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Abstract - The development of industrial boilers and furnaces with higher efficicncics and lower
environmental impact, togcther with the advances in computer power promoted the development of
comprehensive modcls to simulate fluid flow, heat transfer, combustion and pollutant formation. The
present paper reviews modelling work performed at Instituto Superior Técnico (IST) concerning the
prediction of industrial combustion equipment behaviour and NO emissions. The model is based on
the solution of transport cquations for momentum, enthalpy, chemical species concentration and
turbulent quantities. In the casc of coal combustion a Lagrangian description of the particles is
considercd using a two-way coupling between the particle phase and continuum gas phase. In any case
the NOy formation is considered in a post-processor routine. The models are applied to gas and oil-
fired glass melting furnaces and utility boilers where NO emissions are estimated using the Zeldovich
mechanism for thermal-NO, For pulverised coal combustion applications to a single burner furnace
and to a multi-burner boilcr are described and NO emissions are estimated using the De’Socte reaction
mechanism for fucl-NO.

INTRODUCTION

The fucl resources limitations and the pollution problem awareness motivated the rescarchers on industrial process furnaces and
boilers to improve efficiency and reduce pollutants emissions. Advances in computer power allicd to advances in the
understanding of fluid mechanics promoted the application of computational fluid dynamics to the analysis of combustion
equipment for the last two decades. The computer codes incorporate adequate physical models required to allow the evaluation of
all relevant phenomena occurring in the combustion chambers. These codes arc substituting global and zonal models with the
advantage of coupling the calculation of fluid flow, combustion and heat and mass transfer. The flexibility of these models is
clearly demonstraied by their application to utility boilers and industrial furnaces. Recent reviews of these developments are

available,1-2

In today's research, particularly acutc is the need to comply with more stringent ecological requirements, by lowering the
noxious gas emission without sacrificing production. The large amount of air preheat and the clevated flame temperature in
many gas and oil furnaces yicld high levels of thermal NOx emissions which are causing concern. Also the necessity to use
lower quality coals with considcrable nitrogen and sulphur content increases the harmful emissions. Reductions in NOx
emissions are achievable through combustion modifications, but parametric trials on full scale equipment are very expensive and
accurate measurements are difficult to obtain. Hence, mathematical models are a valuable tool to help engincers in the struggle
for reduction of pollutants emission.

A bricl review of the NOy modelling in practical systems may be found in Ref. 3. Since the present work describes applications
to utility boilers and glass furnaces only previous work dedicated to such equipment is mentioned here, The prediction of NOy
emissions in glass furnaces is bascd on the use of the Zeldovich mechanism describing thermal NO formation. The inverse
reactions of the Zeldovich mechanism which are often neglected in other applications have been found to be important in glass
furnaccs due to the high temperatures achicved3-4, A similar thermal NO formation model has been applicd 1o oil-fircd utility
boilers3-0, A more complex model bascd on a detailed reaction mechanism and finite rate chemical kinctics was employed in
Ref.7. For coal-fired boilers the main source of NQO is the nitrogen content of the {uel and the NO cmission is described by the
De Socte mechanism3, Scveral applications to coal-fired boilers have recently appearcd in the literaturc9-11,

The objective of this paper is to describe models of thermal and fuct NO formation and present the work carricd out at Instituto
Superior Técnico which is part of the Technical University of Lisbon concerned with the application of such models to utility
boilers and glass furnaces. In this paper, the next section describes the models used to calculate NO emissions. The following
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section describes applications to glass melting furnaces and utility boilers. A small furnace with a single pulverised coal burner
is also considered to test the combustion and fucl NO model. The last section presents some gencral concluding remarks of the
present work.

MATHEMATICAL AND PHYSICAL MODELS

Turbulence, combustion and radiation models

The mathematical modelling of indusirial combustion chambers is based on the numerical solution of the governing Favre-
averaged conscrvation equations for a turbulent high Reynolds number flow. The mcan flow equations are closed by the k-€ cddy
viscosity/diffusivity model which compriscs transport equations for the turbulent kinctic cnergy, its dissipation rate, and
constitutive relations for the Reynolds siresses and turbulent scalar fluxes.

