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a b s t r a c t

A numerical model has been developed (Chemkin) to study combustion processes in a fixed-bed reactor.
The test section is divided into several successive Perfect Stirred Reactor (PSR). At the entry, the thermal
degradation species of the solid are used as input and at the exit the exhaust gases are recovered.
Comparison of previously experimental results and the current model output has been compared with
good agreement. The model has been used to establish the reaction pathways at different locations in the
reactor. This has allowed defining what is occurring at each specific location of the reactor. A sensitivity
study has been conducted varying the different operating parameters. The reaction pathways and
sensitivity study have shown that the production of NO is controlled mostly by local oxygen concen-
tration, thus the location of the NO production region depends mostly on the primary air injection.
Temperature can have a significant effect on the global NO output, but only if enough oxygen is available
for the reactions to proceed. Reduction reactions appear almost insensitive to temperature.

� 2009 Elsevier Masson SAS. All rights reserved.
1. Introduction

Incineration is one of the most commonly employed treatment
processes for Municipal Solid Waste (MSW) in Europe, mainly
because it allows a reduction of 70% of the mass and 90% of the
volume of the waste. However, the biggest challenge for incinera-
tion remains on the transfer of pollution from the waste to the air,
either through gaseous emissions or ashes. Among the major
environmental concerns related to incineration are the emissions of
nitrogen oxides (NOx). NOx has been shown to contribute strongly
to the formation of acid rain and photochemical smog [1].

During the incineration of municipal solid waste in grid furnace
incinerators, NO is the major component of the NOx formed, rep-
resenting 95% of those emissions [2]. Therefore, it is justifiable to
concentrate only on the establishment of the main variables
controlling NO. The main formation path, responsible for more than
95% of the nitrogen monoxide produced during incineration of
MSW is through the fuel-NO mechanism. Incinerator temperatures
are in the range of 1173–1323 K [3,4], and combustion is generally
lean (typical residual oxygen levels range between 6 and 12%)
therefore the quantity of NO formed by means of the thermal and
prompt mechanisms can be neglected [5,6].
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The formation of NO from the fuel has been well described in the
past [5,7,8] leading to the development of general mechanism of
formation for NO [7], nevertheless the specific paths to be followed
are affected both by the nature of the fuel and the conditions of
combustion.

The pyrolysis process defines the global concentration of reac-
tants, but the production of the different species is also influenced
by local combustion conditions. In particular, the fuel-NO mecha-
nism is principally controlled by the local oxygen concentration
[5–7]. Optimisation of the combustion process therefore requires
management of both the fuel gasification conditions and the detail
knowledge of the principal reactive zones of a furnace. The detailed
information required for optimal burning conditions continues to
remain generally unavailable for MSW incinerators.

Characterization of the pyrolysis process and the subsequent
fuel input into the gas phase for the model MSW of this study was
conducted together with a general description of the reactive zones
[8]. The authors established three distinctive combustion regimes
defined by the global equivalence ratio at the onset of the
combustion process. In a later study, a numerical model was
developed and validated to attempt prediction of different
pollutant species [9,10]. The present study extends the past work
[9,10], to study the different chemical reaction pathways leading to
the formation of NO as a function of the different combustion
regimes present in a furnace. The fuel remains the model MSW

mailto:trogaume@univ-poitiers.fr
www.sciencedirect.com/science/journal/12900729
http://www.elsevier.com/locate/ijts


Fig. 1. Schematic of the reactor indicating the basic structure used for the model.
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described in Ref. [8] and the air supply is the main operational
parameter studied.
2. The combustion model

The architecture of the model has been presented in detail in
Refs. [9,10] and only a brief summary will be presented here. The
model allows simulating the combustion process in a counter flow
fixed-bed reactor (Fig. 1). Details on the reactor characteristics and
experimental procedures can be found [8].

