) O2(4):N2(15):CO2(81)
8 O2(8):N2(92) O2(8):N2(30):CO2(62)

10 O2(10):N2(90) O2(10):N2(38):CO2(52)
12 O2(12):N2(88) O2(12):N2(45):CO2(43)
14 O2(14):N2(86) O2(14):N2(53):CO2(33)
16 O2(16):N2(84) O2(16):N2(60):CO2(24)
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increases almost linearly with the oxygen concentration. The max-
imum flame temperature is higher for air diluted with nitrogen
than that diluted with carbon dioxide. This is attributed to the dif-
ference in the heat capacity between the two diluents as noted in
Yuan and Naruse [4]. The characteristics of the temperature distri-
bution in the furnace are examined in Fig. 7. Tmax is the maximum
flame temperature of the cross-section in the axial direction while
Tmean is the average temperature in the furnace. It is clear from the
figure that the temperature tends to become more uniform as the
oxygen concentration decreases. When the oxygen concentration
is high, most of the reaction occurs near the fuel-nozzle exit and
raises the temperature there. With less fuel available in the down-
stream region, the temperature is much lower than that in the
upstream region. When the intake air is diluted, the reaction occurs
more uniformly throughout the furnace and the temperature also
becomes uniform. The air diluted with carbon dioxide provides more
uniform temperature fields than that diluted with nitrogen.

The emission indices of NO for various air temperatures and
oxygen concentrations are compared in Fig. 8. A lower oxygen con-
centration and/or a lower inlet air temperature yield a lower NO
formation. For the air diluted with carbon dioxide, however, the
effect of the inlet air temperature on the NO formation appears
to be insignificant when the oxygen concentration is low, say less
than 10%. The oxygen concentration above that value is seen to in-
crease the emission index (EINO) almost exponentially. This is
attributed to the temperature effects on the NO formation mecha-
nism: the rate of thermal NO formation is known to be substan-
tially high at a high flame temperature, say above 1800 K. When
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the oxygen concentration exceeds 12%, the maximum temperature
attained in the region (Fig. 6) is seen to go over this value and the
thermal route appears to be dominant in the NO formation. It is
also observed from the figure that the air diluted with carbon diox-
ide results in much lower EINO than that with nitrogen.

It is well known that lowering the flame temperature reduces
the NO formation by suppressing the thermal NO formation,
however, various routes of NO formation have not been exam-
ined quantitatively in high temperature diluted air combustion.
Many experiments and detailed kinetic calculations have been
carried out to explore the formation mechanisms of nitric oxides
[24,25]. NO is formed mainly through the thermal, prompt and
N2O intermediate routes. The formation of thermal NO is deter-
mined by a set of highly temperature dependent chemical
reactions:

N + NO = N2 + O ðR178Þ

N + O2 = NO + O ðR179Þ

N + OH = NO + H ðR180Þ
The N2O intermediate mechanism becomes important in fuel lean
and low temperature conditions. N2O is mainly formed through
Reaction (R185) and is converted to NO by Reactions (R199) and
(R182)
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N2O + M = N2 + O + M ðR185Þ

NH + NO = N2O + H ðR199Þ

N2O + O = 2NO ðR182Þ

The prompt NO in hydrocarbon flames is initiated by the rapid reac-
tion of hydrocarbon radicals with molecular nitrogen