Combustion in gas flames is modcllcd assuming a simple chemically reacting system (SCRS). This model is bascd on the
following assumptions: the reaction ratcs associated with the fucl oxidation have very small time scalcs compared with thosc
characteristics of the transport phenomena and so chemical reactions take place instantancously as soon as the rcactants are
brought together; the mass diffusion cocfficicnts of all chemical species and the thermal diffusion are equal; the reaction between
the fuel and the oxidant can be represented by a global one step rcaction. These hypotheses allow the calculation of the
instantaneous mass fraction of the chemical specics as a function of a stricly conscrved scalar variabic often taken as the mixture
fraction,

In a wrbulent flow the mixture fraction fluctuates and knowledge of its mean value is insuflicicnt to allow the calculation of the
mean values of chemical species mass fractions, temperature and density. The fluctuating nature of the reactive flow may be
accommodated through an assumed probability density function (pdf) for the mixture fraction. A clipped Gaussian distribution or
a beta pdf are the most common assumptions. Thesc pdfs are completed defined by the mean valuc and variance of the mixture
fraction.

In the case of pulverised coal combustion, instcad of considering a mixture [raction, transport equations are solved for the
oxidant, volatile and combustion products. Combustion of the volatiles in the gas phasc is supposed to be controlled by a
turbulent mixing rate using the eddy dissipation model 12 and a chemical kinetic rate of volatiles!3 . The combustion rate is
calculated by paralicl competition of the two rates4. The volatiles mass sources are a result of the computation of the coal
particles cvolution by tracking represcntative particles in the flow domain.

The particle momentum equation is analytically integrated in time steps dictated by the grid dimensions and by turbulence. The
interaction of a given eddy with the particle trajcctory is limited in time by the eddy lifetime and the time for a particle to cross
an eddy15. The temperature of the particle is calculated from the cnergy balance equation solved along trajectorics. Particle
drying, devolatilization and char burnout arc considered in scqucncc”. Devolatilization is handlcd by a first order kinctic rate16
and the char combustion raic is a combination of diffusion and kinctic rates17.

The use of representative particles requires a large number of coal particles to be tracked to achieve statistical independent source
terms of volatiles, combustion products and oxygen. In the calculations presented here, about 2000 different trajectorics were
calculated for each call of the Lagrangian routinc. This routinc was called cach 20 to 50 itcrations of the flow ficld computation
and a carefully chosen crilerion of accumulating the contributions of trajectorics computed in different iterations was considered
for the three dimensional casc18,

The radiative heat transfer is calculated using the discrete transfer method !9, This method is bascd on the direct solution of the
radiation intensity transport equation. The absorption coefficient of the medium is calculated using the mixed grey and clear gas
formulation20, extended to account for soot. In the casc of pulverised coal combustion, the particle emissivitics are calculated
according to ref, 21.

Soot is of concern because its presence greatly augments the radiation heat transfer and because it is a pollutant. A simple global
expression similar to that used in ref. 22 may be uscd to calculate soot production. Soot oxidation is modclled following the
method outlined in ref, 12,

NO, model

The major part of NOy in practical systems has been found to be NO. Conscquently, the large amount of theoretical and
experimental studies have been focused on NO formation. Nitric oxide may be built up from different reactions paths. The
importance of each path depends on the combustion condition. Thermal NO refers to NO obtained from oxidation of molecular
nitrogen from air, while fucl NO dcsignates NO formed from oxidation of nitrogen bounded in the fucl.

A third mechanism for NO formation is termed prompt NO. The importance of this last mechanism in flames with excess air is
smaller than the others which arc treated in this work. The prompt NO was proposed to cxplain obscrved excess of NO
formation in the vicinity of the combustion zone. This rapid formed NO is supposcd to accumulate from reactions between
nitrogen and CH radicals followcd by oxidation which is similar to the mechanisms proposed for fucl NO.

As NO is present only in trace amounts and it has negligible influence on the heat relcase and on the temperature ficld, its
calculation has traditionally been considered 10 be independent of the combustion and aerodynamics calculation.
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Thermal NO. At high tcmpceraturcs the thermal NO builds up by rcactions that arc slow cnough to be controlled by chemical
kinetics. Thus, the modelling of NO formation presumes a finitc reaction ratc and the assumption of chemical cquilibrium made
for the combustion model is not valid hcre.

