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This paper describes a study of the formation and destruction of NO in turbulent propane diffusion flames with
recourse to both experiments and modelling. Detailed in-flame measurements of local mean gas species
concentrations of O2, CO, CO2, unburnt hydrocarbons and NOx and local mean gas temperature have been
performed for three flames — two of them with the same Froude number and two with the same Reynolds number.
These experimental data have been analysed with the aid of a mathematical model. For the NO calculations, three
reaction schemes have been used: the Zeldovich reactions, an overall approximate prompt reaction, and a 27
reaction scheme, which includes the thermal NO and the prompt NO reactions and the NO to HCN recycle via fuel
NO reactions. The main conclusions are that in the present flames: (1) the prompt NO (or Fenimore) mechanism is
the dominant route for the NO formation; and (2) the reactions between NO and hydrocarbon radicals, recycling
NO to HCN via the fuel NO reactions, play an important role in the global NO reduction.q 1998 Elsevier Science
Ltd. All rights reserved
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INTRODUCTION

The chemical reactions that describe the formation and
removal of NO in hydrocarbon combustion are usually
grouped into three mechanisms1–3: (i) the thermal NO
mechanism; (ii) the prompt NO mechanisms; and (iii) the
fuel NO mechanism. The thermal NO mechanism comprises
the well-known extended Zeldovich reactions which
represent the oxidation of atmospheric molecular nitrogen.
The prompt NO mechanisms originate from the explana-
tions given to the NO formed at a faster rate than that
calculated from the thermal NO mechanism with the
equilibrium assumption2. Three explanations have been
given: O and OH atom superequilibrium concentrations, the
N2O mechanism and the Fenimore mechanism. In hydro-
carbon diffusion flames, however, the Fenimore mechanism
has been found to be dominant. This mechanism comprises
a reaction sequence initiated by reactions between fuel
radicals and nitrogen. Finally, the fuel NO mechanism
consists of reactions describing the NO formation from the
oxidation of the chemically bound nitrogen in the fuel and
the NO destruction via the reactions between NO and fuel
hydrocarbon radicals. These reactions recycle NO to HCN
which, in turn, may react to form NO or N2. They are here
considered as the reburn NO reactions since no fuel N is
initially present in the fuel.

The relative importance of the different NO mechanisms
is a crucial issue to both reduce and model NOx emissions
from combustion equipment. In laminar hydrocarbon

premixed flames, the thermal mechanism is the major
source of NO under fuel-lean to stoichiometric conditions,
while the prompt mechanism dominates under low-
temperature and fuel-rich conditions1,4. Such conclusions
do not hold for diffusion laminar flames owing to the
importance of the interaction between mixing and chemical
processes and the presence of both fuel-rich and fuel-lean
zones. Comparisons between in-flame NO measurements
and calculations performed in laminar methane diffusion
flames showed that the NO formation is dominated by the
prompt mechanism, which was responsible for more than
two thirds of the total NO formed4. Previous measurements
for the same type of flames had also shown that the NO,
mainly formed outside the flame surface, penetrates it via
convection–diffusion processes and that, inside this surface,
about 80% of this NO is converted to N2 or other nitrogen-
containing species5. Recently, further evidence of the
importance of the prompt NO and NO to HCN recycle (or
reburn NO reactions) has been presented based on
numerical studies in laminar methane diffusion flames6–8.

The literature reveals that there is a lack of studies like
those referred to above for turbulent hydrocarbon diffusion
flames. The studies for turbulent flames have mainly been
devoted to measurements of global NOx emission indices
which have been scaled with fluid mechanical parameters to
evidence the main physical effects associated with the NOx

production9–13. In particular, the role of the thermal and
prompt NO and of the reburn NO reactions has not yet been
considered simultaneously in turbulent diffusion flames. As
a consequence, the mathematical models used for these
flames13,14have been restricted to both thermal and prompt
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NO, whose formation rates were estimated from the Zeldovich
reactions and an overall approximate prompt NO reaction15,
respectively.

