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Abstract

A numerical model has been developed to study the NOx formation during the combustion of mixtures of cellulosic and plastic fuels wi
a fixed bed reactor. The model simplifies the flow to a one dimensional succession of about 1000 perfectly stirred reactors (PSR) an
a detailed chemical model that computes 113 species involved in 893 reversible reactions, to detailed the reactive path of NOx formation. The
calculations use the PSR model included in Chemkin II. The solid phase is not solved but instead the input species are generat
experimental degradation study of the fuel. Nitrogen oxide (NO) is studied as the primary component of NOx. The model has been validated
past publication by comparison of the results with experimental measurements. The model has then been used to investigate the me
formation and destruction of the NO during the combustion process of municipal solid waste. Numerical results show that NO forms rap
the oxidation of intermediary species such as NCO, HNO and NH that originate from the fuel pyrolysis. NO consumption occurs primarily
reactions with NHi and NCO leading to the formation of N2. The ultimate formation and consumption of NO depends mostly on the prima
flowing through the fuel bed with a minimum being observed when primary air and fuel are present in proportions close to stoechiomet
 2005 Elsevier SAS. All rights reserved.
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1. Introduction

Incineration is one of the most commonly employed te
niques of treatment of Municipal Solid Waste (MSW) in E
rope, mainly because it allows a reduction of 70% of the m
and 90% of the volume of the waste. However, the biggest c
lenge for incineration remains on the transfer of pollution fr
the waste to the air, either through gaseous emissions or a

Among the major environmental concerns related to in
eration are the emissions of nitrogen oxides (NOx) that have
been shown to strongly contribute to the formation of acid r
and photochemical smog [1]. During the incineration of m
nicipal solid waste in grid furnace incinerators, NO is the ma
component of the NOx formed, representing 95% of those em
sions [2]. Therefore, it is justifiable to concentrate only on

* Corresponding author. Tel.: +33 549 49 82 90; fax: +33 549 49 82 91.
E-mail address: trogaume@dug.chanzy.univ-poitiers.fr (T. Rogaume).
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establishment of the main variables controlling NO. Incinera
temperatures are in the range of 1173–1323 K [3], and com
tion is generally lean, as shown by typical residual oxygen
els comprised between 6 and 12%, therefore the quantity o
formed by means of the thermal and prompt mechanisms ca
considered negligible [4]. The main formation path, respons
for more than 95% of the nitrogen monoxide produced du
incineration of MSW is through the fuel-NO mechanism [
Thus modifications of the combustion processes bear a
potential for reducing NOx emissions.

For a successful application of the different primary te
niques of reduction, the governing parameters must be e
ated very carefully and the knowledge of the kinetic mechan
of NO formation must be known precisely. The formation
NO from the fuel has been well described for the combus
of different materials [6,7] but not for heterogeneous mixtu
of materials such as cellulosics and plastics such as mu
pal waste. The nitrogen from HCN and from NH3 have been
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identified as the two main sources for NOx and on the basi
of this premise general mechanisms of formation of NO h
been proposed [7]. Furthermore, the particular paths for
formation have been linked to fuel properties through the
volatilisation products [7].

Application of this type of mechanisms and methodolog
to the incineration of MSW has not been addressed in de
Furthermore, optimisation of the combustion process in o
to reduce the gaseous emissions requires detailed knowled
the principal reactive zones within the furnace. This inform
tion remains unavailable for MSW incinerators. In an attem
to fill this gap, Rogaume et al. [8] presented a description of
reactive zones for a fixed bed incinerator of a fuel mixture r
resentative of MSW. Based on this experimental study a nu
ical model was developed and used to predict different pollu
species [9,10]. Good agreement between numerical and ex
mental results served as validation to the model. Here, the s
model is used to establish the different reaction mechan
leading to the formation and destruction of NOx and their rela-
tionship with the different reaction zones. A sensitivity analy
is carried by systematically varying the oxidizer supply to
reaction, through the fuel (primary air) and later into the
phase combustion region (secondary air).

2. The combustion model

The architecture of the model has been presented in
tail in Rogaume et al. [9,10] and only a brief summary w
be presented here. The model permits the simulation of
combustion process within a counter flow fixed bed reac
A schematic of the reactor is presented in Fig. 1. Details
the reactor characteristics and experimental procedures c
found in Rogaume et al. [8]. Direct study of MSW poses sign
cant problems because of its heterogeneous nature and the
plexity and toxicity of some of its minor components. The
fore, here only the main components have been used (w
cardboard, PET and polyamide) and are mixed in proport
consistent with those found in MSW: 41% of wood, 37%
cardboard, 19% of PET and 3% of polyamide.