The kinctic route of NO formation is not the dircct reaction between oxygen and nitrogen molecules (N3 + O2 & 2NO) and
therefore the presence of atoms and radicals has to be considered. Oxygen atoms are formed from dissociation of O3 or from the
hydrogen atom attack on O7. The oxygen atoms that arc formed will then attack the nitrogen molccules along the Zeldovich
mechanism:

0+N,& NO+N ®A)

—)
N+0O,& NO+O ®RA)

From the Zeldovich mechanism and assuming steady state for the nitrogen atom concentration, the rclation giving the NO
production ratc can be determined as a function of the rate constants of the direct and reverse reactions. The form of the
production rate can be further simplificd assuming the reaction between the N and OH radicals to be negligible and partial
equilibrium for the rcactions of the oxygen atom formation (sce, ¢. g., ref. 4) yiclding:

d[NOJ Z[OJ(KAKB[Oz][Nz]' K 5K [NOJ

dt Kg[0,]+ K A[NOJ

M

Where K A and KB denote the forward constant rates of reactions (RA) and (RB) of the Zeldovich mechanism and K. A and K.
stand for the reverse reactions. The concentration of the oxygen atom is calculated from partial cquilibrium of oxygen
dissociation:

0] =K, [0}’ @

The values KA, KB, K.A, K.B and Kv were taken from data published by Baulch et al23

Equation (1) has been used in this work to model the NO formation rate. The time-mcan NO mass concentration is calculated
from its transport cquation whosc source tcrm is computed from cquation (1). Note that in most of the previous studics the
reversc reactions of the Zeldovich mechanism were not taken into account. Ignoring these reactions results in overestimation of
the NO emissions for the glass melting furnaccs.

Fuel NO, The main gas specics containing nitrogen produced during coal evolution arc HCN and NH3, Once the fucl nitrogen
is converted to HCN it rapidly decays to NH; which react to form NO and N2. Recognizing the importance of HCN as a

precursor to the subsequent nitrogen compound intermediates, De Soete correlated the rate of NO formation and decay with a
pair of competitive parallel reactions, cach first order in HCN, which represents the pool of nitrogen containing specics:

10 b _-33700/T 3
Ruyen 5 n0 =107 p XyenXo,0 kg/m”s 3

Rpo o N,= 3% 10'%p XyowXpoe >0 kgm’s

@

X represents molc fractions of the chemical species and b is the order of reaction for molecular oxygen which is a function of
oxygen concentration. The two reaction rates are included in transport equations for HCN and NO and form the basis {or the fucl
NO post processor which allows the calculation of NO formation for pulverised coal flames. The hetcrogencous reduction of
NO by char bascd on the kinctic ratc of rcf. 24 was found to have a minor influcnce on a single burncr test study 25 and thus it
was not considered. The thermal NO mechanism was not considered for the pulverised coal applications, although it can be
incorporated in the NO transport equation.

APPLICATIONS OF THE MATHEMATICAL MODEL

In the present section, results obtaincd using the modcls described in the previous section are presented for different combustion
chambers. The scction is divided into three parts. The first part is dedicated to glass furnaces, the second part considers an oil-
fircd boilcr and the last part presents results for pulverised coal combustion. The numerical studics performed are applications (o
Portugucse industrial equipment.
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Glass melting furnace

The model has alrcady been applied to several furnaces and the most relevant results are published in the literature. In Ref.26 a
combined numerical and experimental study was conducted to improve combustion conditions, bumers geometry and validate the
modcl. The mode! for thermal NO was applicd for the first time 10 a cross-fired regenerative glass melting furnacc in the work
described in Ref, 4. Parametric studics were performed for another cross-{ired regenerative furnace with similar gcometry but
consisting of only four rows of ports3.

Recently, Carvalho and Nogucira27 presented a study of an end-port glass furnace aimed at an intcgrated evaluation of the cffect
of changes in the operating conditions on the furnace performance, as a basis for future development of automatic advising
devices. The studied furnace is used to produce glass containers, The predictions have been obtained for the following standard
operating conditions: fucl mass flow ratc=0.17 kg/s, air/fucl ratio=17 kgair/kgfucl » whitc glass.

