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Abstract

An experimental study has been conducted in a fixed bed reactor to simulate, in a laboratory scale, industrial municipal waste incineration using
moving grates. Carbon monoxide, nitrogen oxide, temperatures and mass loss rate measurements have been used to establish the importance of
the operating parameters of a municipal waste incinerator in the characteristics of the combustion process. The present work is concerning the
study of the impact of primary and secondary airs of combustion. Two different regimes have been identified that are controlled by the airflow
through the fuel (primary airflow). These combustion regimes have indicated the impact of primary and secondary air flow on the combustion
behavior and the resulting concentrations of carbon monoxide and nitrogen oxide: the production of NO seems to be controlled only by the oxygen
concentration in the secondary zone of combustion. An increase in total airflow, thus, results in an increase in the yield of NO.

© 2008 Elsevier Masson SAS. All rights reserved.
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1. Introduction

Urban waste management is an increasingly difficult pro-
cess. Incineration is one of the most commonly employed tech-
niques in Europe, mainly because it can permit a reduction of
70% of the mass and 90% of the volume of the waste, but also
because the calorific output of European waste is consistent
with power generation schemes. However, the biggest challenge
remains on the generation of pollution during the incineration
of the waste, either through gaseous emissions or ashes. In-
depth reviews are provided by [1,2]. Among the major envi-
ronmental concerns related to incineration are the emissions of
nitrogen oxides.

During the incineration of municipal solid waste in grid
furnace incinerators, NO is the major component of the NO,
formed, representing 95% of those emissions [3]. Therefore,
it is justifiable to concentrate only on the establishment of the
main variables controlling NO. Past studies have shown that
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NO is generated from three sources: thermal NO [4], prompt
NO [5] and fuel NO [6,7]. Temperatures required for signif-
icant formation of prompt and thermal NO tend to be higher
than 1500 K [7], this is not the case in a municipal solid waste
furnace [8—10]. Furthermore, the combustion of waste is gener-
ally lean as shown by typical residual oxygen levels comprised
between 6 and 12%. It is therefore expected that the quantity
of NO formed by means of those mechanisms to be negligible
[9-11]. The main formation path for nitrogen monoxide during
incineration of municipal solid waste is through the fuel-NO
mechanism.

Recent works has shown that during the combustion of the
volatile matters emanating from municipal solid waste more
than 95% of the NO formed originated from the fuel [11,12].
The formation of NO from the fuel has been well described
[6,7,9]. The study of the formation mechanisms shows that rad-
icals like O" or OH' strongly participate in the formation of NO.
Therefore, the local content of oxygen has an important influ-
ence on the production of NO via the fuel mechanism as well
as the composition of the gases coming from the thermal degra-
dation of the solid fuels.
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Optimization of the combustion process is here the preferred
approach. The physical basis for optimization is the minimiza-
tion of NO emissions achieved through a reduction of the tem-
perature of combustion and a reduction of the local concen-
tration of oxygen. The temperature of combustion is directly
dependent on the fuel/oxidizer ratio as well as the O, concen-
tration. Therefore, the main variables used for the direct control
of the NO emissions are the air flow rate and oxygen concentra-
tion. Commonly, the total air flow is divided in two: A fraction
of the air flows through the fuel bed and is labeled the primary
air the rest is introduced above the bed of solids and is called the
secondary air. The primary combustion zone is then a tempera-
ture limited, fuel rich zone and the secondary combustion zone
is characterized by a hotter and leaner reaction. Optimization
of the combustion conditions requires then the optimization of
the primary and of the secondary air flow rates. It is therefore
of great importance to understand the individual effect of these
two sources of oxygen.

The objective of this work is to study the influence of the pri-
mary and secondary air flows on the combustion process and the
formation NO. Emphasis will be given to the effect of the pri-
mary and secondary flow on the characteristics of the combus-
tion process, temperatures, mass loss rates and phenomenologi-
cal observations. To reduce the number of variables the oxygen
concentration has been kept as that of air and the experiments
have been carried using a fixed-bed reactor. These simplifica-
tions eliminate the variable of fuel supply and limit possible
changes in the pyrolysis of the fuel that could be attributed to
surface oxidation. Thus, the present experiments correspond to
a simplified scenario that, nevertheless, allows the independent
study of both forms of air supply.

