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Abstract

A numerical model has been developed to study thg f@mation during the combustion of mixtures of cellulosic and plastic fuels within
a fixed bed reactor. The model simplifies the flow to a one dimensional succession of about 1000 perfectly stirred reactors (PSR) and inclu
a detailed chemical model that computes 113 species involved in 893 reversible reactions, to detailed the reactive pditrofbidn. The
calculations use the PSR model included in Chemkin II. The solid phase is not solved but instead the input species are generated fron
experimental degradation study of the fuel. Nitrogen oxide (NO) is studied as the primary componenrt dhd@odel has been validated in
past publication by comparison of the results with experimental measurements. The model has then been used to investigate the mechanis
formation and destruction of the NO during the combustion process of municipal solid waste. Numerical results show that NO forms rapidly fro
the oxidation of intermediary species such as NCO, HNO and NH that originate from the fuel pyrolysis. NO consumption occurs primarily throug
reactions with Niland NCO leading to the formation ofNThe ultimate formation and consumption of NO depends mostly on the primary air
flowing through the fuel bed with a minimum being observed when primary air and fuel are present in proportions close to stoechiometric.
0 2005 Elsevier SAS. All rights reserved.
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1. Introduction establishment of the main variables controlling NO. Incinerator
temperatures are in the range of 1173-1323 K [3], and combus-
Incineration is one of the most commonly employed tech-tion is generally lean, as shown by typical residual oxygen lev-
niques of treatment of Municipal Solid Waste (MSW) in Eu- els comprised between 6 and 12%, therefore the quantity of NO
rope, mainly because it allows a reduction of 70% of the masformed by means of the thermal and prompt mechanisms can be
and 90% of the volume of the waste. However, the biggest chakonsidered negligible [4]. The main formation path, responsible
lenge for incineration remains on the transfer of pollution fromfor more than 95% of the nitrogen monoxide produced during
the waste to the air, either through gaseous emissions or ashégcineration of MSW is through the fuel-NO mechanism [5].
Among the major environmental concerns related to incin-Thus modifications of the combustion processes bear a great
eration are the emissions of nitrogen oxides (N@at have  potential for reducing NQemissions.
been shown to strongly contribute to the formation of acid rain - For a successful application of the different primary tech-
and photochemical smog [1]. During the incineration of mu-piques of reduction, the governing parameters must be evalu-
nicipal solid waste in grid furnace incinerators, NO is the majorated very carefully and the knowledge of the kinetic mechanism
component of the N¢formed, representing 95% of those emis- of NO formation must be known precisely. The formation of
sions [2]. Therefore, it is justifiable to concentrate only on theno from the fuel has been well described for the combustion
of different materials [6,7] but not for heterogeneous mixtures
" Corresponding author. Tel.; +33549 4982 90; fax: +33549498201.  Of materials such as cellulosics and plastics such as munici-
E-mail address: trogaume@dug.chanzy.univ-poitiers.fr (T. Rogaume). pal waste. The nitrogen from HCN and from BllHave been
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identified as the two main sources for N@nd on the basis It is usually assumed that combustion of MSW can be di-
of this premise general mechanisms of formation of NO havevided into three steps [8,11]; degradation of the waste, com-
been proposed [7]. Furthermore, the particular paths for N(ustion of volatile gases and char burnout. Rogaume et al. [8]
formation have been linked to fuel properties through the deshowed that for the present fuels, degradation could be consid-
volatilisation products [7]. ered as pure pyrolysis with little or no heterogeneous oxidation
Application of this type of mechanisms and methodologiespresent. The combustion of the volatile gases takes place in
to the incineration of MSW has not been addressed in detaithree different reactive zones: the primary zone where the prod-
Furthermore, optimisation of the combustion process in ordeucts of pyrolysis burn with the primary air, form the top of the
to reduce the gaseous emissions requires detailed knowledgessilid bed to the secondary zone, the secondary zone, where the
the principal reactive zones within the furnace. This informa-products issue from the primary zone burn with the secondary
tion remains unavailable for MSW incinerators. In an attemptair (introduced through ports axially distributed), and a tertiary
to fill this gap, Rogaume et al. [8] presented a description of th&one or cool down region where the combustion ends. Past stud-
reactive zones for a fixed bed incinerator of a fuel mixture repies have demonstrated that char burnout is negligible for these
resentative of MSW. Based on this experimental study a numegarticular fuels [8,9], in our conditions. For modelling purposes
ical model was developed and used to predict different pollutarfuel intake will be defined by pyrolysis and char burnout will be
species [9,10]. Good agreement between numerical and expefieglected and only the gas phase combustion will be described.
mental results served as validation to the model. Here, the same Detailed modelling of both chemistry and transport is of ex-
model is used to establish the different reaction mechanisniseme complexity for these reactors and generally requires long
leading to the formation and destruction of Nénd their rela- computations. The benefit of this type of models is neverthe-
tionship with the different reaction zones. A sensitivity analysisless not clear since the assumptions, related to both transport
is carried by systematically varying the oxidizer supply to theand kinetics, tend to be very strong. Since the main objective