The aim of the work reported here is to study the formation
and destruction of NO in turbulent propane diffusion flames
with recourse to both experiments and modelling. To this
end, detailed in-flame measurements of local mean gas
temperature and local mean gas species concentrations (O2,
CO, CO2, unburnt hydrocarbons and NOx) have been
analysed with the aid of a mathematical model which
considers the different NO reaction mechanisms.

EXPERIMENTAL METHOD

An overview of the test section is shown inFigure 1. It has
been fully described previously by Meunieret al. 16. The
burner consisted of a straight tube through which the fuel jet
was injected vertically into still air. Three different sized
nozzles of 2.05, 3.25 and 4.15 mm i.d. were employed.
Commercial propane (99.8% purity) was used. The flames
were surrounded by a fine mesh wire screen constructed of
movable 13 2.4 m2 panels to minimise room disturbances.
In the present experimental set-up no measures were
employed to attach the flame to the nozzle, so that the
measurements were performed in lifted flames, with lift-off
heights up to 5 cm.

The sampling of combustion gases from the flame region
for the measurement of local mean O2, CO, CO2, unburnt
hydrocarbons (UHC) and NOx concentrations was achieved
using a water-cooled stainless steel probe16. A schematic of
the gas analysis system is also shown inFigure 1. The
analytical instrumentation included a magnetic pressure
analyser for O2 measurements, non-dispersive infrared gas
analysers for CO, CO2 and NOx, measurements and a flame
ionization detector for UHC (expressed as C3H8) measure-
ments. Zero and span calibrations with standard mixtures
were performed before and after each measurement session.

The maximum drift in the calibration was within6 2% of
the full scale. In the flame region, the major sources of
uncertainties in the concentration measurements were
associated with the quenching of chemical reactions and
aerodynamic disturbance of the flow. Quenching of the
chemical reactions was rapidly achieved upon the samples
being drawn into the central tube of the probe due to the
high water cooling rate in its surrounding annulus — our
best estimates indicated quenching rates of about 106 K/s.
NO2 removed within the probe and sampling system by acid
formation was negligible. No attempt was made to quantify
the probe flow disturbances. The repeatability of the gas
species concentration data was, on average, within 10%.

Local mean gas temperature measurements were obtained
using fine wire (25mm) uncoated thermocouples of Pt/
Pt:13% Rh. As flame stabilisation on the temperature probe
was not observed, interference effects were unlikely to have
been important and, hence, no effort was made to quantify
them. The uncertainty due to radiation heat transfer was
estimated to be less than 5% by considering the heat transfer
by convection and radiation between the thermocouple bead
and the surroundings.

The sample and the thermocouple probes were mounted
on a 3D computer controlled traverse mechanism which
allowed for axial and radial movements throughout the
flame. The analogue outputs of the analysers and thermo-
couple were transmitted via an A/D board to a PC where the
signals were processed and the mean values computed. No
thermal distortion of any of the probes was observed and the
positioning of the sample probe tip and the thermocouple
junction in the flames was precise to within6 0.5 mm.

MATHEMATICAL MODEL

Main flow and combustion equations
The mathematical model is based on a density-averaged

form of the balance equations for mass, momentum and
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Figure 1 Experimental set-up



