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Predictions of nitric oxide emissions
from an industrial glass-melting furnace

M G CARVALHO*, V SEMIAO*, F C LOCKWOOD** and C PAPADOPOULOS**

A mathematical model predicting the performance of the combustion chamber of industrial glass furnaces is
described. The three-dimensional flow, gas composition, temperature field and heat fluxes are calculated by
means of time-averaged forms of the governing conservation equations, in addition to the two- -equation k-e model
for turbulent transport. The flame is modelled as a turbulent-diffusion flame, and the chemical reactions associated
with the heat release are assumed to be fast. The fluctuations of the scalar properties are accounted for by the use

of a clipped-Gaussian probability density function. The thermal radiation, which plays the dominant role in the
heat-transfer process inside these furnaces, is accounted for by the use of the ‘discrete transfer method'. The
Zeldovich mechanism is incorporated in the model in order to predict the formation of the thermal NO from
atmospheric nitrogen. This is the first time that predictions for NO emissions have been obtained for a cross-fired

ragenerative furnace.

1 List of symbols

gravitational acceleration in the i direction
time-mean stagnation enthalpy

reaction rate

turbulent kinetic energy

molecular weight of the spéciesj
time-averaged mass concentration of species j
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pressure
thermal radiation volumetric source
universal gas constant

source term

temperature

velocity component in the i direction
co-ordinate direction

molecular exchange coefficient for a variable
Kronecker’s delta

dissipation rate of turbulent energy
molecular viscosity

time-mean density

density reference value

fluctuation component

time-averaged value
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2 Introduction

2.1 Preamble

Traditionally, the design of combustors has been based on
the use of empirical models that attempt to correlate over-
all performance in terms of a number of simple global para-
muters — such as combustor volume, air-inlet temperature
and pressure, mass flow rate and fuel:air ratio. However, a
more fundamental approach is required both by the need
for energy savings and by the necessity to reduce the emis-
sion of pollutants from such systems.
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On oxidation, the combustion process would ideally con-
vert all the sulphur to SO,, the nitrogen to NO, the hydro-
gen to water and the carbon to CO,. Combustion is not
ideal, however, and the analysis of the combustion prod-
ucts reveals the presence of products such as SO,, SO;, NO
NO,, CO, CO,, H,0, H,, unburned hydrocarbons, polv-
cyclic aromatic hvdrocarbons and soot. Most these are
pollutants

Current emphasis on the reduction of combustion-gener-
ated pollutant emissions resulted in a renewed interest in
the development of prediction methods for calculating the
flow, gas composition, temperature and heat fluxes in prac-
tical combustion systems. Modelling of combustion in prac-
tical systems requires reliable models for the turbulence
and for the combustion processes. Additionally, if the pre-
diction of the pollutant emission is desirable, the interac-
tion between turbulence and chemical kinetics must also be
considered.

The major portion of NO, in practical systems has been
found to be NO'. This is the reason for the numerous ana-
lytical and experimental studies that have been focused on
NO formation. Nitrogen oxide emissions emanate from
two principal sources: i) the automobile, which is con-
sidered the major producer and for which emissions stan-
dards are enforced; and ii) stationary combustion
chambers, such as those of electricity-generating plants and
glass furnaces.

Because the research on NO kinetics and-modelling has
been so extensive. a review of some of the related papers is
presented.

2.2 The kinetics of NO formation

The kinetics of NO formation from atmospheric nitrogen
have been studied extensively. Early investigations® deter-
mined the mechanism of NO formation in combustion of
fuel-oxygen-nitrogen mixtures. More recent studies on the
kinetics of NO formation in laboratory flames support the
Zeldovich mechanism (see References 3-8). However,
Fenimore” has reported that in the vicinity of the combus-
tion zone, NO formation rates exceeded those predicted by
the Zeldovich megh&msm deldl\« formed NO, tumcd
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tions between nitrogen and CH radicals followed by oxida-
tion. Later investigations® have justified the above-men-
tioned excess of NO formation by the presence of radicals
in levels above their equilibrium values.