reaction, through the fuel (primary air) and later into the ga<°f the study is NQformation, emphasis is given to combustion
phase combustion region (secondary air). chemistry and a simplified approach to the flow is introduced.

Antifora et al. [12] reveal that in the case of nitrogen ox-
ide formation reactions, a detailed chemistry is needed. Fur-
thermore, Vitali et al. [13], working on the optimisation of
. , re-burning via modelling, demonstrated that a detailed chemi-

_T_he architecture of the model has beer_1 presented in _d%'al mechanism with a simplified representation of mixing could
tail in Rogaume et al. [9,10] and only a brief summary will j) 504 ot only to explore the chemistry process but also to
be presgnted here. Th.e _model permits the_5|mulat|on of thﬁjentify ranges of process parameters that give optimum per-
combustion process within a counter flow fixed bed reactorlsyrmance. This approach requires embedding all the necessary

A schematic of the reactor is presented in Fig. 1. Details 0fyeyaij in the chemistry of formation/reduction of the N@n
the reactor characteristics and experimental procedures can basis of these conclusions, a detailed and comprehensive

foundin Rogaume et al. [8]. Direct study of MSW poses signifi-yinetic model is applied to a network of ideal reactors built to
cant problems because of its heterogeneous nature and the COfroximate in one dimension, the three-dimensional flow field
plexity and toxicity of some of its minor components. There-yithin the furnace. The literature sites further examples where

fore, here only the main components have been used (WoOghis approach has been privileged to predict formation of NO
cardboard, PET and polyamide) and are mixed in proport|on[sll_l4]_

consistent with those found in MSW: 41% of wood, 37% of

2. The combustion model

The reactor is broken into a multitude of separate disks

cardboard, 19% of PET and 3% of polyamide. where the input of one is the output of the one upstream
Secondary ai as shown in Fig. 1. Transport will be simplified to a one-
econdary air . . .
Fhanst gasce dimensional flow and turbulence will be assumed to be homo-
\ E geneous within each reactor. Each reactor can be then consid-
ii% ered as an adiabatic Perfectly Stirred Reactor (PSR). This con-
H— Tertiary zone struction of the model is similar that the use of plug flow reactor,
cASEOUS ZONE oF B but it permits to take into account the injection of the secondary
COMBUSTION — Secondary zone Modelled zonc air, yvhat .ls_not possible \_Nlth a p!ug flow..The chem'lstry oc-
(height=1.6 m) r curring within the reactor is established using Chemkin Il [15].
PSR Several kinetic models have been developed to study NO for-
superposed Primary zone mation in conditions similar to the present ones [7,16,17]. In
- this work, due to the composition of the gases introduced by
ZONE SOLID Degradation of the solid : determination of the volatile pyrolysis, the detailed kinetic model proposed by Dagaut et al.
(height=0.4 m) produots by the experiments in the tubular fumace [18], and composed by 112 species involved into 892 reversible
ond reactions was used. Justification of this choice and the addition
tl <="TPrimary air