Fig. 1. Schematic of the reactor indicating the basic structure used fo
model.
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It is usually assumed that combustion of MSW can be
vided into three steps [8,11]; degradation of the waste, c
bustion of volatile gases and char burnout. Rogaume et a
showed that for the present fuels, degradation could be co
ered as pure pyrolysis with little or no heterogeneous oxida
present. The combustion of the volatile gases takes plac
three different reactive zones: the primary zone where the p
ucts of pyrolysis burn with the primary air, form the top of t
solid bed to the secondary zone, the secondary zone, whe
products issue from the primary zone burn with the secon
air (introduced through ports axially distributed), and a terti
zone or cool down region where the combustion ends. Past
ies have demonstrated that char burnout is negligible for t
particular fuels [8,9], in our conditions. For modelling purpo
fuel intake will be defined by pyrolysis and char burnout will
neglected and only the gas phase combustion will be descr

Detailed modelling of both chemistry and transport is of
treme complexity for these reactors and generally requires
computations. The benefit of this type of models is never
less not clear since the assumptions, related to both tran
and kinetics, tend to be very strong. Since the main objec
of the study is NOx formation, emphasis is given to combusti
chemistry and a simplified approach to the flow is introduce

Antifora et al. [12] reveal that in the case of nitrogen o
ide formation reactions, a detailed chemistry is needed.
thermore, Vitali et al. [13], working on the optimisation
re-burning via modelling, demonstrated that a detailed che
cal mechanism with a simplified representation of mixing co
be used not only to explore the chemistry process but als
identify ranges of process parameters that give optimum
formance. This approach requires embedding all the nece
detail in the chemistry of formation/reduction of the NOx. On
the basis of these conclusions, a detailed and comprehe
kinetic model is applied to a network of ideal reactors buil
approximate in one dimension, the three-dimensional flow fi
within the furnace. The literature sites further examples wh
this approach has been privileged to predict formation of Nx

[11–14].
The reactor is broken into a multitude of separate d

where the input of one is the output of the one upstre
as shown in Fig. 1. Transport will be simplified to a on
dimensional flow and turbulence will be assumed to be ho
geneous within each reactor. Each reactor can be then co
ered as an adiabatic Perfectly Stirred Reactor (PSR). This
struction of the model is similar that the use of plug flow reac
but it permits to take into account the injection of the second
air, what is not possible with a plug flow. The chemistry o
curring within the reactor is established using Chemkin II [1
Several kinetic models have been developed to study NO
mation in conditions similar to the present ones [7,16,17]
this work, due to the composition of the gases introduced
pyrolysis, the detailed kinetic model proposed by Dagaut e
[18], and composed by 112 species involved into 892 revers
reactions was used. Justification of this choice and the add
of a dissociation reaction for CH3CONH2 (which is a product
of the pyrolysis of polyamide) has been described elsew
and will not be detailed here [9,19]. The computer progr
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was developed to make use of Chemkin II [15] with the P
model [20]. The model requires the definition of a local te
perature, for this purpose experimental values have been
as input values [8]. All results were obtained with at least 1
PSR being deemed as sufficient resolution to obtain inde
dence of the results from this parameter and to optimize tim
calculation.

For initialisation the program requires the knowledge of
volatile products generated by the thermal degradation of
solid. This composition, which formed the initial condition
start the simulation in the first PSR has been obtained ex
imentally using a tubular furnace [9]. To complete the rec
struction of the components that could not be measured, va
from the literature have been incorporated. The complete
construction of the 1400 grams of fuel present in the react
presented in molar percentage. The composition of the p
ucts of pyrolysis assumed to be 35.75% of CO, 5% of C2,
12.8% CH4, 9% C6H6, 0.18% CH3CONH2, 0.4% HCN, 0.1%
NH3, 0.03% NO, 13.7% H2, 0.23% HNCO, 22.9% OH. Detail
on the methodologies and procedures are presented in Re
Too much information that is needed to assess this work is
sented in past papers [9].