The analytical study of a solid waste incinerator is strongly
limited by the uncertainty in fuel composition and by the
complexity of the different processes involved. A conventional way
of conducting a parametric study of the different processes
affecting waste incineration relies on the use of a standardised fuel
and a geometry that enables good control and repeatability. For this
study the fuel is generated in the laboratory with a mass compo-
sition that is representative of typical European municipal waste,
composed of 41% of wood, 37% of cardboard, 19% of PET and 3% of
polyamide.
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Fig. 2. Comparison of the measured and predicted NO profiles as a function of the total
excess air.
It is usually assumed that combustion of MSW can be divided
into three steps [8,11,12]: degradation of the waste, combustion of
volatile gases and char burnout. For the present fuel the degrada-
tion step can be considered as pure pyrolysis with little or no
heterogeneous oxidation present [8]. The combustion of the vola-
tile gases takes place in three different reactive zones (Fig. 1): the
primary zone where the products of pyrolysis burn with the
primary air (introduced through the fuel), the secondary zone,
where the products issue from the primary zone burn with the
secondary air (introduced through ports axially distributed), and
a tertiary zone or cool down region where the combustion ends. For
modelling purposes fuel intake will be defined by pyrolysis and
char burnout will be neglected and only the gas phase combustion
will be described by the model [8,9].

Detailed modelling of both chemistry and transport is of
extreme complexity for these reactors and generally requires
extremely long computations. The benefit of this type of models is
nevertheless not clear since the assumptions, related to both
transport and kinetics, tend to be very strong. It is therefore
common practice to simplify those processes that are deemed to
have a lesser effect on the variables to be studied, in this case NOx

production.
In the case of nitrogen oxide formation reactions, a detailed

chemistry is needed [13]. Furthermore Vitali et al. [14] working on
the optimisation of re-burning via modelling, demonstrated that
a detailed chemical mechanism with a simplified representation of
mixing can be used not only to explore the chemistry but also to
identify ranges of process parameters that give optimum perfor-
mance. This approach requires embedding all the necessary detail
in the chemistry of formation/reduction of the NOx. Following these
conclusions, a detailed kinetic model is applied to a network of
reactors where the flow field is not resolved. The literature cites
several examples where this approach has been followed to predict
the formation of NOx [12,15]. Each individual reactor corresponds to
a separate disk and the input of one is the output of the one
upstream, see Fig. 1. Transport within the reactor is simplified to
a zero-dimensional flow and turbulence will be assumed to be
homogeneous within each reactor. Each reactor can be then
considered as an adiabatic Perfectly Stirred Reactor (PSR). The
temperature in each PSR is fixed and computed from the
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Fig. 3. Comparison of the measured and predicted residual oxygen concentration at the exit of the reactor and as a function of the total excess air.

T. Rogaume et al. / International Journal of Thermal Sciences 49 (2010) 443–453 445
experiments. The chemistry occurring within the reactor is estab-
lished using Chemkin II [16].

It was established experimentally that the reactor temperature
ranges between 1100 and 1300 K and the pressure can be consid-
ered to remain atmospheric [8]. The local equivalence ratio, in each
different zone of combustion, is generally expected to range
between 0.5 and 1.1. Although the experimental conditions show
that the local global equivalence ratio ranges between 0.4 and 1.7,
the local values affecting combustion are most likely situated
between 0.5 and 1.1 [8]. Furthermore, it was shown that most of the
gases introduced by pyrolysis are carbon oxides and light hydro-
carbons (CH4, C2H2, C2H4, C2H6) and hydrogen. Therefore, several
kinetic models can be potentially used [7,17–19]. Nevertheless, the
presence of aromatic compounds and small concentration of C3H6,
C3H8 and C6H6 make necessary for the kinetic model to take into
account these species. This limits the choice to the detailed kinetic
model developed by Dagaut et al. [19]. This detailed reaction
mechanism consists of 112 species involved into 892 reversible
reactions. The dissociation reaction associated to CH3CONH2, which
is a product of the pyrolysis of polyamide [20] has been added.
Dagaut et al. [19] establish that the temperature of application of
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Fig. 4. Comparison of the measured and predicted CO2 concentrations
the model ranges between 1000 and 1450 K which is within the
bounds of the experimental conditions, nevertheless the equiva-
lence ratio for which the model has been validates is limited to
0.7–2.5 which overlaps but does not include the entire range of
experimental values. This issue will be discussed in next sections.