CH + N2 = HCN + N ðR240Þ

The contributions of the thermal, prompt, and N2O intermediate
routes to the NO formation for various oxygen concentrations at
the inlet air temperature of 1373 K are shown in Fig. 9. The N2O
intermediate route in this case appears to be relatively small com-
pared to the other two routes, and thus will not be discussed here.
As the oxygen concentration increases, the contribution by the
thermal NO route becomes substantially higher than the other.
When the oxygen concentration is higher than 14%, the increase
in EINO is mainly caused by the thermal mechanism. If the oxygen
concentration falls below 8%, EINO is reduced to a very low level;
the prompt route is seen to be the major NO producing mechanism
especially when the air is diluted with nitrogen. This may be better
illustrated in Fig. 10 that shows the production rate of Reaction
(R240) and the mole fraction of HCN along the centerline for two
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Fig. 9. Contributions of various NO formation routes at inlet temperature of 1373 K:
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different diluents with 8% oxygen. When the air is diluted with
nitrogen, there are more nitrogen contents in the inlet air than that
diluted with carbon dioxide. A higher nitrogen concentration obvi-
ously enhances Reaction (R240) and results in higher HCN produc-
tion. As the amount of HCN dictates the NO formation in the
prompt mechanism, the air dilution with nitrogen gives higher
NO formation.

As seen above, the combustion characteristics differ as the
diluent changes from CO2 to N2. The air dilution with carbon
dioxide gives a lower maximum flame temperature and lower
NO formation compared to the air dilution with nitrogen. This
is a direct consequence of the difference in heat capacity, the
product of the density and specific heat, between the two dilu-
ents [4]. In addition, the extra nitrogen content in the air con-
tributes to NO formation through the prompt route. To see it
more clearly, the results for two different oxygen concentrations
are compared in Fig. 11. Fig. 11(a) shows the temperature and
NO concentrations along the centerline. Although the tempera-
ture for the diluted air of 14% oxygen concentration with carbon
dioxide is higher than that for the diluted air of 10% oxygen con-
centration with nitrogen, the former gives a lower NO concentra-
tion than the latter. This is explained by examining the various
NO formation mechanisms in more detail. The thermal NO is
produced mainly by the reactions N2 + O = N + NO and N + OH =
NO + H. Also, the O and OH concentrations affect the thermal
NO formation. The production rate of reaction N2 + O = N + NO
and the OH concentration are plotted in Fig. 11(b). The diluted
air of 14% oxygen with carbon dioxide gives higher production
rate and concentration than the diluted air of 10% oxygen with
nitrogen. Consequently, the 14% oxygen diluted with carbon
dioxide gives higher thermal NO than 10% oxygen diluted with
nitrogen. On the other hand, for the prompt NO route, the 10%
oxygen diluted with nitrogen gives a much higher production
rate than the 14% oxygen diluted with carbon dioxide. As a re-
sult, higher prompt NO is produced in the case of 10% oxygen
diluted with nitrogen than the other as seen in Fig. 11(a). This
makes the total NO formation higher as was mentioned above.
Although the diluted air gives a lower NO formation by sup-
pressing thermal NO, the NO formation by the prompt route is
still significant especially when the air is diluted with nitrogen.
For fuels with no nitrogen contents, NO is formed by oxidation
of molecular nitrogen in the air. The amount of nitrogen in the
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air plays a key role in the NO formation at low oxygen
concentration.

4. Conclusions

The laminar flamelet model has been successfully incorporated
in a finite volume method and applied to predict combustion
characteristics in a coaxial jet flame. For accurate prediction of
NO formation, the unsteady flamelets are calculated in a postpro-
cessing mode by solving Eulerian particle transport equations.
The essential characteristics of turbulent high temperature di-
luted air combustion in a coaxial jet flame are seen to be well
captured. The carbon dioxide is a more effective diluent than
the nitrogen in reducing the maximum temperature and NO for-
mation. When the oxygen concentration is high, the NO forma-
tion is mostly affected by the thermal mechanism due to the
flame temperature increase and the reaction zone is formed near
the fuel nozzle. On the other hand, when the oxygen concentra-
tion is low, the reaction is not limited to upstream region and oc-
curs more uniformly in the furnace. In particular, when the air is
diluted with nitrogen, the NO formation by the prompt route is
much more pronounced than other routes. Because the prompt
NO in hydrocarbon flame is primarily formed by the rapid reac-
tions of hydrocarbon radicals with molecular nitrogen, the
amount of nitrogen in the inlet air greatly affects the NO forma-
tion at low oxygen concentration.
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