of a dissociation reaction for GECONH, (which is a product

Fig. 1. Schematic of the reactor indicating the basic structure used for th®f the pyrolysis of polyamide) has been described elsewhere
model. and will not be detailed here [9,19]. The computer program
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was developed to make use of Chemkin Il [15] with the PSR 4 e1=0.75 exp.
model [20]. The model requires the definition of a local tem- 5 _ j:l:ff:xxpp-
perature, for this purpose experimental values have been usegl - uei=11 exp.
as input values [8]. All results were obtained with at least 1000E 4 = = ——|met=1.3exp.
PSR being deemed as sufficient resolution to obtain indeperi R T S Ml o
dence of the results from this parameter and to optimize time oﬁ 8 T » 120,75 mod.
calculation. E s VX e +e1= 0.8 mod.
For initialisation the program requires the knowledge of theo [ ;Zt 1‘1) Eii
volatile products generated by the thermal degradation of the 1 Del=1.3mod.
solid. This composition, which formed the initial condition to oel1=1.4mod.
start the simulation in the first PSR has been obtained exper- o : : . . . : : =e1=1.8 mod.

i i . 13 15 17 19 21 23 25 27 29

|ment_ally using a tubular furnace [9]. To complete the recon 12 il ess i

struction of the components that could not be measured, values

from the literature have been incorporated The Comp|ete rekig. 2. Comparison of the measured and predicted NO profiles as a function

construction of the 1400 grams of fuel present in the reactor Igf the total excess air for different values of the primary exceséegjr exp.:
dneasured point, mod: predicted.

presented in molar percentage. The composition of the pro

ucts of pyrolysis assumed to be 35.75% of CO, 5% of,bCO 20

12.8% CH,, 9% GsHg, 0.18% CHCONH,, 0.4% HCN, 0.1% 18 21075 exp.
NH3, 0.03% NO, 13.7% b 0.23% HNCO, 22.9% OH. Details 16 xet= 08 e,
on the methodologies and procedures are presented in Ref. [9]. , oy
Too much information that is needed to assess this work is pre; ., o - T [remisen
sented in past papers [9]. 3 g " am ™ X | xetrsen

£ 10 s 3 W : " - ¥ e X A e1=0.75 mod.

3. Results ° T S sertomed
6 1 Oel=1.1 mod

3.1. Validation of the model 4 et
2 —e1=1.8mod.

The numerical model was benchmarked against a series ¢ - - - - -
of experimental results [8]. The measured NO concentrations > ™ 7 1grota|eic1ess a|r2 oo a8
show good agreement with the model fgr < 2 (Fig. 4). For i 3. C ) o 4 and oredicted residual
er > 2 the mOdel over predICtS the NO Concentratlon fOf th 1g. omparison o the measured an pre: icted residual oxygen concentra-
t|on at the exit of the reactor and as a function of the total excess air for different
lower values of the primary air, the production of NO seems tQ,,),es of the primary excess &iry). exp.: measured point, mod: predicted.
be better estimated fer = 1.8. The numerical model uses the

kinetic model developed by Dagaut et al. [16] which has been

validated for an equivalence ratio between 0.7 to 2.5, therefore @

it is not surprising that when the overall equivalence ratio goes 16

below 0.5(e7 = 2) that errors can arise. These errors seem tQe 14

be magnified when the local equivalence ratio in the secondar§ 12 ber=toee

zone of combustion decreases keeping this region well belov§ 4, 5 . N L LR L

the minimum equivalence ratio for with the kinetic model hass , . f . R _ fwerisen

been validated. The symbols mod. represent the obtained wi . bet=1.0mod.

the model and the symbols exp. referred to the experimental re- . bet=1.1 mod.

sults. (See Fig. 2.) ) -me1=13mod.
The results for the residual oxygen concentration are pre- |

sented in Fig. 3. The symbols mod represent the obtained with 0116 18 ) 22 24

the model and the symbols exp. referred to the experimental Total excess air

results. As expected, the amount of oxygen left over increasesy 4. comparison of the measured and predicted €ancentrations at the
with the excess air in an almost linear fashion. The model preexit of the reactor and as a function of the total excess air for different values of
dicts very well the trends but nevertheless consistently ovethe primary excess aie;). exp.: measured point, mod: predicted.