A computer program was developed to make use of Chemkin II
[16], together with the model for a PSR created by Glarborg et al.
[21]. All results were obtained with at least 1000 PSR. This number
was deemed as being sufficient to obtain independence of the
results from this parameter [9]. For the reactors corresponding to
the secondary air injection ports a special subroutine was written to
distribute the air so that the residence time is consistent with the
experimental conditions.

For initialisation, the program requires the knowledge of
the volatile products generated by the thermal degradation of
the solids. This composition forms the initial condition to start the
simulation in the first PSR. The results given by this first disc (first
PSR) are placed in a file and are the initial conditions for the second
disc and so forth. The composition of the volatiles has been
experimentally determined using a tubular furnace [9,10]. To define
the concentrations of the components that could not be measured,
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at the exit of the reactor and as a function of the total excess air.
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Fig. 5. Example of evolution of the nitrogenous species across the reactor for a primary excess air e1<1.
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values from the literature were incorporated. The complete
reconstruction of the 1.4 kg of fuel present in the reactor is given in
mol%. Therefore, the composition of the volatiles was defined as:
35.66% of CO, 5% of CO2, 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 (coming
from the very fast reaction of dissociation of the water).
3. Experimental results and model validation

The numerical model was benchmarked against a series of
experimental results obtained by Rogaume et al. [9,10]. Fig. 2 shows
NO emissions as a function of the total excess air, eT. The total excess
air is obtained from the imposed flow rate and the rate of fuel
consumption and is equal to (1/equivalence ratio). The rate of fuel
consumption is a function of the primary air, thus needs to be
defined from the experimental results.

The measured NO concentrations show good agreement with
the model for eT� 2 (Fig. 2). For eT> 2 the model tends to over
predict the NO concentration. As indicated in a previous section,
the numerical code uses the kinetic model developed by Dagaut
et al. [19] which has been validated for an equivalence ratio
between 0.7 and 2.5, therefore it is not surprising that when the
overall equivalence ratio goes below 0.5 (eT¼ 2) errors can arise.
These errors seem to be magnified when the local equivalence ratio
in the secondary zone of combustion decreases keeping this region
well below the minimum equivalence ratio for which the kinetic
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model has been validated. Although the results show over predic-
tion of NO under certain flow conditions, model and experiments
seem to follow similar trends and produce quantitatively similar
results.

The results for the residual oxygen concentration are presented
in Fig. 3. As expected, the amount of unused oxygen increases with
the excess air in an almost linear fashion. The model predicts very
well the trends but nevertheless consistently over predicts the
oxygen concentration by approximately 15%. The over prediction
could be attributed to further oxidation of the combustion products
between the reactor and the analyzer. Temperatures at the exit of
the reactor, which corresponds to the modelling domain, are still
high and further oxidation could be expected.

The concentrations of CO2 are presented for 1.7� eT� 2.4 in
Fig. 4. In this case, the range of excess air presented was limited to
the conditions most commonly employed during the incineration
of municipal solid waste. The results show good agreement
between the measured CO2 concentrations and the model.
Furthermore, CO2 concentrations remain almost constant indi-
cating that, within the range of flow rates studied, carbon oxidation
is not limited by oxygen supply but by the kinetics of the reaction.
4. Numerical results and discussion

Global measurements provide an indication of the effectiveness
of the present model. Nevertheless, it is important to resolve the
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local effects of primary and secondary injection. This is necessary
because fuel NO production is strongly dependent on the local
oxygen concentration. In this section the major rates of the
different formation and consumption reactions for each species are
presented to establish a map of all the intermediate species along
the reactor. Three scenarios have been studied, e1<1, e1¼1 and
e1>1, but e1¼1 and e1>1 show very similar trends, therefore
e1¼1 and e1>1 will be grouped as a single case.