3. Results

3.1. Validation of the model

The numerical model was benchmarked against a s
of experimental results [8]. The measured NO concentrat
show good agreement with the model foreT � 2 (Fig. 4). For
eT > 2 the model over predicts the NO concentration for
lower values of the primary air, the production of NO seem
be better estimated fore1 = 1.8. The numerical model uses th
kinetic model developed by Dagaut et al. [16] which has b
validated for an equivalence ratio between 0.7 to 2.5, there
it is not surprising that when the overall equivalence ratio g
below 0.5(eT = 2) that errors can arise. These errors seem
be magnified when the local equivalence ratio in the secon
zone of combustion decreases keeping this region well be
the minimum equivalence ratio for with the kinetic model h
been validated. The symbols mod. represent the obtained
the model and the symbols exp. referred to the experimenta
sults. (See Fig. 2.)

The results for the residual oxygen concentration are
sented in Fig. 3. The symbols mod represent the obtained
the model and the symbols exp. referred to the experime
results. As expected, the amount of oxygen left over incre
with the excess air in an almost linear fashion. The model
dicts very well the trends but nevertheless consistently o
predicts the oxygen concentration by about 15%. The over
diction could be attributed to the oxidation of the combust
products between the reactor and the analyzer. Temperatu
the exit of the reactor, which corresponds to the modeling
main, are still high and further oxidation can be expected.

The concentrations of CO2 are presented for 1.7� eT � 2.4
in Fig. 4. The range of excess air presented was limited to
conditions most commonly employed during the incineration
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Fig. 2. Comparison of the measured and predicted NO profiles as a fun
of the total excess air for different values of the primary excess air(e1). exp.:
measured point, mod: predicted.

Fig. 3. Comparison of the measured and predicted residual oxygen conc
tion at the exit of the reactor and as a function of the total excess air for diffe
values of the primary excess air(e1). exp.: measured point, mod: predicted.

Fig. 4. Comparison of the measured and predicted CO2 concentrations at the
exit of the reactor and as a function of the total excess air for different valu
the primary excess air(e1). exp.: measured point, mod: predicted.

municipal solid wastes. The results show good agreemen
tween the measured CO2 concentrations and the model, part
ularly for 1.8� eT � 2.2. As expected, no systematic influen
of the primary air on the results could be observed. Furt
more, CO2 concentrations remain almost constant indicat
that, within the range of flow rates studied, carbon oxidatio
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Fig. 5. Typical evolution of (a) the nitrogenous species across the reacto
tween the top of the solid bed to 20 cm up and (b) between 20 cm to
top of the bed to the exhaust. Combustion occurs with a primary airflow
Q1 = 50 N·m3·h−1 (corresponding to a primary excess air,e1 = 1) and a sec-
ondary airflow ofQ2 = 35 N·m3·h−1 (corresponding to a secondary excess
e2 = 0.7).

not limited by oxygen supply but by the kinetics of the react
and that the oxygen concentration into the furnace is suffic
to have a quasi-complete combustion. The symbols mod re
sent the obtained with the model and the symbols exp. refe
to the experimental results.

3.2. Evolution of the nitrogenous species

To be able to identify the important reaction pathways it re
vant to track the evolution of the different species in the con
of the different reactions involved. The structure of the mo
allows the possibility of determining the gas composition at
output of each PSR providing a mapping along the reactor.

Figs. 5(a) and 5(b) show the evolution of nitrogenous spe
along the reactor for a representative condition of combus
The species shown are only those that are expected to play
nificant role in the production of NO. Omitted from the plot a
NCO, NH, HNO and NH2 that are also recognized as importa
intermediary species to the production of NO. These radi
are not presented because their destruction rates are sim
their production rates, thus, cannot be tracked.

Fig. 5 demonstrates that a first reacting zone is identified
tween the fuel degradation surface (height= 0 cm) and 10 cm
e-
e
f