predicts the oxygen concentration by about 15%. The over pre-

diction could be attributed to the oxidation of the combustion nicipal solid wastes. The results show d agreement b
products between the reactor and the analyzer. Temperaturesn&‘rI cipal so astes. The resufts show good agreement be

the exit of the reactor, which corresponds to the modeling doVeen the measured G@oncentrations and the model, partic-
main, are still high and further oxidation can be expected. ~ Ularly for 18 < er < 2.2. As expected, no systematic influence
The concentrations of CCare presented for. 1< ey < 2.4 of the primary air on the results could be observed. Further-
in Fig. 4. The range of excess air presented was limited to therore, CQ concentrations remain almost constant indicating
conditions most commonly employed during the incineration ofthat, within the range of flow rates studied, carbon oxidation is
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350 700

-—-HNCO ——NO2 above. Consumption of the products of pyrolysis (HCN, HNCO
g 300 m*i“\“\ ~==0  —OH 1 600 . and NH), in majgrity by oxidation, occurs in this zone. It can
g o \\ . ::ZZ ‘:‘:200 s & Deseen that initially HCN and HNCO are consumed slowly
£ ! /\\\ ° (< 3 cm). During this time, the concentration of Nkhcreases
3 200 s —~— 3 due to the decomposition of GEONH,. The increase in con-
5 5 ¥ 1 w00 H centration of O and OH ra_dicals results in the consumption of
8 / \ p 5 HCN, HNCO and NH leading to the production of NO, XD
2 100 , "x__ 200 & and N [7]. This zone corresponds to the formation of NO and
£ J”\ < the pertinent reactions take place quickly early on, between 3
0= i 100 and 6 cm (Fig. 5). N is oxidised faster than HNCO, with
0 s —— - HCN being the last one to be consumed. It is important to no-
0o 2 4 6 SHeig;?in C;Z 14 16 18 20 ti(?e that NO is formed more rapidly thanp® and N and_it
@ will only react later to form NO and N. The concentration
curve for NO is presented in Fig. 2(a) but that fop Has been
%0 o —n2 || omitted for clarity of presentation. It is important to note that
300 “=+0 —OH g0 even after NO formationx 5 cm) HCN and HNCO are not to-
H TN 20 &  tally consumed. The Nand NO concentration curves follow
£ —HR_f0 %0 e the same trend, but concentrations are much higher thus will
3 200 400 S distort the scale of the plot. The oxidation of the different prod-
@ N § ucts to go to NO is achieved mostly with the radical O, and of
g 10 ; %z lesser importance, with the radicals OH and H. The NO com-
% 100 i : 200 g ing directly from the degradation of the combustible is directly
z = oxidized to form NQ that will further react to form other com-
07 100 bustion products.
0 . , — : , 0 In a second zone, between 10 and 63 cm, the concentration
20 40 60 ?-Ioeight 100 120 140 160 of the different intermediates are low, and their role negligible.

®) Once HCN and HNCO have been fully consumed a double path
for the slow destruction of NO follows. On the one hand oxida-
Fig. 5. Typical evolution c_)f (a) the nitrogenous species across the reactor bgign leads primarily to the production ofNbut also, to a lesser
tween the top of the solid bed to 20 cm up and (b) between 20 cm to theyytant 19 the production of NOThe reduction of the NO con-
top of the bed to the exhaust. Combustion occurs with a primary airflow of . . N .
01 = 50 Nm?-h—1 (corresponding to a primary excess air= 1) and a sec- centratlpq talfes place until the |nJect|_on. of the secpndary air.
ondary airflow 0fQ, = 35 Nm3-h~1 (corresponding to a secondary excess air, ~ 1he injection of the secondary air is staged in three lev-
ep =0.7). els located respectively at 63, 83 and 103 cm. The description
of the profile of evolution of the species allows the identifica-
not limited by oxygen supply but by the kinetics of the reactiontion of a third reaction zone. Eventually, the concentrations of
and that the oxygen concentration into the furnace is sufficielNO2 and NH; start to decrease while the NO concentration at-
to have a quasi-complete combustion. The symbols mod repréains a steady value. Indeed, in a first step, the injection of the
sent the obtained with the model and the symbols exp. referregecondary air contributes slightly to the formation of ahd

to the experimental results. consequently to a reduction of the emissions of NO. The step
changes in concentration occurring at this stage are due to dilu-
3.2. Evolution of the nitrogenous species tion brought by the injection of air.