energy, and relevant scalar quantities describing turbulence
and combustion. The set of equations is closed by thek–«
turbulence model using standard coefficients and no
axisymmetric jet spreading correction. Buoyancy effects
are taken into account in the momentum equation only.
Combustion is modelled using the stretched laminar
flamelet model and the assumed PDF method. The present
flamelet approach considers a flamelet library consisting of
two scalar profiles: one corresponds to undisturbed flamelet
burning and the other to non-reactive mixing17. This means
that the local structure in the turbulent flame is assumed to
be determined by a combination of an unstretched laminar
diffusion flame and the inert mixing between fuel and
oxidiser streams. The latter occurs when the local stretch
parameter, which is represented by the strain rate of the
smallest eddies, exceeds a quenching limit18. The
quenching value for the strain rate was taken equal to
565 s¹1 18, while the coefficient relating the strain rate value
with the k–« values was 0.1616. For both flamelet burning
and inert mixing scalar profiles, the instantaneous species
mass fractions are related to the value of the mixture
fraction. A linear variation of the species mass fractions
with the mixture fraction is adopted for the inert mixing
profile. The relationship between the mixture fraction and
the species mass fractions for the flamelet burning profile is
obtained from computations of an unstretched non-pre-
mixed propane flame19. The chemical mechanism con-
sidered involves the oxidation of propane into CO and H2 by
a single step. The subsequent CO and H2 oxidation is
represented by a scheme of 12 elementary reactions. The
chemical species considered in this mechanism are C3H8,
O2, N2, CO2, CO, H2O, OH, H2, O and H. For the PDF
calculation, the mixture fraction and the strain rate are
assumed to be statistically independent. The probability of
flamelet burning or non-reactive mixing to occur is
calculated from the strain rate distribution which is assumed
to be a quasi-Gaussian function18. The mean species
concentration is then obtained with the aid of the probability
density function of the mixture fraction. This is assumed to
be a conditional clipped Gaussian function20 which is
calculated from the mean mixture fraction and its variance
for which a transport equation is solved. The gas
temperature is calculated from the enthalpy using well-
known thermodynamic concepts. A piecewise linear
relationship between the instantaneous values of enthalpy
and mixture fraction is assumed following Abou Ellailet al.
21. If there were no radiation losses this relationship would
be linear. Therefore, for a given mixture fraction the
difference between the enthalpy obtained from the linear
adiabatic relation and the enthalpy given by the piecewise
linear relationship corresponds to the radiation loss22. The
radiation term of the energy equation is evaluated using the
discrete transfer method23 and considering CO2, H2O and
soot as participating species. Correlations of gas total
emittance, extended to account for soot particles, have been
used24. A transport equation is solved for the soot mass
fraction with a single step process being chosen for the soot
formation rate25 and the soot oxidation rate26.

Nitric oxide calculations
Three nitrogen reaction schemes have been used in the

present work to predict the mean NO concentration fields.
The first one included the Zeldovich reactions — the
thermal NO mechanism. The second reaction scheme used
in the present study, herein referred to as the prompt NO
mechanism, was an overall approximate prompt reaction

initially proposed by de Soete from measurements carried
out in nitrogen/ethylene/oxygen flames15 and later modified
by Williams and co-workers according to the type of fuel,
the temperature range or the mixture strength14:

dXNO

dt
¼ kfXb

O2
XN2

Xfuel exp ¹
60 000

RT

� �
(1)

whereX denotes the mole fraction,b the partial reaction
order with respect to oxygen concentration being the activa-
tion energy expressed in cal/mol. The termf takes both the
type of fuel and the air/fuel ratio effects into account:

f ¼ 4:75þ C1n¹ C2f þ C3f
2 ¹ C4f

3 (2)

wheren denotes the number of carbon atoms in the fuel and
f the equivalence ratio.C1, C2, C3 andC4 take the values of
0.082, 23.2, 32 and 12.2, respectively. Finally, the reduced
nitrogen chemistry scheme proposed by Glarborget al. 27

— herein referred to as the global NO mechanism — was
used. It comprises 27 reactions accounting for both the ther-
mal and the prompt NO mechanisms as well as NO to HCN
recycling and conversion of HCN to NO or N2. In the pre-
sent study, the distinction between1CH2 and3CH2 consid-
ered by Glarborget al.was not made. The reaction between
HCCOþ NO 1 was added.Table 1lists the reactions and the
corresponding kinetic parameters.