Figs. 5–7 present the evolution of the nitrogenous species as
a function of the location in the reactor, with ‘‘0’’ being the fuel
surface and ‘‘160’’ the exhaust of the reactor. The injection of the
secondary air is staged in three levels located respectively at 63, 83
and 103 cm. The species shown are only those that are expected to
play a significant role in the production of NO. Omitted from the
plot are NCO, NH, HNO and NH2 that are also recognised as
important intermediary species to the production of NO. These
radicals are not presented because their destruction rates are
similar to their production rates, thus their concentrations cannot
be tracked track.

Fig. 5 shows that for the case of e1<1, the oxidation of nitrog-
enous species does not occur in the primary zone of combustion
but takes place in the secondary one. The oxygen supplied to the
reaction from the primary air injection is not sufficient for
a complete oxidation of the pyrolysis products generated from the
degradation of the fuel. At the first port of secondary air injection
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(63 cm) there is still significant concentrations of NH3 and HCN. The
oxidation is then mostly completed at the first port of secondary air
injection with only NH3 present downstream of this port. NH3 will
be fully consumed at the second port of secondary air injection
(83 cm). The oxidation of NH3 and HCN leads to the increase in NO
and N2 concentrations. Downstream the NO form will be slowly
reduced to form N2. After the third injection port the different
species concentrations do not evolve anymore identifying the end
of the combustion.

Figs. 6 and 7 show the evolution of the nitrogenous species for
e1�1 obtained under exactly the same conditions. Fig. 6 shows in
detail the region close to the pyrolysis front, while Fig. 7 shows the
region downstream of the primary zone of combustion.

Fig. 6 shows a first reacting zone that is characterized by the
consumption of the primary products of pyrolysis via oxidation
(HCN, HNCO and NH3). This region corresponds to the first 12 cm
above the pyrolysis zone. It can be seen that initially HCN and HNCO
are consumed slowly (�6 cm). In this region, the concentration of
NH3 increases due to the decomposition of CH3CONH2. Approxi-
mately 6 cm downstream of the pyrolysis front there is an increase
in concentration of O and OH radicals that will accompany the
consumption of HCN, HNCO and NH3 leading to the production of
NO, N2O and N2 [8]. In this zone it will be expected to see significant
presence of NCO, NH, HNO and NH2 that are important interme-
diates but being radicals, their destruction rates are similar to their
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production rates, thus, cannot be tracked. It is important to notice
that NO concentrations are higher than those of N2O. This rein-
forces the theory that NO is first formed and then reacts to form
N2O and N2.

Between 12 and 60 cm, the concentration of the different
intermediates is low, and their role is negligible. Indeed, once HCN
and HNCO have been fully consumed a double path for the slow
destruction of NO follows. On the one hand oxidation leads to the
production of N2 and N2O and reduction regenerates NH3. The
reduction of the emissions of NO takes place until the injection of
the secondary air. A more detailed observation of the compounds
present at this stage shows that reduction is achieved in the pres-
ence of the radicals NH2, NH and NCO (see Figs. 8–13).

In the secondary zone of combustion, the production of NO2 and
NH3 decreases together with a deceleration in the consumption of
NO. Eventually, the concentrations of NO2 and NH3 start to decrease
while the NO concentration attains a steady value. The injection of
the secondary air leads to a reduction of the emissions of NO to
form principally N2. After the third injection port, the different
species concentrations do not evolve anymore identifying the end
of the combustion.

The above results have been used to identify possible reaction
pathways for the formation and destruction of NO. The PSR gives as
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outputs the rates of all chemical reactions within the combustion
mechanism. Therefore it is possible to determine the evolution of
species from the calculation of the global rates of formation and
consumption. The construction of the chemical pathways has been
done using those global rates at each step of the reaction.

Following NO it was possible to determine the principal inter-
mediates and reactions conducting to its formation or destruction
and to back track these steps until reaching the original products of
pyrolysis and inert species. The global reacting schemas for the
different conditions are presented in Fig. 8 (for e1<1), Fig. 9 (for
e1¼1) and Fig. 10 (for e1>1). The main reaction paths presented in
these figures are summarized below.