2. Experimental methodology
2.1. Definition of the fuel

In Europe, typical municipal solid waste consists primar-
ily of wood, paper and cardboard, and plastics. In the present
study an idealized and repeatable simulated-waste was used
of composition 41% wood, 37% cardboard, 19% polyethylene
terephtalate (PET) and 3% polyamide [10]. A chemical analy-
sis has been done to verify if the idealized waste used simulates
well the combustible part of municipal solid waste. Special care
has been given to keep the nitrogen content as close to that of
the waste (0.5%). This is essential since the nitrogen content
has a significant impact on the yield of NO generated by means
of the fuel mechanism [9-11]. The wood used is pine and is
introduced in the form of pellets 10 mm by 5 mm. The card-
board is cut in pieces of 20 mm by 20 mm and the polyethylene
in smaller pieces of 10 mm by 10 mm. The polyamide is in-
troduced as granules. The wood and cardboard are dried for
24 hours at a temperature of 105 °C to eliminate all the mois-
ture of the fuel, because for industrial incinerators, moisture is
evaporated before the combustion, during the pre-heating. The
sample weight is fixed for all tests to 1400 grams representing
an initial depth of 80 cm in the furnace. It is important to notice

that after the end of the combustion, the depth of char is about
3to4 cm.

2.2. Experimental set-up

The objective is to simulate the combustion of solid waste
within a moving grate industrial incinerator. This process can be
divided in three steps, an initial drying step, followed by gasi-
fication and ignition of the waste and finally by oxidation of
the char and residues. The present experimental configuration
attempts to emulate these stages within a fixed-bed counter-
flow reactor which has been industrially validated by [13,14].
Once the fuel is in the reactor combustion is initiated at the top
of the fuel, representing 80 cm depth. The waste then burns in
a counter-flow propagation mode. The primary air flow comes
from the bottom towards the top and the reaction front prop-
agates downwards. This process does not follow a continuous
operation mode but each batch of waste conforms to similar
conditions as those found in a moving grate incinerator. On top
of the fuel bed the secondary air is injected into the reacting
zone to complete the combustion process. A detail of the reac-
tor is presented [10] and a schematic in Fig. 1.

The ignition of the combustible is accomplished at the top of
the solid by means of a small pilot flame (ignition pipe). Once
ignition has been accomplished all flow rates are adjusted to the
experimental values. The region immediately above the fuel,
where combustion will occur, is labeled the secondary zone of
combustion. At the moment of ignition this zone covers an ap-
proximate height of 1200 mm. The secondary air of combustion
is injected in this zone using two tubes of 20 mm of inner di-
ameter at three different heights, as shown by Fig. 1. As shown
in Fig. 1 this zone will be further divided into a tertiary zone
of combustion at the downstream end of the reactor. The pri-
mary and secondary air flow rates are fixed and measured using
regulating mass flow meters. The primary air flow meter covers
a range between 0 and 100 Nm?/h and the secondary one be-
tween 0 and 50 Nm?3 /h. The precision of the measure is 1% at
the full scale.

Temperatures inside the combustion chamber are measured
with 0.5 mm diameter type K thermocouples. Twenty-eight
thermocouples are placed inside the reactor with their tip along
the axis of the chamber. The distance between thermocouples is
presented in Fig. 1. The combustion products are extracted from
the exhaust pipe and analyzed by means of an electro-chemical
analyzer make TESTOTERM model 350. This analyzer mea-
sures Oy, CO, NO, NO;, SO,. The precision of the measures
given by the analyzer used is about £0.2% concerning the O,
and £20 ppm concerning the other gases analyzed. The CO;
concentrations are calculated from a carbon balance under the
assumption that there are no other carbon-containing products
of combustion.