The furnace geometry is shown in figure 1 and the predicted flow pattem is sketched in figure 2. These predictions were obtained
by using three-dimensional modelling procedures for the whole furnace system, heating chamber and load.
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Figure 1 - Sketch of the end-port glass furnace.

Figurc 2 - Flow pattern inside the combustion chamber.

Figure 3 shows the NO mass fraction in horizontal and vertical plancs crossing the burners location. It can be scen that several
local concentration peaks are present. This is due to the presence of critical temperature combined with oxygen and nitrogen
concentrations in different locations. The attcnuation of those peaks may be accomplished changing the operating conditions and
the flame shape in order to try to achicve a more uniform temperature distribution.

The formation of NO is strongly influcnced by the presence of high local gas temperatures and significant NO reduction may
occur when the reaction products are at intermediate temperature levels. At this temperature range, the equilibrium NO
concentration is smaller and the reaction rate of the Zceldovich mechanism is still significant. Coupling both possibilities — o
attenuate temperature peaks and to increasc the residence time of the combustion products at intermediate temperatures — it is
possiblc to decrease significantly the NO emissions. However, a combination of both aspects is not possibic in all thermal
equipments duc to technological limitations. The reduction of NO cmissions will be effective in a combustion chamber where
the flame is long, the temperature distribution is smooth and the combustion products stay insidc the chamber during a
significant time.

Fortunately, in glass melting furnaces thesc ideal conditions may be approached. Significant temperature peaks do not generally
occur due to the structural limitations and large dimensions of the glass-melting tank. The flame has to be long and the gas
temperature should be as uniform as possible. In the end-port furnaces — the more common glass furnace geometry —
combustion gases stay inside the combustion chamber for a long period. This high residence time is duc to the loop formed by
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b) Vertical planc crossing the middle burner.

Figure 3 - NO mass fraction distribution inside the combustion chamber,

the gas flow inside the combustion chamber. This horseshoe flow pattern is imposed by the location of burners, sccondary air
entrance and outlet port in the same {urnace wall. This configuration is used to allow the regencrative heat recovery and the
correspondent cyclical working mode. Thus, in glass furnaces, and particularly for end-port furnaces, it is possible a significant
reduction of the NOx emissions by adjusting the gcometric parameters and operating conditions that control the flame shape, the
temperature distribution and the gas residence time.

Oil-fired boiler

The study of a power station boiler of the Portuguese Electricity Utility is reported in this section. It is a natural circulation
drum boiler with a pressurized combustion chamber, parallel passages by the convection zone and preheating, It is prepared for
out-door installation and fuel oil burning, being easily adapted to natural gas and fuel oil/natural gas burning. Vaporization of
the fucl was assumed to occur instantancously. The boiler is fired from three levels of four burners cach, placed on the front
wall. A simplificd skeich of the combustion chamber is presented in figure 4. At maximum capacity (771 th at 167 bar and 545
°C) the fuel mass flow rate is 15.8 kg/s, the air mass flow rate is 238.7 kg/s and the output power is 250 MWe.

"/
E
g || z=1047m
— z2=773m
2 6.4 ( z=520m
y X 1 — \ /
y=462m

y=243m y=3.76m
Figure 4 - Sketch of the oil-fired boiler.
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Figure S - Predicted velocity ficld.

Predictions of the velocity ficld in a horizontal plane crossing the second level of burners is presented in figure 5. The upper
boundary of the plot is coincident with the symmetry axis of the boiler and, therefore, only two of the burncrs are visible. The
flow close to the burners is rather complex due to the swirl of the combustion air. Analysis of the flow ficld reveals that the
horizontal velocity component decreascs towards the back wall of the boiler. This effect is more pronounced for the low level of
burners (not shown here) due to the flow deflection towards the ash-pit where a large vortex is formed, Conscquently, the mean
residence time of the fucl introduced through the burners at the lower level is much higher than for the fuel introduced through
the burners at higher levels. Close to the back wall and above the burncrs level a region of low velocitics is present. This
phenomenon is a conscquence of the high velocity of the inlet air that moves towards the back wall and collides with it
overwcighting the momentum turbulent diffusion.