After the third injection port the different species concentra-

To be able to identify the important reaction pathways it rele-tions do not evolve anymore identifying the end of the combus-
vant to track the evolution of the different species in the contextion.
of the different reactions involved. The structure of the model As mentioned before, the information presented in Fig. 5
allows the possibility of determining the gas composition at thedoes not allow studying the intermediate radicals (NH, HNO
output of each PSR providing a mapping along the reactor. and NH) of proven importance to the formation of NO [7].

Figs. 5(a) and 5(b) show the evolution of nitrogenous specieBurthermore, it does not allow describing the species that will
along the reactor for a representative condition of combustiorreact and reduce NO. It is therefore necessary to study the re-
The species shown are only those that are expected to play a s@gction mechanisms of NO formation. The PSR model gives as
nificant role in the production of NO. Omitted from the plot are output the rates of all chemical reactions within the combustion
NCO, NH, HNO and NH that are also recognized as important mechanism. Therefore it is possible to determine the evolution
intermediary species to the production of NO. These radicalsf particular species from the calculation of the global rates of
are not presented because their destruction rates are similarfarmation and consumption. The construction of the chemical
their production rates, thus, cannot be tracked. pathways has been done using those global rates at each step

Fig. 5 demonstrates that a first reacting zone is identified beaf the reaction. The output rates for 50 specific PSR, chosen
tween the fuel degradation surface (heigh® cm) and 10 cm  at critical locations from diagrams such as Fig. 5, have been
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used to follow the nitrogenous species. Tracing the NO path it ¢ NH3 reacts to form NH that will lead to the formation of
is possible to determine the principal intermediates and reac- NH and HNO.
tions leading to its formation or destruction and to back track
these steps until reaching the original products of pyrolysis andhe reactions take place in the previously described first zone
inert species. This allows the construction of a reaction path foand occur principally with the radicals O, OH and H which orig-
the formation and consumption of NO. inate mainly from the dissociation of the oxygen and the water.
Finally, NCO, NH and HNO will lead to the formation of NO.
4. Reactive path analysis _Equi_librium conditions between NO and N®an be observed
in this zone.
It is important to note the preponderance of the radical O,
Fig. 6 identifies the reacting path for the formation of NO aswhich highlights the importance of the local concentration of
developed following the methodology presented above. Fig. @xygen and thus the primary air. This result is in accordance
shows that NO is formed from the nitrogen contents of the fuelvith the description of the yield of formation of the NO through
through three main steps. First, pyrolysis of the waste leads tthe fuel mechanism described by De Soete [4]. During this
the formation of HCN, NH, HNCO and CHCONH; (and di-  phase of NO production, part of the NO formed is converted
rectly a small part of NO). These species appear on Fig. 5(a) ab N». Nevertheless, the rate of consumption of NO is less im-
height equal 0. Then, those components react to form the prirportant than its rate of production. We remark thanidl not

cipal intermediates that are NCO, NH and HNO. formed directly from the products of degradation, but is formed
from the NO.
e HNCO conduct directly to the formation of NCO and reacts In a similar manner it is possible to establish the chemical
to form NHy and than NH; mechanism of consumption of NO. The corresponding reactive
e HCN is oxidised to form NCO directly or through the for- schema is presented in Fig. 7. NO is principally consumed by
mation of the radical CN and NH>2, NH and NCO to form molecular nitrogen. This consump-

Fig. 6. Reacting path analysis of formation of NO angl N

HCCO,CH,

Fig. 7. Reacting path analysis of consumption of the NO.
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tion is done directly or through the formation of NNHand® 5. Influence of primary and secondary air