t
e-
d

-
t
l

s
.
ig-

ls
to

-

above. Consumption of the products of pyrolysis (HCN, HN
and NH3), in majority by oxidation, occurs in this zone. It ca
be seen that initially HCN and HNCO are consumed slo
(� 3 cm). During this time, the concentration of NH3 increases
due to the decomposition of CH3CONH2. The increase in con
centration of O and OH radicals results in the consumptio
HCN, HNCO and NH3 leading to the production of NO, N2O
and N2 [7]. This zone corresponds to the formation of NO a
the pertinent reactions take place quickly early on, betwe
and 6 cm (Fig. 5). NH3 is oxidised faster than HNCO, wit
HCN being the last one to be consumed. It is important to
tice that NO is formed more rapidly than N2O and N2 and it
will only react later to form N2O and N2. The concentration
curve for N2O is presented in Fig. 2(a) but that for N2 has been
omitted for clarity of presentation. It is important to note th
even after NO formation (> 5 cm) HCN and HNCO are not to
tally consumed. The N2 and N2O concentration curves follow
the same trend, but concentrations are much higher thus
distort the scale of the plot. The oxidation of the different pr
ucts to go to NO is achieved mostly with the radical O, and
lesser importance, with the radicals OH and H. The NO c
ing directly from the degradation of the combustible is direc
oxidized to form NO2 that will further react to form other com
bustion products.

In a second zone, between 10 and 63 cm, the concentr
of the different intermediates are low, and their role negligib
Once HCN and HNCO have been fully consumed a double
for the slow destruction of NO follows. On the one hand oxi
tion leads primarily to the production of N2 but also, to a lesse
extent, to the production of NO2. The reduction of the NO con
centration takes place until the injection of the secondary a

The injection of the secondary air is staged in three
els located respectively at 63, 83 and 103 cm. The descrip
of the profile of evolution of the species allows the identifi
tion of a third reaction zone. Eventually, the concentration
NO2 and NH3 start to decrease while the NO concentration
tains a steady value. Indeed, in a first step, the injection o
secondary air contributes slightly to the formation of N2 and
consequently to a reduction of the emissions of NO. The
changes in concentration occurring at this stage are due to
tion brought by the injection of air.

After the third injection port the different species concen
tions do not evolve anymore identifying the end of the comb
tion.

As mentioned before, the information presented in Fig
does not allow studying the intermediate radicals (NH, H
and NH2) of proven importance to the formation of NO [7
Furthermore, it does not allow describing the species that
react and reduce NO. It is therefore necessary to study th
action mechanisms of NO formation. The PSR model give
output the rates of all chemical reactions within the combus
mechanism. Therefore it is possible to determine the evolu
of particular species from the calculation of the global rate
formation and consumption. The construction of the chem
pathways has been done using those global rates at eac
of the reaction. The output rates for 50 specific PSR, cho
at critical locations from diagrams such as Fig. 5, have b
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used to follow the nitrogenous species. Tracing the NO pa
is possible to determine the principal intermediates and r
tions leading to its formation or destruction and to back tr
these steps until reaching the original products of pyrolysis
inert species. This allows the construction of a reaction path
the formation and consumption of NO.

4. Reactive path analysis

Fig. 6 identifies the reacting path for the formation of NO
developed following the methodology presented above. Fi
shows that NO is formed from the nitrogen contents of the
through three main steps. First, pyrolysis of the waste lead
the formation of HCN, NH3, HNCO and CH3CONH2 (and di-
rectly a small part of NO). These species appear on Fig. 5(
height equal 0. Then, those components react to form the
cipal intermediates that are NCO, NH and HNO.

• HNCO conduct directly to the formation of NCO and rea
to form NH2 and than NH;

• HCN is oxidised to form NCO directly or through the fo
mation of the radical CN and
it
c-

d
r

6
l
to

at
-

• NH3 reacts to form NH2 that will lead to the formation o
NH and HNO.

The reactions take place in the previously described first z
and occur principally with the radicals O, OH and H which or
inate mainly from the dissociation of the oxygen and the wa
Finally, NCO, NH and HNO will lead to the formation of NO
Equilibrium conditions between NO and NO2 can be observe
in this zone.

It is important to note the preponderance of the radica
which highlights the importance of the local concentration
oxygen and thus the primary air. This result is in accorda
with the description of the yield of formation of the NO throu
the fuel mechanism described by De Soete [4]. During
phase of NO production, part of the NO formed is conver
to N2. Nevertheless, the rate of consumption of NO is less
portant than its rate of production. We remark than N2 is not
formed directly from the products of degradation, but is form
from the NO.

In a similar manner it is possible to establish the chem
mechanism of consumption of NO. The corresponding reac
schema is presented in Fig. 7. NO is principally consumed
NH2, NH and NCO to form molecular nitrogen. This consum
Fig. 6. Reacting path analysis of formation of NO and N2.