2.3. Experimental conditions

To establish the experimental conditions it was necessary to
conduct preliminary experiments to establish the air flow rates
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Fig. 1. Description of the fixed-bed reactor.

necessary for stoichiometric combustion. This is important be-
cause the air flow rate necessary for stoichiometric combustion
will depend on the propagation velocity of the reaction front.
Once an estimate of the air requirements for stoichiometric
combustion has been made, then the primary air flow rate can
be adjusted to provide a range of conditions that will extend
from fuel rich to fuel lean. The preliminary set of experiments
established that an average time of approximately 470 seconds
was required for propagation of the reaction front all through
the 1400 grams of fuel. By knowing the C/H/O/N/S composi-
tion of the mixture it is possible to estimate the average air flow
rate necessary to obtain stoichiometric combustion [10,11], for
this particular fuel is approximately 50 Nm?3/h. This flow rate
will vary slightly for different experimental conditions since
the propagation velocity is a direct function of the primary
air flow rate, but was considered appropriate since the depen-
dency of the propagation velocity on the air flow rate tends
to be linear [14]. On the basis of this information the primary
air was established within the range of 35 and 95 Nm?/h and
the secondary air was set to vary between 25 to 45 Nm?3/h.
These values provided a range of 60 to 140 Nm? /h for the to-
tal air supply. For practical reasons it is important to define a
variable that will be representative of the global incineration
process and will include both air supplies and the propaga-
tion rate. This is of significant importance in the normalization
of the pollutant species, because all measurements are made
at the end of the process. For this purpose a variable named

the “excess air” is defined as the ratio of the air flow rate
injected to that necessary for stoichiometric combustion. The
former value is known being the test parameter and the latter
is obtained, as explained earlier, from the measured propaga-
tion velocity and the chemical composition of the mixture [15].
This value is determined by several assumptions and observa-
tion:

— itis calculated from the mass loss rate of the solid fuel dur-
ing the established combustion so from the time necessary
to burn the (initial mass (1400 g)—mass of char at the end)
grams of combustible. The mass as well as the delay of
combustion is determined for each experiment;

— pastresults have shown that the consumption of oxygen due
to the char (uncombusted carbon) oxidation is negligible.

The “excess air” is a form of equivalence ratio because it
takes into account the propagation rate, and thus the fuel con-
tribution [10]. This parameter will be used during the discussion
of the results. A minimum of three repeat tests have been per-
formed for each experimental condition in order to verify the
repeatability of the experiments showing a maximum deviation
of 10% from the average values. The results presented in the
following sections correspond to the average values. For sim-
plicity no error bars will be presented and therefore the range
of data can be assumed as being always less than 10% from the
presented.
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Fig. 3. Example of a set of temperature histories in second zone of combustion (primary air Q1 = 60 Nm?3 /h and secondary air Q> =30 N m3 /h).

3. Experimental results
3.1. Description of the combustion process

Once ignition is achieved the reaction front propagates
downwards through the fuel bed. Therefore, the secondary zone
of combustion increases in size. A representative set of temper-
ature histories is presented in Fig. 2. Fig. 2 shows that before
ignition all thermocouples are at ambient temperature, once ig-
nition occurs the temperature increases suddenly until it reaches
a peak value, once this value has been reached the thermocouple
traces oscillate in a random fashion. These oscillations are rep-
resentative of the thermocouple having emerged from the solid
fuel. From Fig. 2 it can be seen that the temperature reaches
a peak then it descends to a lower plateau within a period that
varies between 100-200 seconds. Once this plateau is reached
temperatures oscillate within a smaller band. For this study, the
average temperature is defined as the time average of all tem-

perature values recorded after the peak value. An example is
presented in Fig. 2. The fourteen thermocouple traces recorded
from the solid are presented in Fig. 2. All thermocouples fol-
low a similar pattern and are separated by an almost constant
time lag. This denotes a constant propagation velocity. After
the reaction front has reached the final thermocouple the tem-
peratures drop suddenly denoting the end of the combustion
process.

Fig. 3 shows a representative plot of the temperature histo-
ries within the gas phase. The temperature distributions corre-
spond to the same case as Fig. 2.