NO can also react with HCCO and @Ho generate HCN or

conduct to the formation of Nfithrough reaction with HNO Fig. 8 compares NO emissions against primary and sec-

and BbNO. The choice of the reducing pathway and the yieldondary excess air. A set of experimental results is presented

of reduction is dependant of the excess air of combustion. ~ together with numerical results corresponding to the experi-
The schema of NO destruction is quite simple but it is im-mental cond|t|ons. There is good agreelment between calculgted

portant to identify how the reducing species are generated. TI”Fénd experimental results. A parametric study of the reaction

reducing species are formed by three mechanisms illustrated firne tempera_ture{gl, _Tz)_and the fuel consumption rate is also
Fig. 7: included in Fig. 8. It is important to reiterate that the values

of the fuel consumption rate and the temperatures for both re-

. . I action zonesTy: primary zone of combustiorf,: secondar

e Initially, NCO ,'S generated by .the oxidation of HN.CO and zone of combxusti%n) ar)é obtained from the experimental }(/jata.
HCN. This oxidation can be direct or through the interme-gi,ing these three parameters deviate the conditions from those
diate species CN. observed experimentally, since the burning rate and the temper-

e Then, NH and NH appear as products of the oxidation of 51res are functions of the excess air. Nevertheless, this limited
ammonia or from the reduction of NO. Ammonia origi- parametric study provides a sense of the independent effects of
nates from the fuel degradation and from the dissociatiorach variable.
of CH3CONH, (Fig. 6). It is important to note that NH It is necessary to clarify that changes in the primary air-
and NH can also form HNO, which in turn is oxidised to flow will have an impact on the fuel consumption rate and on
form NO, but the rate of this reaction is low.

e HCCO and CH come from the reaction of the hydrocar-
bons species. 61 e

NO remains in equilibrium with N@ but the equilibrium
condition is directly dependent on the oxygen concentration.
An increase of the oxygen concentration favours the formation
of NO. The formation of the different species participating in |
the destruction of NO is primarily dependent on the concentra- X o0
tion of the OH radical. " X X Srperimental daa

In summary, the final product of the oxidation of nitroge- 0 : : : : :
nous compounds isNwhich according to the schemas above, 0.5 07 0.9 1P-:imary exlfss ar 15 17 1.8
is formed by the reduction of NO. The main reactions lead- A)
ing to the formation of NO occur in the first combustion zone,
close to the fuel surface, and are highly dependent on the pres-
ence of the O radical. Thus the oxygen concentration in this ~ © ] - o o e
region, and thus the primary air, appears to be the critical pa-
rameter influencing the formation of NO. Transformation of
NO into N> depends on the primary excess air and will occur
through the intermediary species BHNH and NCO and will
occur mainly in a second combustion zone preceding the re- e}
gion of secondary air injection (10-103 cm). The formation of ] e of
these species is strongly influenced by the oxygen concentra- mg xh
tion. A high oxygen concentration will lead to a weak presence o sz O:4 Oje O:8 ] 1:2 14
of the intermediary species. So, for the second reaction zone; Secondary excess air
high oxygen concentration will lead to the inhibition of NO re- (B
duction. Formation and reduction of NO can thus be direCtIyFig. 8. (A) Influence of the primary excess air, (B) influence of the secondary
linked to the primary air. excess air on the formation of NO for four different experimental conditions.

The present results concentrate on conditions where the pril emissions are giver_1 inmg o_f pollutant/gram of fuel bur_m.represents the

mary air is greater than the stoechiometric requirement. Bufzgi;agi;i”:ﬁeer?;‘;etg”tg:; aﬂgfzniiﬁngﬁ?azuiﬂg? ;ile:si;igdzfy
numerical results also show that in the event that the primary, — 1213 K and:. = 540 seconds. (), = 0.9, T; = 1233 K, T» = 1283 K
air is smaller than stoechiometric the main reaction front is disand s = 485 seconds. () = 1, T1 = 1293 K, T> = 1303 K andz. = 500
placed towards the first secondary air injection port where N@econds. (dkz =1, 71 = 1203 K, 7 = 1273 K andrc = 520 seconds.
. . L (e)eg =1.8, 71 = 1213 K, T, = 1213 K andr, = 540 seconds. (f§1 = 1.1,
is mostly formed following the same paths as indicated abover1 — 1233 K, T, — 1283 K andr, — 485 seconds. (g)y — 1.4, T1 = 1293 K,
Under these conditions, the low temperatures in this zone of thg, — 1303 K and:. = 500 seconds. (), = 1.8, Ty = 1203 K, T = 1273 K
reactor hamper NO reduction. andz. = 520 seconds.