The work of Westenberg’ presents a study of the NO
kinetics in lean, premixed hydrocarbon-air flames, and
deduced a model based on the assumption of constant tem-
perature and equilibrium for the oxygen-atom concentra-
tion; the importance of low temperature in controlling the
NO rate was emphasised in his work. Both thermal and
fuel-bound nitric-oxide mechanisms have been investi-
gated by Bowman®. In his work he found, after detailed
comparisons of kinetics calculations and experiments, that
the Zeldovich mechanism was the determining one in the
thermal NO formation. The work of Flower et al’ has
demonstrated the importance of the hydrogen-atom con-
centration on the NO reduction in the temperature range
2400-4500 K, especially for fuel-rich mixtures.

A detailed kinetic model, involving fifteen chain reactions
and species containing hydrogen, oxygen and nitrogen, was
obtained for flames of that class. The presence of radicals in
super-equilibrium — that is in levels above their equilib-
rium values — is a matter of present-day research. The
importance of the presence of super-equilibrium radicals
(namely the OH radical) on the thermal NO formation has
been demonstrated by Drake et al’. Finally it was con-
cluded that NO is formed in the near-stoichiometric flame
zone in turbulent-diffusion flames, and that the degree of
super-equilibrium of radicals, similar to premixed flames,
decreases when the peak flame temperature increases.

2.3 NO modelling in practical systems

A two-dimensional mechanistic model was presented by
Katsuki et al'® to study the NO formation rate and its
dependence on temperature and species concentration, in
a gas-turbine combustor using the Zeldovich mechanism.
The calculations of the combustion aerodynamics were
based on the simplified hypothesis of: a boundary layer
approximation in the main flow region. no reversed flow
outside the recirculation zone, a single step and equili-
brated reaction for the oxidation of the fuel in the absence
of radiative heat-transfer effects and the turbulence being
modelled by an empirical correlation.
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Peters'', although exploiting the fact that NO is formed in a
narrow region around the maximum temperature in turbu-
lent-diffusion flames, determined the NO formation rate
by an asymptotic expansion in terms of a small parameter
8, using the Zeldovich mechanism. A two-dimensional axi-
symmetrical model was used, and the predictions agree
favourably with experimental results for a hydrogen-air jet
diffusion flame, despite the use of an empirical correlation
for the turbulent-viscosity calculations. A three-dimen-
sional model was presented by Jones & Priddin'?, in which
the Favre-averaged forms of the governing conservation
equations and the k-¢ two equations for turbulent transport
are solved in order to predict a gas-turbine combustor. The
combustion model was based on the fast kinetics assump-
tion and the fluctuations in scalar properties being
accounted for by the use of a Beta probability density func-
tion. Radiative heat transfer was not considered.

The Zeldovich NO mechanism was employed. Surpris
ingly, comparisons with experimental values have shown
that the model over-estimated the NO concentration,
although the possibility of super-equilibrium of radicals
was not allowed for. The model presented by Drake er al’ is
similar to the model of Jones & Priddin'>—the same turbu-
lence model, a fast kinetics assumption for the combustion
model with the turbulent fluctuations accounted for by an
assumed pdf, the thermal NO calculated from the Zeldov-
ich mechanism. but with a new kinetic model introduced
for the production of NH,.

A model similar to the previous ones was presented by
Ahmad er al®, but in this case the authors have also calcu-
lated the spatial distribution of the soot. They applied it to
the calculations of a turbulent jet-diffusion flame. The con-
clusion of their work was the importance of simulating the
influence of turbulence on the chemical kinetics. None of
the above-mentioned authors considered the effects of the
reverse reactions of the Zeldovich mechanism.

In spite of numerous works on the modelling of NO emis-
sions, their application has been restricted to gas-turbine
combustors and diesel engines. The present work presents
a three-dimensional simulation of an industrial glass fur-
nace under real operating conditions. Time-averaged
forms of the governing conservation equations along with
the k-e turbulence model are used.

The combustion model is based on the fast kinetics hypoth-
esis, with turbulent fluctuations of scalars being accounted
for by use of a clipped Gaussian pdf. Radiative heat trans-
feris allowed for by the discrete transfer method. The time-
averaged NO mass concentration is calculated by solution
of its conservation transport equation. The Zeldovich
mechanism is used to simulate the NO formation rate; for
the first time, the reverse reactions are retained.