The gas temperature distribution (scc figurc 6) denotes high gradicnts near the burners especially in the flame front region where
combustion takes place. The temperature increascs as the distance from the burners increases and combustion progresses. At the
two top levels of burners the temperature achicves the highest vatucs around 1900 X and above 2000 K in a small region. These
temperatures are achieved at a distance between 2 and 3 m of the front wall and they do not change signilicantly up to the back
wall. The turbulence/combustion interaction tends to homogenize the temperature by lowering the peak levels that would occur
otherwise. In the ash-pit and above the top level of burners the gas temperature decreases due to the heat loss by radiation to the
wall. As the combustion products approach the exit section the icmperaturcs become more homogencous.

Figure 6 - Predicted tempcraturc contours (K). (A-2000, B-1900, C-1800, D-1700, E-1600,
F-1500, G-1400, H-1200, I-1000)
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The predicted thermal NO distribution normalized by the maximum predicted value is presented in figure 7. Higher production
rates occur in the lean - fuel side of the flame front where the tempceratures are high and the oxygen concentration is significant.
In regions where the concentration of NO is significant, the temperature exceed 1400K and there is oxygen available, NO
oxidation takes place and may dominate its formation. These considerations explain the predicted distribution: NO concentration
increases from the burners as long as combustion takes place. When combustion finishes the temperatures are high enough for
the inverse reactions of the Zcldovich mechanism to occur and since there is oxygen available the NO concentration decreases.
However, the NO distribution does not change between a few meters above the burners level and the exit to the superheaters
suggesting that the reactions involving NO formation or oxidation arc no longer significant. The predicted average value at the
exit is below the range expected. This underestimation may be explained by the formation of NO which was not accounted for,
namely some contribution from the nitrogen contained in the fuel oil.

Bl

y

z2=529m

\

|

g7

} < z2=773m j> @ z2=1017m

x=3.76 m

G =
B

y=243m y=4.62m

Figure 7 - Predicted NO mass fractions normalized by the maximum value
(A-1.00, B-0.875, C-0.75, D-0.625, E-0.50, F-0.375, G-0.25, H-0.125).

Pulverised coal flames

The pulverised coal study was concerned both with axisymmetrical single burner furnace and a utility boiler. The
axisymmetrical case was used (o test and develop a numerical model considering the lagrangian description of the coal particles
and the fuel NO model. The model was then applicd to a three dimensional geometry corresponding to a utility boiler 300 MWe
equipped with 20 burners.

The axisymmetrical study was bascd on the experimental results oblained in the downward fired cylindrical furnace of 0.6 m in

diameter installed at Imperial College of London.28-29 The operating conditions considercd in the present work correspond to a
swirl number of 1.43 and cxcess air level of 15%.
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Figure 8 - Radial profiles of a) Oxygen concentration, b) Temperature.

Figures 8a) and 8b) show the comparison of the model predictions with experimental results of oxygen concentration and
temperature radial profiles for different axial positions along the furnace. The figure shows a predicted carly oxygen consumption
close to the burner which was observed to be the result of particles being reversed in the central recirculation zone and burning
close to the burner quarl. The two curves in cach figure correspond to two different kinctic rates of char combustion. The full
line corresponds (o a slower kinetic rate and thus smaller oxygen consumption close to the burner in better agreement with
experimental results. The second axial position suggests that the proximity of the internal recirculation zone is overpredicted by
the model. The oxygen consumption in the external recirculation zone is similar for both kinetic rates. For lower swirl14.25,
the extension of the external recirculation zone is smaller and the amount of combustion in these zone is very sensitive to the
kinetic rate of char burnout. The predicted temperature profiles show a reasonable good agreement except closc to the beginning
of the internal recirculation zone.
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Figure 9 - Centrelinc HCN and NO concentrations.