As observed in Figs. 8–10, pyrolysis of the waste leads to the
formation of HCN, NH3, HNCO and CH3CONH2 (and directly a small
part of NO). Those components react to form the principal inter-
mediates that are NCO, NH and HNO. The reaction takes place
mainly with the radicals O, OH, H coming from the dissociation of
oxygen and water. Therefore, HNCO leads directly to the formation
of NCO, HCN is oxidised to form NCO directly or through the
formation of the radical CN and NH3 reacts to form NH2 resulting in
the formation of NH and HNO. An increase of the oxygen concen-
tration favours those reactions. The value of e1 appears as the
controlling parameter at this stage. For e1<1, the single species
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conducting to NO is HNO, for e1¼1, HNO and NH are oxidised to
form NO and for e1>1, the HNO, NH and NCO already formed
conduct directly to NO. Throughout these steps the dominant
specie is the radical O, this highlights the importance of the local
oxygen concentration on the followed reaction path. This result is
consistent with the description of the yield of formation of NO
through the fuel-NO mechanism described elsewhere [5].

During this phase of the production of NO, part of NO formed is
converted to N2. Nevertheless, the rate of consumption of NO is less
important than its rate of production. We remark that N2 is not
formed directly from the products of degradation, but is formed
from NO.

The discussion above strongly suggests that these processes are
controlled by the availability of oxygen, thus, a spatial analysis of
the reactor shows that for e1<1 the production of NO is pushed
towards the secondary zone of combustion, while for all other
conditions it starts as soon as the pyrolysis gases leave the fuel.

As done before for NO formation, NO consumption can also be
tracked and the resulting reaction pathways are presented in Figs.
11–13 for all three conditions of primary air injection. The
consumption of NO is strongly dependent on the primary excess air.
For e1<1, NO is reduced mainly by reacting with NH2, for e1¼1, NO
conducts to N2 by reacting with NH2 and NH and for e1>1, NH2, NH
and NCO react with NO to form N2. Consumption occurs directly or
through multiple steps leading to the formation of NNH and N2O.
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NO can also react with HCCO and CH3 produced from hydrocarbons
oxidation to.

From the different schemes of NO destruction it is important to
identify how the reducing species are generated. The main
reducing species are NH2 and NH, these are products of the
oxidation of ammonia. Ammonia is a product of the fuel degrada-
tion and is generated by the dissociation of CH3CONH2. It is
important to note that an alternative path for those species is to
form HNO which in turn can be oxidised to form NO. Nevertheless,
typical rates for these reactions are low thus formation of NH2 and
NH is favoured. The final reducing specie is NCO. NCO is generated
by the oxidation of HNCO and HCN. This oxidation can be direct or
through the intermediate specie CN. Local oxygen concentrations
are again dominant in the reduction process. Higher is the value of
the excess air and more directly those reactions take place.

Finally, it can be noted that NO is in equilibrium with NO2. The
equilibrium condition is directly dependant on the oxygen
concentration. An increase of the oxygen concentration favours the
formation of NO.

The destruction of NO occurs in two different locations. First, N2

and NO2 are formed from NO before the secondary air injection
(between 12 and 63 cm). This reduction regenerates NH3 and
occurs in the presence of the radicals NH2, NH and NCO for e1>1
and only NH2, NH for e1¼1. During this phase we notice the
preponderance of a reducing atmosphere as well as the radical OH.
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In the secondary combustion zone (63–103 cm) the presence of
oxygen favors the reduction of NO emissions but also the genera-
tion of NO through oxidation of the last incomplete products of
combustion. The two different reactions lead to a net increase in the
production of N2.

The sensitivity to the different operational parameters on the
NO emissions has been studied using the previously described
model. For these experiments, fuel production is a function of the
primary airflow therefore the primary and secondary excess air are
dependent variables. Furthermore, the input parameters for the
model include the local temperature, which is obtained from
experimental values therefore cannot be modified. Here, twelve
cases corresponding to experimental conditions have been
modeled. The baseline conditions are summarized in Table 1 and
they cover all regimes of primary air. For each condition one
parameter will be varied systematically, leaving all other fixed to
the experimental values. This allows to evaluate the influence of
one input parameter for each regime, e1<1, e1¼1 and e1>1,
without departing greatly from the experimental conditions.