2.4 Description of the furnace

Fig.1 shows the furnace, which is of the cross-fired regencr-
ative kind. This furnace is essentially a large insulated con-
tainer in which the batch enters via the *dog-house wall” and
the molten glass exits from the opposite end. The firing
ports are located along the sidés of the furnace. There are
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The furnace is fired alternately from either side to.ensure
uniform heat flux to the glass and to facilitate the regener-
ation process.

The combustion products pass through the regenerators,
which are used to preheat the combustion air before enter-
ing the furnace and to produce higher temperatures and
=ugment the heat flux to the glass. The wall openings sur-
rounding the burners serve alternately as air-entry
locations and waste-gas exits as the firing direction is
altered. Methane fuel is burned with excess air, at typical
values in the range 8-12%. The roof of the furnace and the
side walls are refractory lined.

3 Physical modelling

“he governing transport equations for the mean motion of
= turbulent three-dimensional flow were applied in their
Cartesian form. The time-averaged equations for the con-
servation of momentum in compact tensor notation, are:

3 L s {_9 u
3x; pujuj + Ppoijj- H axj
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where v, is the velocity component in the direction of co-
ordinate x,, p is density and p,; a reference value, g, is the
magnitude of the gravitational acceleration in the i direc-
tion, p is pressure, w is the laminar viscosity, and the oper-
ator d; is unity for i = j, and zero when 1 # j.

The equation for the conservation of energy may be
zxpressed as:

9 ~ b dh ) e -
m(pujh]-gx—j[rhmjﬁx—j(p%h J‘Qrad'—‘-o 2

where h represents the stagnation enthalpy, T, is equal to
the fluid’s thermal conductivity divided by its constant-
pressure specific heat, and Q,,, is the net volumetric heat
2:in due to thermal radiation.

In addition to equations (1)-(2) the continuity equation is
cast as:

2o () o g

The two-equation model™, in which equations for the
kinetic energy of turbulence, k, and its dissipation rate, €,
arz solved, appears to be satisfactory for the present appli-
¢:::on". The combustion model is based on the assumption
that the reaction rates associated with the fuel oxidation
have time scales that are very short relative to those
describing the transport processes. Under these circum-
stances chemical equilibrium prevails. Assuming that all
species and heat diffuse at the same rate, the instantaneous
gas composition can be determined as a function of a con-
served scalar variable'”. Any conserved scalar may be
chosen, so here the mixture fraction fis used, defined as the

In turbulent flow the mixture fraction fluctuates, and
knowledge of its mean value is insufficient to allow the
determination of the mean values of quantities such as
density and temperature, because of the non-linearity of
their relationships. A statistical approach is used to
describe the temporal nature of the mixture fraction fluctu-
ations. In the present work we have assumed the ‘clipped’
normal probability density function for the mixture frac-
tion'’, which is completely defined by the knowledge of its
mean value and variance, g. The variables f and g also obey
transport equations.

The discrete transfer radiation prediction procedure has
been utilised in this study. This procedure, which is fully
described by Lockwood and Shah'®, is numerically exact,
fast, and applicable to arbitrary geometries. The gas
absorption coefficient is calculated from the ‘two grey plus
a clear gas’ fit",

NO emission is greatly dependent on the flame structure.
For premixed flames the temperature, and thus the mixture
ratio, are the prime parameters in determining the NO
quantities formed. The NO formation should peak at the
stoichiometric value and decline on both the fuel-rich and
fuel-lean sides as temperature does. In reality, because of
non-equilibrium effects, the peak is found somewhat on the
lean side of the stoichiometric value. The temperature of
the diffusion flame is the stoichiometric value during part of
the burning time, even though the excess oxygen will
eventually dilute the products of the flame to reach the true
equilibrium final temperature. Thus, in diffusion flames,
more NO forms than would be expected from a calculation
of an equilibrium temperature based on the overall mixture
ratio.