Fig. 7. Reacting path analysis of consumption of the NO.
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tion is done directly or through the formation of NNH and N2O.
NO can also react with HCCO and CH3 to generate HCN o
conduct to the formation of NH2 through reaction with HNO
and H2NO. The choice of the reducing pathway and the yi
of reduction is dependant of the excess air of combustion.

The schema of NO destruction is quite simple but it is
portant to identify how the reducing species are generated.
reducing species are formed by three mechanisms illustrat
Fig. 7:

• Initially, NCO is generated by the oxidation of HNCO a
HCN. This oxidation can be direct or through the interm
diate species CN.

• Then, NH2 and NH appear as products of the oxidation
ammonia or from the reduction of NO. Ammonia orig
nates from the fuel degradation and from the dissocia
of CH3CONH2 (Fig. 6). It is important to note that NH2
and NH can also form HNO, which in turn is oxidised
form NO, but the rate of this reaction is low.

• HCCO and CH3 come from the reaction of the hydroca
bons species.

NO remains in equilibrium with NO2 but the equilibrium
condition is directly dependent on the oxygen concentrat
An increase of the oxygen concentration favours the forma
of NO. The formation of the different species participating
the destruction of NO is primarily dependent on the concen
tion of the OH radical.

In summary, the final product of the oxidation of nitrog
nous compounds is N2, which according to the schemas abo
is formed by the reduction of NO. The main reactions le
ing to the formation of NO occur in the first combustion zo
close to the fuel surface, and are highly dependent on the
ence of the O radical. Thus the oxygen concentration in
region, and thus the primary air, appears to be the critical
rameter influencing the formation of NO. Transformation
NO into N2 depends on the primary excess air and will oc
through the intermediary species NH2, NH and NCO and will
occur mainly in a second combustion zone preceding the
gion of secondary air injection (10–103 cm). The formation
these species is strongly influenced by the oxygen conce
tion. A high oxygen concentration will lead to a weak prese
of the intermediary species. So, for the second reaction z
high oxygen concentration will lead to the inhibition of NO r
duction. Formation and reduction of NO can thus be dire
linked to the primary air.

The present results concentrate on conditions where the
mary air is greater than the stoechiometric requirement.
numerical results also show that in the event that the prim
air is smaller than stoechiometric the main reaction front is
placed towards the first secondary air injection port where
is mostly formed following the same paths as indicated ab
Under these conditions, the low temperatures in this zone o
reactor hamper NO reduction.
e
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5. Influence of primary and secondary air

Fig. 8 compares NO emissions against primary and
ondary excess air. A set of experimental results is prese
together with numerical results corresponding to the exp
mental conditions. There is good agreement between calcu
and experimental results. A parametric study of the reac
zone temperatures(T1, T2) and the fuel consumption rate is al
included in Fig. 8. It is important to reiterate that the valu
of the fuel consumption rate and the temperatures for both
action zones (T1: primary zone of combustion,T2: secondary
zone of combustion) are obtained from the experimental d
Fixing these three parameters deviate the conditions from t
observed experimentally, since the burning rate and the tem
atures are functions of the excess air. Nevertheless, this lim
parametric study provides a sense of the independent effe
each variable.

It is necessary to clarify that changes in the primary
flow will have an impact on the fuel consumption rate and

(A)

(B)

Fig. 8. (A) Influence of the primary excess air, (B) influence of the secon
excess air on the formation of NO for four different experimental conditio
All emissions are given in mg of pollutant/gram of fuel burnt.T1 represents the
average temperature in the primary zone of combustion,T2 in the secondary
zone andtc the time to total fuel consumption. (a)e2 = 0.8, T1 = 1213 K,
T2 = 1213 K andtc = 540 seconds. (b)e2 = 0.9, T1 = 1233 K,T2 = 1283 K
and tc = 485 seconds. (c)e2 = 1, T1 = 1293 K, T2 = 1303 K andtc = 500
seconds. (d)e2 = 1, T1 = 1203 K, T2 = 1273 K and tc = 520 seconds
(e) e1 = 1.8, T1 = 1213 K,T2 = 1213 K andtc = 540 seconds. (f)e1 = 1.1,
T1 = 1233 K,T2 = 1283 K andtc = 485 seconds. (g)e1 = 1.4, T1 = 1293 K,
T2 = 1303 K andtc = 500 seconds. (h)e1 = 1.8, T1 = 1203 K,T2 = 1273 K
andtc = 520 seconds.
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the temperatures of both the zones of air injection. In cont
changes in the secondary airflow will affect only the tempe
ture of the zone of secondary air injection. The complex
uneven nature of the couplings makes it impossible to sep
one parameter while keeping all others constant, thus the
to limit the parametric study.