The model was first used to obtain the evolution of the NO
concentration at the outlet of the reactor as a function of the
primary and secondary air flow rates. The fuel consumption rate
and the temperatures for both reaction zones (T1, T2) are fixed to the
experimental data and only the value of the primary airflow has
been varied. Fig. 14 represents the evolution of the NO concentra-
tion at the outlet of the reactor as a function of the primary excess
air. The full symbols corresponds to baseline experimental condi-
tions where e1<1, the empty symbols for e1¼1, and the lines for
conditions typical of e1>1. The horizontal axis corresponds to the
evolution of e1 when the primary airflow was systematically
changed from the baseline condition.

Whatever the baseline condition, the evolution of NO emissions
is qualitatively similar when e1 is varied systematically. There are
two well-defined combustion regimes that depend only on the
value of the primary excess air. For e1<1 the NO emissions are
Table 1
Initial conditions used for the parametric study.

A B C

Experimental primary excess air 0.7 0.7 0.8
Experimental secondary excess air 0.6 0.8 0.6
Experimental temperature in the primary zone (K) 1123 1143 1198
Experimental temperature in the secondary zone (K) 1223 1238 1233
Recorded fuel consumption time (s) 420 440 430
a decreasing function of the excess air. In those conditions, the local
oxygen concentration in the primary zone of combustion is low. It
does not permit a complete oxidation of the intermediate species,
as NHi and HCN, therefore oxidation progresses to the secondary
zone of combustion, as previously shown in Fig. 5. An increase of
the primary excess air permits a better oxidation of the nitrogenous
species in the primary zone producing NO. NO is then reduced in
the secondary zone of combustion by reaction with reducing
species (NH, NH2, NCO). The overall production of NO is dominated
by what happens in the secondary zone, therefore, the larger e1 the
more effective NO oxidation in the secondary zone. The result is NO
production becoming a decreasing function of e1.

For e1>1, NO emissions are an increasing function of the
primary airflow. NO formation occurs in the primary zone and is
strongly dependant on the local concentration of oxygen into the
primary zone of combustion, thus on e1. The NO yields of the
primary zone dominate the global NO production because NO
cannot be oxidised entirely in the secondary zone, thus leading to
global NO production being an overall increasing function of e1.

In a similar manner, the influence of e2 on the NO emissions has
been studied. As in the previous case, all other parameters (e1, T1

and T2) remained unchanged from the baseline condition, while e2

was changed systematically. The results are presented in Fig. 15.
The influence of e2 on the global NO production is weak for all

conditions studied. In all cases global NO production appears as
a decreasing function of e2. The primary role of e2 is to oxidize the
NO produced in the primary zone. Therefore an increase in local
oxygen concentration results in a decrease in the global output of
NO. The effect is weak because the residence time within the
reactor remains within a narrow range as the value of e2 changes.
Fig. 15 shows that for cases where e1<1 (filled symbols) global NO
production is an increasing function of e2. As indicated before, in
these conditions production and oxidation of NO occur in the
secondary zone, so an increasing presence of oxygen results in an
overall increase in NO. An increase of the secondary air favours the
D E F G H I J K L

0.8 1 1 1 1.1 1.1 1.4 1.4 1.8
0.8 0.7 0.8 0.9 0.7 0.9 0.8 1 0.8
1148 1248 1238 1253 1113 1233 1153 1293 1213
1263 1273 1288 1318 1263 1283 1233 1303 1213
415 470 470 465 400 485 500 500 540
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oxidation of HCN, NH3 and HNCO but also of the radicals NH, HNO
and NCO to form NO. In those conditions, an increase of the
secondary excess air generates an increase of the NO emissions.
e2¼ 0.4 seems to be a critical condition beyond which oxidation
dominates over NO formation leading to global NO production
being a weakly decreasing function of e2.