The NO concentration fields are calculated by solving a
transport equation for the Favre-averaged NO mass fraction.
In the case of the global NO mechanism a transport equation
for the Favre-averaged HCN mass fraction is also solved.
The mean NO and HCN formation rates are calculated using
the PDF method. The instantaneous formation rates are
equal to zero when considering the inert mixing. For the
flamelet burning, the instantaneous formation rates are
obtained as a function of the mixture fraction from the
flamelet data for major species and radicals. In addition, for
the global NO mechanism, steady-state assumptions are
used for obtaining the instantaneous concentrations of the
other nitrogen-containing species (instantaneous NO and
HCN mass fractions are assumed to be constant over the
mixture fraction range) and fuel radicals involved in the NO
chemistry. The concentration of these fuel hydrocarbon
radicals is obtained using a simplified propane reaction
mechanism28,29. In this scheme, C2H2 and CH3 are assumed
to be formed from propane, roughly at the rate of the
reaction29:

C3H8 þ H → C3H7 þ H2 (3)

which may be followed by the faster reactions:

C3H7 → C2H4 þ CH3 (4)

C2H4 þ H → C2H3 þ H2 (5)

C2H3 → C2H2 þ H (6)

to yield the overall process:

C3H8 þ 2H → C2H2 þ CH3 þ 2H2 þ H (7)

where CH and CH2 are assumed to be consumed through
reactions with virtually all species (except with N2 for both
CH and CH2, and C-containing species for CH2) at rates that
are roughly the same so that one writes29:

CHþ M9 → products (8)

CH2 þ M0 → products (9)

where M9 denotes any molecule other than N2 and M0 any
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molecule not containing N or C atoms. The reactions are
summarised inTable 2.

Numerical solution
The numerical solution was accomplished using a

finite-volume technique, a fully elliptic solver and a
staggered grid 30. The main flow and combustion
equations as well as the NO and HCN transport equations
were integrated over each control volume and discretised
using a finite-difference scheme. The central difference
discretisation scheme was employed except for the
convective terms which were discretised using the
hybrid central difference/upwind scheme. Coupling
between the pressure and velocity fields was handled by
the SIMPLE algorithm and the sets of discretised
algebraic equations were solved by the Gauss–Seidel
line-by-line iterative procedure. A 423 42 node grid
covering a calculation domain of 0.5 m3 1.5 m was used.
A grid refinement was tested without improving the

agreement between the predictions and the measurements
shown below.

RESULTS AND DISCUSSION

Table 3 summarises the initial conditions for the three
flames investigated. The flow conditions were varied by
changing the initial velocity (u0) and the nozzle exit internal
diameter (d0) in order to allow the confrontation of two
flames with the same Froude number (Fr) — flames A and B
— and two with the same Reynolds number (Re) — flames
A and C.

Figures 2 and 3show the measured axial profiles of local
mean O2 and CO2 concentrations for flames A, B and C,
respectively. It is seen that the profiles of flames A and B are
similar in both figures. This similarity is also observed in the
measured axial profiles of local mean C3H8 and CO
concentrations for flames A and B28. These results indicate
that the Froude number is the relevant fluid mechanical
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Table 1 NO reaction mechanism22. Rate coefficients in the formkf ¼ ATb exp(¹ E/RT). Units are mol, cm3, K and cal/mol