As NO is present only in trace amounts, and it has negli-
gible influence on the heat-releasing reactions and temper-
ature, its calculation has been traditionally considered to
be independent of those for the combustion aerodynamics.
At high temperature—say in the range 1900 — 2500 K,
which is the case for industrial furnaces—the thermal NO
(undoubtedly the controlling mechanism of the NO forma-
tion) builds up by reactions that are slow relative to those of
combustion; thus the modelling of NO concentration pre-
sumes a finite rate reaction. The usual assumption made for
the combustion models of chemical equilibrium—complete
combustion to form equilibrium products—is not valid
here. For the present combustion model a turbulent diffu-
sion flame is assumed, whereas the NO emission model
demands a chemical approach.

As was previously stated, the kinetic route of NO forma-
tion is not the attack of oxygen molecules by nitrogen ones
(N, + O, = 2NO). Mechanistically, oxygen atoms are
formed from dissociation of O, or from the hydrogen atom
attack on O,. (See reactions (R1) and (R2) below.)

O+OH < O,+H (R1)

0,+M < O+0+M (R2)

The oxygen atoms that are formed will then attack the
. . . 9
nitrogen molecules along the Zeldovich mechanism’:

0+N, < NO+N (R3)
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Another reaction—which is less important, since reacting
species are both radicals and therefore present only in very
small quantities (see 4 and 5)—is the following one:

N+OH < NO+H (RS)
From the extended Zeldovich mechanism [(R3) to (R5)],
and assuming steady state for the nitrogen atom concen-
tration, the relation giving the NO production rate can be
determined as a function of the rate constants K;, K,, K,
K_,, K_,, K_s where the minus sign stands for the reverse
reactions. With [N,], [O], [NO], [OH], [H], [O,] standing
for the respective concentrations, it runs:

d [NO] 1

dt k.3 [NO]
T K4 [02] + K5 [OH])

(4)

1

2 K.3K.a [NO)2 [0]
K4 [O2] + K5 [OH]

2 K.5K.5 [NO)? [H])

(2 k5 (N2) (0] - Ka [02] + Ks [OH]

\
Furthermore, assuming partial equilibrium for (R1), justi-
fied by the high levels of temperature which prevents rad-
icals overshoots®, equation (4) becomes

. _ INOR
pr— L L (I'K{Ozl [N2) )
dr = K.3 [NO]

1 + X,10,1 + K5 [OH]

where k = K; K/K_,K_,. The values of [N,] and [O,] can be
taken from the equilibrium values calculated by the com-
bustion model. However, the [O] and [OH] concentrations
still remain unknown. Partial equilibrium of (R2) is
assumed, so:

K 0.5 0.5
[0] =[g_’j{ozﬂ = [Kv [02]] (6)
The value of K, was taken from the data reported by
Baulch er al™:

1————1R908,(1).0) [mole cm-3]

()

Ky = 9.474x104 ’I"lcxp(—

. Assuming partial equilibrium and that reaction RS is sig-
nificant only in rich flames, equation (5) becomes:

d [NO]
dt

_2]0] (K3Ka [O2] [Np] - K.3K.4 [NOT2) (8)
B K4 [02] + K.3 [NO]

The last equation has been used in this work to model the
NO formation rate. Note that in previous studies the
reverse reactions of the Zeldovich mechanism were not
taken into account. Ignoring these reactions results in over-
estimating the NO emissions for the present application.

The time-mean NO mass concentration is calculated from
its conservation transport equation:

) e 3 dmxNO

~(puimxo)=-(INo 5+ Sw
oX; ox; any

)

The time-average source term Sy is found by convoluting
S« The value of Sy, 1s given by:
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TABLE 1: The Zeldovich mechanism rate constants

Reaction K [cm® mole™ —
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Fig.2 The rate reactions constants of the Zeldovich mechanism:
Reacrion R3O

Reacrion R-3

Reacrion R4 0

Reacrion R-4 >

The constants appearing in equation (8) were taken from
Baulch eral”, and are presented in Table 1. These constants
have been plotted as a function of temperature in Fig.2.
This figure shows that the reactions R3 and R-4 are the
controlling ones, as they are the slowest. Fig.2 shows that
above 1400 K the decomposition of NO through reaction
R-4 is almost homogeneous.