As can be seen from the curve the temperatures increase
suddenly after ignition. Attainment of steady state tempera-
tures takes approximately 200 seconds after ignition. Beyond
that period, little temperature variation can be observed. Fi-
nally, the temperatures decay as the reaction front reaches the
end of the sample (Fig. 2). Thermocouples 15-21 correspond
to the region where the secondary air is injected and thermo-
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couples 22 to 28 to the region immediately downstream. The
temperatures measured within the region of air injection are al-
most constant showing an uniform reaction zone albeit the fact
that thermocouple 15 is separated 0.5 m from thermocouple
21. Downstream of thermocouple 21, combustion seems to de-
crease in intensity and slow temperature decay becomes evident
as the gases migrate through the reactor. The final thermocou-
ples show that the combustion products have almost attained
thermal equilibrium showing the well-insulated nature of the
reactor. The temperature histories depicted in Fig. 3 show that
it is important to divide the region above the fuel into two dis-
tinct zones. The secondary zone of combustion is the reactive
region and the tertiary zone of combustion corresponds to the
end of the exothermic reaction of oxidation (temperature de-
cay). For purposes of comparison average temperatures will be
established independently for both zones and will be calculated
by means of the time average of all temperature data recorded
after the initial transient period and before extinction. The tem-
perature into the secondary zone of combustion is determined
the average temperature (a) Fig. 3, then average temperature
(b) correspond to the temperature into the third zone of com-
bustion. Examples of these average temperatures are presented
in Fig. 3.

3.2. Evolution of the mass loss rate

The evolution of the propagation velocity of the reactive
front was studied as a function of the primary and secondary
air flow rates. The data will not be presented as a propagation
velocity but as a mass loss rate. By multiplying the propagation
velocity by the average density of the waste and the surface
area of the reactor a mass loss rate can be obtained. This choice
of presentation is made because the efficiency of an incinera-
tion furnace is given by the rate at which mass of waste can be
converted. The rate of pollutant formation, therefore, has to be
normalized by the rate at which the mass of waste is lost. Op-
timization of pollutant formation has to be done on the basis of
mass of pollutant per unit mass of waste converted.

Fig. 4 shows a series of mass loss rates for different primary
air flow rates. Data are presented for two different secondary
air flow rates. As predicted by theory Zhou et al. [14], the mass
loss rate is inversely proportional to the mass of air flowing
through the reactor. The heat feedback from the flames to the
fuel is primarily controlled by radiation, therefore provides a
constant heat flux boundary condition for the mass of fuel and
oxidizer moving towards the reaction front. The propagation
rate is therefore insensitive to the nature of the combustion re-
gion. Further evidence of this is provided by the insensitivity of
the mass loss rate to the secondary air flow rate. Fig. 4 presents
only two specific conditions but mass loss rate data for all other
secondary air flow rates fall within the same line. These ob-
servations are very important for modeling since they attest to
a parabolic problem, where the reaction can be treated as an
evolving control volume that is not affected by the downstream
conditions.

As explained earlier, the mass loss rate presented in Fig. 4
can be used to calculate the stoichiometric requirement of air
for each experimental condition. Therefore, all data presented
in the following sections will be normalized and presented as
total excess air (e7). The total excess air can be subdivided into
excess primary air (e1) and excess secondary air (e2). During
this study, the primary excess air was varied from e; = 0.6 to
2.5 and the secondary excess air between e; = 0.5 to 1.2, thus
the total excess air ranged between e = 1.1 to 3.7.

3.3. Gaseous emissions

Throughout this section the recorded emissions of NO will
be presented as a function of the excess air. The data symbols
will discriminate between the different primary excess air quan-
tities used. The emissions of NO obtained are presented in mg
of product formed per gram of combustible burned. The mass
of solid consumed is obtained from Fig. 4. Measurements of
NO emissions are presented in Fig. 5 and in Fig. 6 for the CO
emissions.
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Fig. 5 shows a clear linear dependency of NO production
with the total excess air. Independent of where the contribution
is made (primary or secondary air), the yield of NO depends
on the total air available. In contrast, Fig. 6 shows two well de-
fined regimes, for et < 1.6 the yield of CO decreases rapidly
with the total excess air. It is important to note that a total ex-
cess air et = 1.6 corresponds to a primary excess air e; = 1. For
et > 1.6 the production of CO follows a weak linear relation-
ship with the excess air. Thus, the minimum yield of CO occurs
approximately at et = 1.6. Furthermore, the data for et < 1.6
(so e1 < 1) shows a very strong dependency on the primary air.
A small increase in the primary air results in a strong decrease
in the yield of CO. For eT > 1.6 (so e; > 1) the dependency of
the yield on CO seems to be only on the total excess air and not
on the individual sources of oxygen.