The previous results indicate the dominance of the primary air
in the formation of NO and the weaker effect of the secondary air in
the oxidation of this specie. Nevertheless, for the previous para-
metric studies, the temperatures have been left at their original
baseline values. The influence of the temperature in the reaction
rates is well known [5,7], thus it is necessary also to explore these
variables. A sensitivity analysis was therefore conducted varying
independently the temperature in the primary zone within a range
of 1100 K< T1<1300 K and the secondary zone between
1150 K< T2<1300 K. The ranges were chosen to cover all observed
experimental values.

As expected, Fig. 16 shows that global production of NO
increases with temperature. Two clear regimes appear, that corre-
sponding to conditions where e1 is less than unity, where the
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change is minor and cases where e1�1 where the increase in global
NO production is significantly stronger. The presence of these two
regimes is clear, since for e1<1, NO formation and oxidation occurs
mostly in the secondary zone of combustion, thus the increase in
temperature in the primary zone affects these reactions only in as
much as it increases the initial enthalpy entering the secondary
zone of combustion. For conditions associated with e1�1 (unfilled
symbols) there is a regime where temperature has no effect on the
reactions followed by a rapid increase. The critical temperature at
which conditions change depends strongly on the magnitude of e1.
For the lower values of e1 the change occurs later. This again, is an
expected outcome of the sensitivity analysis, because as the
temperature and rate of the reactions increase the production of NO
is completed more within the primary combustion zone and the
influence of its temperature is more significant. For cases where
e1¼1, there is enough oxygen to proceed with the reactions but
local oxygen concentrations are low and for T1<1180 K oxidation
and reduction reactions appear to be in equilibrium, so the reaction
rates are weak and NO formation occurs partially in the secondary
zone.
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Fig. 17 shows the inverse scenario where the temperature of the
secondary zone of combustion has a significant effect for the lower
values of e1. An interesting exception is the baseline condition (J)
where e1 is the largest. It appears that the residence time in the
primary zone is too short for all reactions to be completed and
some of them are carried to the secondary zone of combustion. It is
interesting to note that for baseline conditions corresponding to
e1>1 the temperature of the secondary zone of combustion has
almost no effect on the global NO production.

5. Conclusions

A computational model was developed to study the production
of pollutants during the incineration of a fuel mixture that
resembles urban waste. The results of the model have been
compared with experiments conducted in a fixed-bed reactor that
allows for primary and secondary air injection. Experimental
results and model predictions showed good qualitative agreement
for total oxygen consumption, NO and CO2 production.

First, the numerical model has been used to establish the
primary chemical pathways and their occurrence at each specific
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Fig. 17. Evolution of the NO emissions as a function of th
location within the reactor. The results obtained demonstrate that
the NO formation and consumption depends mainly on the value of
the excess air in the first zone of combustion: e1. This is in agree-
ment with previous experimental studies.

A parametric study was then conducted with the model to
establish the influence of each individual variable while keeping all
others constant. This parametric study is limited by the nature of
the process that couples temperatures, air supply and fuel gasifi-
cation rates, nevertheless, the uncoupling of these parameters gives
a clear sense of the influence of each variable.

The main conclusion of the parametric study is that the initial
formation of NO is controlled mainly by local oxygen concentration
and only if enough oxygen is present there is an effect of the local
temperature. For e1�1 NO formation occurs mainly in the primary
zone of combustion and the temperature of this zone has a signif-
icant effect on the global output of NO. For e1<1, NO formation
takes place mostly in the secondary zone of combustion since the
local oxygen concentration in the primary zone of combustion is
not sufficient to achieve the complete oxidation of the precursor
species. Under these conditions the temperature of the secondary
zone of combustion has a significant effect on NO production.
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The sensitivity study showed that NO reduction in the
secondary zone of combustion has a weak dependency on
temperature. Furthermore, the sensitivity study unveiled some
minor effects associated to the residence time. The effect of resi-
dence time was not studied in the present work since the experi-
mental conditions only covered this parameter in a narrow range.
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