4 The numerical solution procedure

4.1 Method of solution

The finite-difference method used to solve the equations
entaitssubdividing the calculation domain into a number of
finite volumes or ‘cells’. Convection terms are modelled
along the hybrid central/upwind method, and the velocities
and pressures are calculated by a variant of the SIMPLE
algorithm. The solution of the individual equation sets is
obtained by a form of Gauss-Seidel line-by-line iteration.

4.2 Some computational details

Nearly all industrial furnaces are three-dimensional, and
exhibit disparity of scales: most of the combustion takes
place within a volume surrounding the burner that occupies
only a small proportion of total furnace volume but
requires a disproportionately large portion of the total
computational grid. In order to avoid excessive memory
requirements in the present study for a full-scale industrial
alace fmirnace (Eio 1) ~rhamber  wis

tha rarhictian
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Fig.3 The numerical domain.

between the midway plane of the inlet port and the midway
plane halfway between thisinlet port and the adjacent one,
Fig.3. The results presented here correspond to the condi-
tions of port No. 3 (Fig.1).

Because of the long period of the alternating firing-direc-
tion cycle, the transient nature of the firing process is neg-
lected. The fuelis injected at the ambient temperature, and
the air is pre-heated to 1450 K. The mass flow of fuel and air
are 0.087 kg/s and 1.59 kg/s respectively. A prescribed
glass-temperature distribution was used. The temperature
distribution of the glass surface was taken from the cal-
culations performed for a similar furnace™; in this work the
phenomena occurring in the glass tank and the combustion
chamber were modelled, thereby allowing calculation of
the glass surface distribution.

The selection of the optimum finite-difference grid to pre-
dict the present flow is a complex task. The aim is to estab-
lish a grid with the smallest possible number of nodes, for
which the finite-difference solutions are essentially those of
the original differential equations. This is achieved in part
by obtaining solutions with increasing number of grid
nodes until a stage is reached where the solution exhibits
negligible change with further increase in the number of
nodes, or with small adjustments in their distribution. For
each test a fully converged solution must be obtained, in
order to make a valid comparison of the different grids
employed.

5 Presentation and discussion of the results

Some general aspects of the predictions are illustrated in
Figs.4-11.

5.1 Velocity

Fig.4(a) shows predicted projections of velocity vectors on
vertical planes normal to the inlet port (ie on YZ planes),
whereas Fig.4(b) shows the referred projections on vertical
planes parallel to the inlet port (ie on XY planes). The first
four planes on Fig.4(a) (0.06 m < X < 0.68 m) show that
the flow is mainly a jet crossing the furnace from the inlet to
the outlet port. A recirculation zone is found on the upper
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Fig.4(b) Velocity vectors projected on planes XZ.

inverted. From the vectors presented in Fig.4 it is con-
cluded that the flow is fully three-dimensional.

5.2 Temperature

Fig.5 shows the temperature distribution in vertical planes
parallel to the inlet-port-containing wall. In the reaction
zone the temperatures and the temperature gradients are
higher than in the outer zones. Outside the flame region the
temperature is nearly homogeneous. Temperatures are
higher below the horizontal plane containing the burner
than above it. This is due to the upper recirculation zone,
which slightly directs the flame towards the glass over a
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Fig.5 Temperature distribution (K) inside the furnace. The intersection
point of the dashed lines identifies the position of the fuel injection.

5.3 Mass concentration of nitric oxide

Fig.6 contains the NO mass concentration in vertical planes
parallel to the inlet-port-containing wall. The results show
that the thermal NO is formed mainly at the edge of the
flame, near the stoichiometric region, where the levels of
temperature are high and the oxygen concentrations are
still significant, as can be seen in Fig.7. The NO concen-
trations reach their maximum values near the flame front at
a distance of about two metres downstream of the inlet
port.
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Fig.6 Mass concentration of nitric oxide inside the furnace. (k8o kEmix)

Further downstream the levels of NO are progressively
reduced because of the convection and diffusion of NO
away from the region where it is formed. Inside the upper
recirculation zone, the NO mass concentration is uniform.
At the outlet port, the predicted NO concentration is uni-
form with a value of 3.9 X 107 kgo/Kgmix-

5.4 Production rate of nitric oxide

In systems such as glass furnaces operating at high temper-
atures, there is a competition between nitrogen molecules
and nitric oxide molecules to capture oxygen atoms. The
net tendency of both opposing effects is a function of local
temperature and local concentrations of oxygen, nitrogen
and nitric oxide. L

The present flame extends from the injection point to a
position approximately 5.0 m downstream. The maximum
width of the flame is about 10% of the total length, and the
maximum flame temperature is 2500 K, attained at the
location z = 3.9 m at the periphery of the flame.