3.4. Combustion regimes

The concentrations of CO have shown the presence of two
distinct combustion regimes. The change in regime does not
seem to affect the production of NO that seems to follow a
linear relationship with the total excess air. Nevertheless, it is

essential to try to understand the characteristics of the different
combustion modes and assess their impact on the formation of
CO and NO.

The primary indicator of the characteristics of the combus-
tion process is the temperature. Fig. 7 shows the evolution of
the temperature with the excess air for the primary zone of com-
bustion. Fig. 9 presents the same information for the secondary
zone of combustion. The data are presented as a function of the
excess air but the symbols discriminate between the different
primary excess-air.

Fig. 7 shows the same two regimes evidenced by the CO
measurements and depending of the value of the primary excess
air, inferior or superior to 1. For e; < 1 (represented here by
et < 1.6) the characteristic temperature of the primary zone of
combustion is scattered around 1100 K, for e¢; > 1 (eT > 1.6),
the scattering of the data is reduced and the average tempera-
ture rises to approximately 1250 K. For e; < 1, an increase in
primary air seems to lead to a slight increase in the temperature
while for a constant primary air an increase in the secondary air
results in a decrease in temperature. Nevertheless the scatter of
the data does not allow establishing these trends with certainty.



T. Rogaume et al. / International Journal of Thermal Sciences 48 (2009) 165-173 171

1400

1300 -

©el=06

Ael1=0.75

‘e
1200 - X =R
1100 A

1000 -

Temperature in K
<

900 -

800

° Xel1=08
®e1=1.0
Oel=1.1
Ael1=13
cel=15
Xel1=18

®el=21

Wel=25

700 T
1.1 1.6 2.1

2,6 3.1 3.6

Total excess air

Fig. 7. Influence of the total excess air on the average temperature in the primary zone of combustion.

For e > 1 no evident trends with the primary or secondary air
seem to prevail.

To better explain these two combustion regimes individual
temperature histories for the primary zone of combustion have
been selected for a case where e¢; < 1 (and et < 1.6) and one
where e; > 1 (and et > 1.6). These temperature histories are
presented in Fig. 8 and will be considered representative of
all other experimental conditions. The specific location of each
thermocouple used on Fig. 8 are given in Fig. 1.

Fig. 8(a) is characteristic of a combustion with a primary ex-
cess air e; < 1 and a total excess air eT < 1.6. It is divided in
5 time intervals labeled 1 to 5. The initial interval precedes the
arrival of the thermal wave and is characterized by a constant
ambient temperature. Approximately 120 seconds from igni-
tion the thermal wave reaches the thermocouple and a sudden
increase in temperature follows. At approximately 130 seconds
from ignition a visible decrease in slope can be established from
the temperature history. This slower temperature rise is char-
acteristic of strong endothermic degradation of the fuel. The
temperature at which this change in slope occurs (~673 K)
is also characteristic of the pyrolysis of materials similar to
the ones used in this study. This slope change is presented in
Fig. 8(a) as the transition between zones 2 and 3 and labeled
pyrolysis step. This particular temperature history corresponds
to e; < 1, therefore the gasification of the fuel is expected to
occur under a low oxygen concentration. A decrease in oxygen
concentration tends to favor endothermic pyrolysis pathways
and thus result in a decrease in the slope of the temperature his-
tories. Visual observation of the combustion chamber showed
that for this particular regime the reaction migrated to the inte-
rior of the porous matrix where endothermic pyrolyis competes
with exothermic oxidation.

The original slope is recovered approximately 20 seconds
later and the temperature continues to increase until it reaches
the combustion temperature (~1125 K). At this point the tem-
perature remains constant throughout the combustion process.
It is important to note that at this point the thermocouple is out-
side the porous media and in the gas phase. The temperature
increases when the reaction front has reached the end of the

reactor (480 second). At this point there is a final increase of
temperature that can be attributed to a change in stoichiometry
generated by the small amount of fuel left, a secondary reac-
tion originated by oxidation of the char or an end effect. This
increase marks the end of combustion and is followed by cool
down. It is important to note that since e; < 1 the final increase
in temperature is most likely associated to a variation of the
fuel/oxidizer ratio towards stoichiometric conditions.