Reaction A b E

1 NH þ H → N þ H2 3.0 3 1013 0.0 0
2 NH þ O → NO þ H 5.5 3 1013 0.0 0
3 NH þ O → N þ OH 7.03 1011 0.5 0
4 NH þ NO Y N2O þ H 1.2 3 1014 ¹ 0.3 0
5 N þ OH → NO þ H 3.8 3 1013 0.0 0
6 N þ O2 → NO þ O 6.463 109 1.0 6280
7 N þ NO Y N2 þ O 3.313 1012 0.3 0
8 O þ N2 þ M → N2O þ M 3.25 3 108 1.41 15340
9 N2O þ H → N2 þ OH 7.63 1013 0.0 15200
10 HCNþ O → NCO þ H 1.413 104 2.64 4980
11 HCNþ O → NH þ CO 3.473 103 2.64 4980
12 HCNþ OH Y CN þ H2O 1.513 1015 ¹ 0.68 12380
13 HCNþ OH → NCO þ H2 5.5 3 103 2.67 10800
14 CNþ OH → NCO þ H 6. 3 1013 0.0 0
15 CNþ O2 → NCO þ O 1.03 1013 0.0 0
16 NCOþ H → NH þ CO 5.013 1013 0.0 0
17 NCOþ OH → NO þ CO þ H 1.0 3 1013 0.0 0
18 NCOþ NO → N2O þ CO 3.023 1017 ¹ 1.53 260
19 CHþ N2 → HCN þ N 4.373 1012 0.0 22000
20 Cþ N2 → CN þ N 6.313 1013 0.0 46000
21 CH2 þ NO → H þ HCNO 1.393 1012 0.0 ¹ 1100
22 CHþ NO → HCN þ O 1.103 1014 0.0 0
23 Cþ NO → CN þ O 1.93 1013 0.0 0
24 Cþ NO → N þ CO 2.883 1013 0.0 0
25 N þ CO2 → NO þ CO 1.293 1012 0.0 4950
26 N þ CH3 → HCN þ H2 7.083 1013 0.0 0
27 HCCOþ NO → HCNO þ CO 2.03 1013 0.0 0a

a Miller and Bowman1

Table 2 Propane reaction mechanism. Rate coefficients in formkf ¼ ATb exp(¹ E/RT). Units are mol, cm3, s, K and cal/mol

Reaction A b E Reference

1 C3H8 þ H → C3H7 þ H2 1.8 3 1014 0.0 8370 29

2 CH3 þ H → CH2 þ H2 9.0 3 1013 0.0 15100 29

3 CH3 þ OH → CH2 þ H2O 7.53 106 2.0 5000 29

4 CH3 þ O → CH2O þ H 8.0 3 1013 0.0 0 1

5 CH3 þ O2 → CH3O þ O 2.053 1019 ¹ 1.570 29229 1

6 C2H2 þ O → CH2 þ O 1.023 107 2.0 1900 29

7 C2H2 þ O → HCCOþ H 1.023 107 2.0 1900 1

8 C2H2 þ OH → C2H þ H2O 3.373 107 2.0 14000 1

9 C2H2 þ OH → HCCOH + H 5.043 105 2.3 13500 1

10 CH2 þ H → CH þ H2 1.0 3 1018 ¹ 1.56 0 29

11 CH2 þ OH → CH þ H2O 1.133 107 2.0 3000 29

12 CH2 þ M0 → products 1.03 1013 0.0 0 29

13 CHþ M9 → products 3.03 1013 0.0 0 29



parameter for the present flames which remain globally
mixing controlled.

Figures 4–8present comparisons between the measured
and predicted radial profiles of local mean gas temperature
and gas species concentrations (O2, CO2, C3H8 and CO) for
flame A, respectively. Identical comparisons for flames B
and C may be found in Meunier28. On the whole the quality
of the predictions is fairly good, except near the burner
region where the flame width and the fuel concentrations are
overpredicted. It is also evident that the mathematical model
predicts a faster conversion of CO to CO2 than that observed
experimentally.