Four sets of conditions based on experimental data are
sented. The corresponding excess air is varied and the evol
of NO is described. Fig. 8 shows the evolution of the NO c
centration at the outlet of the reactor as a function of the prim
air (A) and the secondary air (B). The study of the influence
the primary excess air has been done keeping the seconda
cess air constant and inversely for the study of the influenc
the secondary excess air. It can be observed that the NO
duction decreases with the primary air fore1 < 1, an inflection
point occurs ate1 ≈ 1 and from then on the NO concentrati
increases almost linearly withe1. This trend is consistent for a
conditions modelled. Fore1 < 1 it can be observed that all th
data collapses to one single curve indicating that under t
conditions temperature has a minor effect on the productio
NO, the controlling mechanism clearly being the availability
oxygen. An increase in the secondary air seems to have littl
fect on the inflection point and on the total NO production
e1 < 1. Fig. 8(B) shows data fore1 > 1. Fore1 > 1 highest NO
production is given for condition (g) and the lowest for con
tion (f). The influence ofT1 is thus evident when a surplus
oxygen is available. Conditions in the zone of secondary ai
jection seem to have only a minor effect on the ultimate
concentrations.

(a) The evolution of the NO production with the secondary
flow demonstrates that no change of combustion reg
can be observed indicating that the two zones observed
viously are only a function of the primary airflow. Furthe
more, it can be seen that if the temperatures in the reac
zones remain constant, NO production is somehow in
sitive to the oxygen concentration in the secondary z
of combustion. This observation is in contradiction w
the experimental observations, thus providing evidence
temperatures in the zone of secondary air injection do h
a role in the ultimate concentration of NO. The temperat
of the secondary zone of combustion is increased with
secondary airflow, and consequently the NO concentra

6. Conclusions

A computational model was developed to study the prod
tion of pollutants during the incineration of a fuel mixture th
resembles urban waste. The results of the model have
compared with experiments conducted in a fixed-bed rea
that allows for primary and secondary air injection. Expe
mental results and model predictions showed good qualita
agreement.

The numerical model has been used to establish the prim
chemical pathways and their occurrence at each specific
tion within the reactor. It can be concluded that NO format
occurs primarily just above the fuel degradation front (betw
t,
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the top of the bed and 12 cm above) and its rate is define
the presence of the radicals O, OH, and H. The formatio
NO from the fuel can be divided into three different steps:

• The pyrolysis of the combustible generates the produc
of HCN, NH3, HNCO, CH3CONH2 and a small amount o
NO. CH3CONH2 will dissociate itself to form NH3.

• HCN, NH3, HNCO react with the radicals, to form th
principal intermediates of the formation of NO that a
NCO, NH and HNO. This step takes place between 6
10 cm above the combustible. It is important to note
importance of the local oxygen concentrations for this s
through the O radical.

• NCO, NH and HNO react to form NO.

The reactions of formation of NO are quite dependant of the
cal concentration of oxygen, so of the primary excess air. W
the primary excess air is less than 1, an increase of this
generates a reduction of the NO emissions and inversely fo
primary excess air upper than 1, the NO emissions increase
this parameter.

The destruction of NO occurs in two different location
First, N2 and NO2 are formed from NO before the seconda
air injection. This reduction regenerates NH3 and occurs in the
presence of the radicals NH2, NH and NCO. During this phas
we notice the preponderance of a reducing atmosphere as
as the radical OH. In the secondary combustion zone the p
ence of oxygen favours the reduction of NO emissions but
the generation of NO through oxidation of the last incomp
products of combustion. The two different reactions lead
net increase in the production of N2.

The study demonstrates that the NO yield is dependent o
oxygen concentration. The study of the influence of the ex
air demonstrate that primary excess air is the predominan
rameter because it influences the concentration of NO for
as well as the levels of the reducing species. A primary ex
air of one seems to be the most favourable condition since
influence of the secondary excess air is negligible.
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