These observations are of great importance since they show
that reducing the primary air below the stoichiometric require-
ment leads to a combustion regime that will favor the formation
of carbon monoxide.

For a temperature history corresponding to ey > 1 and e >
1.6 (Fig. 8(b)) it can be observed that similar zones can be es-
tablished. The notable differences are the absence of the pyroly-
sis step and of the final temperature peak. In this particular case,
gasification occurs in an oxygen rich environment and combus-
tion occurs in the gas phase. This results in an earlier tempera-
ture peak that occurs at approximately 200 seconds. This peak
corresponds to a narrow reactive zone occurring above the fuel.
A plateau at a temperature that is representative of the com-
bustion products follows. This combustion regime, where the
reaction front emerges to the gas phase, results in a significant
reduction in the yield of CO.

For the secondary zone of combustion the temperature in-
creases with the excess air et < 1.6, reaches a plateau, 1.6 <
et < 2.4, and then decays, et > 2.4 (Fig. 9). For e < 1 (er <
1.6) there is no evident trend with the individual sources of air
but the temperature seems to increase with the secondary excess
air. As the temperature reaches the plateau, the second zone
of combustion seems to remain unchanged with the primary
air and to increase with the secondary air. This observation is
consistent with the mass loss curves. The fuel mass loss is pro-
portional to the primary air so a change in this component of
the airflow velocity will have no effect on the stoichiometry
of the secondary zone of combustion. For e; > 1, the overall
reaction is fuel lean therefore an increase in the total air flow
should result in a decrease in temperature. Nevertheless, for
1.6 < et < 2.4 an increase in the secondary flow leads to an
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increase in temperature. A plausible explanation to this behav-
ior is that an increase in airflow results in an increased mixing
within the secondary zone of combustion. For et > 2.4 the
enhancement of mixing becomes less important and the stoi-
chiometry controls the reaction temperature. Under these con-
ditions an increase in the secondary airflow leads to a decrease
in temperature.

The temperatures of the primary and secondary zones of
combustion have shown that the presence of independent
regimes for both zones. The primary zone is controlled by
the primary airflow which generates two distinct combustion
regimes, where e; = 1 and e = 1.6 seems to be respectively
the critical primary and total excess air. Furthermore, these dif-
ferent regimes lead to significantly different trends on the yield
of CO. The characteristics of secondary zone of combustion are
also affected by this change of regime. For ¢y < 1 (e < 1.6)
the fuel content reaching the secondary zone seems to be given

by the combustion regime in the primary zone, nevertheless the
burning conditions are mostly controlled by mixing. Mixing
seems to dominate until the total excess air reaches approxi-
mately 2.4. At this point the stoichiometry seems to become the
dominant parameter.

4. Conclusion

An experimental study has been conducted with a fixed-bed
reactor to simulate, in a laboratory scale, industrial municipal
waste incineration using moving grates. The present study has
concentrated on the observation of the different combustion
regimes and their impact on the production of NO. It can be
concluded that:

e The amount of primary air introduced through the fuel has
a significant effect in the nature of the combustion process.
Two different regimes have been identified. For air flow
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Fig. 9. Influence of the total excess air on the average temperature in the secondary zone of combustion.

rates below the stoichiometric requirement an oxygen de-
ficient combustion regime is established within the porous
matrix. This regime is characterized by low reaction tem-
peratures, and favors endothermic pyrolysis.

e For a total excess air below 2.4 mixing controls the reaction
between the secondary air and the products of the primary
zone of combustion. An enhancement of the secondary air
results in better mixing and an increase in temperature.

e For a total excess air greater than 2.4 the enhancement of
mixing becomes less important and the stoichiometry con-
trols the reaction temperature. Under these conditions an
increase in the secondary air flow rate leads to a leaner mix-
ture and a decrease in temperature.

e Under the present experimental conditions the production
of NO seems to be controlled only by the oxygen concen-
tration in the secondary zone of combustion. An increase in
total excess air flow rate results in an increase in the yield
of NO.
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