Figures 9 and 10show the measured axial profiles of
local mean NOx concentrations and equivalence ratios for
flames A, B and C, respectively. The equivalence ratio in

Figure 10represents the ratio between the measurements of
local mean C3H8 and O2 concentrations, divided by the
same ratio at stoichiometry, which may be viewed as the
local equivalence ratio of combustion products. It can be
observed (Figure 9) that the NOx concentration rapidly
increases downstream from the injector tip, reaching a
maximum atx/d0 ¼ 50 for flames A and B andx/d0 ¼ 100
for flame C. At these positions the concentration of UHC is
significant (fuel-rich region), as indicated by the local value
of the equivalence ratio of the combustion products (Figure
10). This observation reveals that the prompt mechanism
may be the dominant formation path for NO in the present
flames. In fact, it is well accepted1–4,31 that the prompt
mechanism is initiated by fast reactions between N2 and
hydrocarbon radicals leading to the formation of HCN. The
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Figure 2 Measured axial profiles of mean O2 concentrations for flames A, B and C

Figure 3 Measured axial profiles of mean CO2 concentrations for flames A, B and C

Table 3 Summary of the initial conditions

Flame d0 (mm) u0 (m/s) Rea Fra

A 4.15 12.32 11440 3730
B 3.25 11.05 8030 3830
C 2.05 25.25 11580 31730

a Based on cold fuel properties
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Figure 4 Measured and predicted radial profiles of mean gas
temperatures for flame A (symbols: measurements; solid line:
predictions)

Figure 5 Measured and predicted radial profiles of mean O2

concentrations for flame A (symbols: measurements; solid line:
predictions)

Figure 6 Measured and predicted radial profiles of mean CO2

concentrations for flame A (symbols: measurements; solid line:
predictions)

Figure 7 Measured and predicted radial profiles of mean C3H8

concentrations for flame A (symbols: measurements; solid line:
predictions)



major contribution comes from CH1:

CHþ N2 → HCNþ N (10)

In previous measurements carried out in turbulent propane
diffusion flames by Buriko and Kuznetsov32, the NOx

concentration maximum was found to lie in the leaner
region of the flame while Takagiet al. 33 observed that
NO is likely to form in the narrow region corresponding
to the flame front where the gas temperature is maximum
and in the region not far from the fuel nozzle. However, in
all studies, NO concentration quickly reaches a marked peak
which seems to confirm the importance of the prompt
mechanism.

Figures 9 and 10also show that the NOx concentration
starts decreasing in fuel-rich regions where the concentra-
tion of UHC is still significant. In the case of flames A and
B, for example, the NO peak occurs at aboutx/d0 ¼ 50 while
the stoichiometry in the combustion products is only
reached atx/d0 ¼ 125. This result suggests that reactions
converting NO to N2 through reactions with hydrocarbon
radicals may therefore play an important role in the nitrogen
chemistry of the present flames. Under rich combustion
conditions, there is the possibility of reaction between NO
and hydrocarbon free radicals, leading to the formation of
hydrogen cyanide and eventually of molecular nitrogen
1,3,5,34. The main reaction paths in converting NO to N2

through HCN and CN are supposed to be due to the
following reactions1:

CHi þ NO → HCNþ Hi ¹ 1O (11)

HCCOþ NO → HCNOþ CO (12)

Reaction (12) was also added to the reaction scheme of
Glarborget al. 27 as described above in the presentation of
the mathematical model.

Figures 11 and 12compare the measured and predicted
radial profiles of local mean NOx concentrations using the
three models (thermal, prompt and global) for flames A and
C, respectively. Identical comparisons for flame B28 are
similar to those presented for flame A.Figures 11 and 12
show that the predictions obtained using the thermal
mechanism clearly underestimate the experimental data.
Moreover, the position of the calculated NO peaks indicates
that the thermal mechanism cannot reproduce the experi-
mental trends. The maximum calculated NO concentrations
are found in the last stages of the flame (x/d0 ¼ 125 and 150
for flame A) while the measured NO peaks are observed in
the first stages of the flame (x/d0 ¼ 50 and 75 for flame A).
The thermal mechanism cannot therefore be the dominant
path for NO formation.