.
»>x o>

®a

NO emissions in mg/g
<o

Anumerical data
T T

O emissions in mg/g
<
<o
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the temperatures of both the zones of air injection. In contrasthe top of the bed and 12 cm above) and its rate is defined by
changes in the secondary airflow will affect only the temperathe presence of the radicals O, OH, and H. The formation of
ture of the zone of secondary air injection. The complex andNO from the fuel can be divided into three different steps:
uneven nature of the couplings makes it impossible to separate
one parameter while keeping all others constant, thus the needs The pyrolysis of the combustible generates the production
to limit the parametric study. of HCN, NHsz, HNCO, CHsCONH, and a small amount of
Four sets of conditions based on experimental data are pre- NO. CH;CONH, will dissociate itself to form NH.
sented. The corresponding excess air is varied and the evolutiore HCN, NHz, HNCO react with the radicals, to form the
of NO is described. Fig. 8 shows the evolution of the NO con-  principal intermediates of the formation of NO that are
centration at the outlet of the reactor as a function of the primary  NCO, NH and HNO. This step takes place between 6 and
air (A) and the secondary air (B). The study of the influence of 10 cm above the combustible. It is important to note the
the primary excess air has been done keeping the secondary ex- importance of the local oxygen concentrations for this step
cess air constant and inversely for the study of the influence of  through the O radical.
the secondary excess air. It can be observed that the NO pro-» NCO, NH and HNO react to form NO.
duction decreases with the primary air far< 1, an inflection
point occurs ak1 ~ 1 and from then on the NO concentration The reactions of formation of NO are quite dependant of the lo-
increases almost linearly with . This trend is consistent for all  cal concentration of oxygen, so of the primary excess air. When
conditions modelled. Far; < 1 it can be observed that all the the primary excess air is less than 1, an increase of this one
data collapses to one single curve indicating that under thesgenerates a reduction of the NO emissions and inversely for the
conditions temperature has a minor effect on the production gfrimary excess air upper than 1, the NO emissions increase with
NO, the controlling mechanism clearly being the availability ofthis parameter.
oxygen. An increase in the secondary air seems to have little ef- The destruction of NO occurs in two different locations.
fect on the inflection point and on the total NO production forFirst, N, and NG are formed from NO before the secondary
e1 < 1. Fig. 8(B) shows data fan > 1. Fore; > 1 highest NO  ajr injection. This reduction regenerates Nahd occurs in the
production is given for condition (g) and the lowest for condi- presence of the radicals NHNH and NCO. During this phase
tion (f). The influence off is thus evident when a surplus of e notice the preponderance of a reducing atmosphere as well
oxygen is available. Conditions in the zone of secondary air inags the radical OH. In the secondary combustion zone the pres-
jection seem to have only a minor effect on the ultimate NOgnce of oxygen favours the reduction of NO emissions but also
concentrations. the generation of NO through oxidation of the last incomplete
products of combustion. The two different reactions lead to a
(@) The evolution of the NO production with the secondary air-net increase in the production obN
flow demonstrates that no change of combustion regime The study demonstrates that the NO yield is dependent of the
can be observed indicating that the two zones observed prgxygen concentration. The study of the influence of the excess
viously are only a function of the primary airflow. Further- ajr demonstrate that primary excess air is the predominant pa-
more, it can be seen that if the temperatures in the reactiopymeter because it influences the concentration of NO formed
zones remain constant, NO production is somehow insergs well as the levels of the reducing species. A primary excess

sitive to the oxygen concentration in the secondary zongjr of one seems to be the most favourable condition since the

the experimental observations, thus providing evidence that
temperatures in the zone of secondary air injection do have
arole in the ultimate concentration of NO. The temperaturéAcknowledgements
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