Figs.8(a) to 8(c) contain the NO production-rate profiles
for different locations within the combustion chamber.
Figs.8(a) to 8(b) show that the NO is produced mainly in
the first four metres after the inlet port, where the NO pro-
duction rates exhibit their maximum values. However.
downstream of that distance. and still within the flame
zone, the profiles appear flatter—achieving almost zero
values. The negative peaks that appear in different panels
of Fig.8 represent the maximum rates of NO decomposi-
tion through the reaction R-4.

In sum, these results show that the production effect domi-
natesin the outer edge of the flame where the temperatures
are near to their maximum values, where oxygen still
attaine hioh concentration valuee and where nitrogen is
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Conversely, in regions where temperature is still above
1400 K, the reaction NO + O — N + O, takes place, where
nitric oxide exists in considerable concentration and oxy-
gen is still available, the decomposition effect plays an
<21al or dominant role compared with the production one.
Downstream of the reaction zone the NO production rate
achieves zero or negative values.

Note that the upper recirculation zone (where temper-
atures are high, oxygen appears in trace quantities and the
NO attains significant values) the net rate production is
about zero almost everywhere; in the downstream region
(Z = 725 m) the decomposition effect slightly dominates
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Fig.8(b) Nirtric oxide production rate profiles for Y = 0.8 m plane.
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Fig.9 Nitrogen mass concentration profiles for Y = 0.648 m plane.
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5.5 The effect of the reverse reaction

Panels (a) and (b) of Fig.10 contain profiles along X, for
Y =0.648 m and Z = 1.28 m for the NO mass concen-
trations and for the NO volumetric production rate. For the
same conditions of temperature and species mass concen-
trations (these conditions are shown in panels ) to e) of the
same Figure), the NO mass concentration and its produc-
tion rate, calculated both with reverse reactions and with-
out it, are presented. The results show that the reverse
reactions must be included in the calculations of combus-
tors operating at high temperature levels, as they play a
relevant role in the whole NO formation process. Indeed,
the omission of those reactions may lead to very large over-
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Fig.10 The effect of the reverse reactions in the front flame region.
(Y =0648m; Z=128m).

Resulis with the reverse reactions A

Results without the reverse reactions

Fig.11 shows the average NO mass concentration distri-
bution inside the furnace along the Z direction, for three
different excess air levels (0%, 5% and 8%). From Fig.111t
is evident that NO production rate increases along with the
excess air for the present simulation, because of the
increase of temperature that is the dominant factor in the
production of NO.

5.6 Concluding remarks

The present paper describes a prediction procedure for the
calculation of the flow, heat-transfer and combustion pro-
cesses inside a three-dimensional industrial furnace. The
incorporation of the modelling for the reverse reactions of
the Zeldovich mechanism for the emission of NO forms its
novel content.

The results of previous studies suggest that the combustion/
aerodynamics and the heat transfer are probably fairly well
predicted. The NO modelling relies on equilibrating the
oxygen-atom concentration. This has proved justifiable in
gas-turbine applications, where the pressures are very
high; we assume that it is also realistic for glass furnaces,
where the temperatures are high. The predicted NO emis-
sions levels are consistent with recognised industry values.
although detailed comparisons are not at present possible
because of the lack of reliable real data or to the propri-
etary nature of those in existence. The dominant region for
NO formation in glass furnacesis the edge of the flame. The
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Fig.11 Average value for the X and Y plane for the NO mass concentration
along Z direction (kg\o'kg,..) for three excess air levels (0%, 5% and 8% ).
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