Figure 9 shows the HCN and NO axial concentration profiles for the two recaction rates considered using the constant presented
in equation 3 and this constant multiplied by 3.1 using thc lower reaction rate. Although the kinctic rate of coal combustion
influences the HCN profile the NO formed is little affccted. The oxidation rate constant increased has been used by different

authors in literature? but in the present model predictions the original constant performs better. This is not the casc for the
industrial scale study discussed below whcere a constant an order of magnitude larger gave the best results. The agreement with
the experimental measurements considered show a small increase of NO emission with swirl although cartier results obtained in
the same furnace showed the opposile behaviour. The NO emissions present a minimum value close to the swirl number
considered here.

The numerical techniques previously developed to the prediction of the 2-D axisymmetrical pulveriscd coal burners were adopted
to describe an industrial pulverised-fuclicd boiler (group 3 of the Sines Power Plant of Portugal). Figure 10 presents the cross
section of the studicd combustor which contains five levels of burners. The lateral side of the boiler (not shown in this figure) is
15. m width and includes four rows of burners. The three-dimensional code simulates numerically the combustion, heat transfer
and flow field of the reactlive two-phase flow in half of the boiler, assuming symmetry by considering that the influence of swirl
is only significative close to the burners.
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Figure 11 shows representative trajectorics of the coal particles here calculated with the aid of special strategy of particle
dispcrsionlg. The operating conditions correspondent to this figurc is a result of the BOSS (Burncrs-out-of-Service) technique
applicd to reduce the overall NO emissions from this boiler. The sensitivity of the fully three-dimensional model was found very
satisfactory for scveral diffcrent operating cascs when compared with the measurcments of NO concentrations performed in the
flue gases of the furnace!l, The measurcd values of NO emissions remain roughly in the range of 600 to 660 ppm (6% 07)
where the smaller valucs are related to successful applications of the BOOS techniques for the first or fifth rows of burners
leading to the expected reductions. The calculated values are slightly overpredicied using a constant an order of magnitude larger
for the pre-exponcential constant of the DeSocte’s mechanism, The values obtained with the model vary between 620 to 723
ppm (6% 03) for all operating cases studicd. The sensitivity to changes in key-variables such as the particle averaged diameter is
also stimulant, where predicted values shifted by less than 5% of absolute mcasured values were found.

Figure 12a) shows the temperaturc values of the normal opcration for a vertical planc containing the bumners centrelines. Figure
12 b) and c) are rclated to the distributions ol oxygen and NO for the same operating case, respectively. The scale of figure 12 ¢)
was sclected in that range to show the rapid formation of NO duc the oxidation of HCN in the envelop of the flames. The
flames shape can be identificd by temperaturc and oxygen distribution which is the result of the char burnout and volatiles
combustion in both particulate and gascous phasc.

b) c)

Figure 12 - Predicted values in the coal fircd boiler
a) Temperatures (K) - (A-2500, B-2250, C-2000, D-1750, E-1400, F-1000, G-700).
b) Oxygen mass fractions (%). (A-1, B-2, C-3, D-4, E- 8, F-10, G-15, H-20).
¢) NO mass fractions (ppm). (A-400, B-350, C-300, D-250, E-200, F-150, G-100, H-50).
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CONCLUSIONS AND FINAL REMARKS

A three dimensional mathematical model was developed to predict the behaviour of combustion chambers of industrial
equipment burning gas, oil or coal. The complcte validation of three dimensional modcls is scarce due to the difficultics in
obtaining experimental results but the comparisons performed so far are encouraging. The use of simpler gcometrics to perform
detailed comparison with experimental results is a way to support the developments of the three dimensional modcls.

The predicted NO emissions from glass furnaces arc in rcasonablc agrecment with experimental measurements but in the oil-
fired boiler the predicted values arc lower than the mcasurcd ones. This is probably due to a significant contribution from
nitrogen in the fucl oil which was neglected in the present analysis.

The prediction of axisymmetric pulverised coal flames shows the influence of some inaccuracics in the turbulence model. The
application of the model to a coal-fired boiler, although requiring fitting of a modcl constant in accordance with other authors,
‘has shown the ability to predict the influcnce of operating conditions on the NO emissions.

It can be concluded that the use of threc-dimensional mathematical modcls is a real alternative to predict and evaluate the cffect
of changes in operating conditions and design parameters on the pollutant emissions. The so-called sccondary measurcs may
represent an important reduction on the NO pollutant emissions in industrial cquipments.
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