Figures 11 and 12show predictions of in-flame NO
concentrations for both flames A and C obtained with the
prompt NO model using Williamset al.’s constants35 but
keeping the oxygen reaction order as initially proposed by
De Soete:

dXNO

dt
¼ kfXb

O2
XN2

X0:024
fuel exp ¹

60 000
RT

� �
(13)
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Figure 8 Measured and predicted radial profiles of mean CO
concentrations for flame A (symbols: measurements; solid line:
predictions)

Figure 9 Measured axial profiles of mean NOx concentrations for flames A, B and C



The prompt formation rate expressions initially proposed by
de Soete15 and later modified by Williams and co-workers
14,35 failed to predict the NO peak by at least one order of
magnitude. These predictions are not presented here. The
NO concentration is underpredicted using de Soete’s
expression and is overpredicted using Williamset al.’s
expression.

Eqn (13) provides a faster and greater NO formation rate
than that of the thermal model. However,Figures 11 and 12
indicate that the experimental and the prompt numerical
profiles strongly diverge in shape. Although the peak value
of predicted NO concentration is in reasonable agreement
with the experimental peak for flame A, this is not the case

for flame C where the experimental NO peak is about two
times greater than the predicted one. Moreover, the predictions
fail to reproduce the NO decrease, which is clearly observed
for flame A for axial locations beyond 100 diameters.

Finally, the solid lines inFigures 11 and 12represent the
calculations using the global NO mechanism. The global
NO concentration results, despite not being completely
satisfactory, present for both flames a fast increase in NO
concentration in the first stages of the flame followed by a
strong reduction to reach the measured NO concentration
level at the end of the combustion region. These numerical
results seem to confirm our early interpretation of the
experimental data, indicating that the prompt NO mechan-
ism is dominant in the NO formation and that the reactions
between NO and fuel radicals play an important role in the
nitrogen chemistry of hydrocarbon flames. As previously
described for laminar methane flames with the Miller and
Bowman scheme6–8, the present model predicts a very large
NO formation by the prompt NO mechanism but also a very
large NO reduction by fast reburn reactions (CHi þ NO and
HCCO þ NO). Neglecting these last reactions would
provide a strong overprediction of NO concentrations.

In general, the reasonable agreement between the NO
predictions and experimental data suggests that a good
estimate of the NO concentration field in turbulent diffusion
flames can be achieved using the flamelet concept and
reduced reaction schemes for combustion and relevant
nitrogen chemistry. This agreement is less satisfactory at the
stationx/d0 ¼ 25. This results mainly from the inadequate
predictions of the gas temperatures and major species
concentrations as illustrated inFigures 4–8. The other
sources of discrepancies between the experimental data and
the predictions can be attributed mostly to the limitation of the
present turbulence/NO chemistry modelling and to the
limitations in the simplified reaction mechanisms chosen for
propane combustion. An alternative36 would be to obtain the
concentration of the minor species needed to determine the
formation and oxidation rates of NO and HCN from flamelet
calculations rather than from steady-state assumptions.

CONCLUSIONS

The main purpose of the work reported here was to study the
specific chemical routes for the formation and destruction of
NO in turbulent propane diffusion flames. To this end,
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Figure 10 Measured axial profiles of mean fuel equivalence ratios for flames A, B and C

Figure 11 Measured and predicted radial profiles of mean NOx

concentrations for flame A (symbols: measurements; solid line:
global NO mechanism; — — —: thermal NO mechanism; - - -:
prompt NO mechanism)



detailed in-flame measurements of local mean gas tempera-
ture and local mean gas species concentrations of O2, CO,
CO2, UHC and NOx, for three flames, have been analysed
with the aid of a mathematical model. In the numerical NO
calculations, a relevant nitrogen chemistry scheme, which
included both thermal and prompt NO formation as well as
NO to HCN recycling and the conversion of HCN to NO or
N2, has been compared with both the Zeldovich reactions
and a global prompt NO reaction scheme. The main
conclusions of this study are that: (1) the prompt NO
mechanism is the dominant route for the NO formation; and
(2) the reactions between NO and hydrocarbon radicals,
recycling NO to HCN via the fuel NO reactions, play an
important role in the global NO reduction.
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