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Abstract

A numerical model for the gas-particle flow dynamics has been combined with a NO, — chemistry post-processor to predict the formation
of nitric oxide in a three-dimensional, W-shaped boiler furnace burning pulverized fuel. The model includes the complex interaction of gas-
particle turbulent flow, heat transfer, gaseous chemical reaction, coal combustion, and NO, reaction chemistry. Because the fuel nitrogen is
released in proportion to the burnout of the pulverized coal particles, the particles are treated in a Lagrangian framework in order to track
burning pulverized coal particles through the gas continuum. The results show the capability of the model for describing NO, emissions
under different operating conditions for full and partial load. © 1998 Elsevier Science S.A. All rights reserved.
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1. Introduction

The combustion of pulverized coal in utility boilers leads
to the formations of nitrogen oxides (NO,). The emissions of
NO, contribution to the formation of acid rain and the
production of photochemical smog. The need to control
pollutant emissions from coal-fired plants has been recog-
nized internationally. Approaches to controlling emission
vary from region to region and from country to country.
Many studies have appeared and several reviews have been
presented [1,2].

W-shaped boiler furnaces are suitable to burn anthracite
and low-volatile-matter coals and the combustion is stale at
low loads. These systems have higher combustion efficien-
cies than tangentially-fired boilers because of longer flame
lengths and high coal-to-air ratios for the primary mixtures
feeding the second combustion stage. W-shaped boilers
equipped with low NO, swirl burners can reduce emissions
of NO,.

Concentration levels of NO, depend on a number of
factors e.g., rank of coal, burner type, flame temperature,
mixing intensity with air, firing intensity, coal particle size
and functional forms of nitrogen in the coal. The prediction
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of NO, formation in turbulent, pulverized coal systems is
very complex because of the large number of reactions that
are required to describe this process and the turbulent flow in
practical systems. The modeling of the NO, formation from
coal flames is usually based on the mechanism proposed by
De Soete for the nitrogen from volatiles [3]. Several inves-
tigators have attempted to use a correlation-type approach to
predict NO, levels from furnace operational and coal para-
meters [4]. Smouse et al. [5] used a neural network approach
on a set of 69 tests in tangentially fired furnaces. Although an
alternative NO, modeling approach, in which the full set of
nitrogen-chemistry equations contains of the order of 100
identified elementary reactions, has been used to predict
NO, levels, it is not currently practical to solve this set
combined with a complex gas-particle fluid dynamics model
[6]. Therefore, the simplified approach uses a post-processor
NO, chemistry model in conjunction with a gas-particle
fluid dynamics model [7-10]. Many attempts have been
made to predict NO, formation in tangential fired boilers or
in front wall fired boilers [11-13]. However it is impossible
to find in the literature a well-documented numerical simu-
lation of NO, formation in a three-dimensional, W-shaped
boiler furnace.

The purpose of our research has been to investigate
numerically the characteristics of gas-particle turbulent
flow, heat transfer, gaseous chemical reaction, coal combus-
tion, and NO, formation in a large-scale, W-shaped boiler
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furnace equipped with low NO, swirl burners under differ-
ent operational conditions. The numerical model is briefly
described in the next section as well as a simplified post-
processor approach to calculate NO, emissions. The numer-
ical results discussed in the following section show the main
differences between operational conditions for full load
(design case) and partial load. The data resulting from
the present study provide a useful basis for designing W-
shaped boiler furnaces.

2. Mathematical model

The gas-phase is described by elliptic, partial differential,
conservation equations for a Newtonian fluid in 3-D Carte-
sian coordinates. The gas-phase conservation equations are
solved for ten variables (¢): fluid pressure (p), three velocity
components (u, v, w), enthalpy (%), concentration of the kth
chemical species (Yy), scalar mixture fraction (f),the time-
mean value of square of difference of instantaneous mixture
fraction (g), turbulent kinetic energy (k), and turbulent
dissipation (¢). The Reynolds stress terms in the conserva-
tion equations are approximated using the eddy viscosity of
Boussinesq. The standard two-equation k—¢ model is used to
calculate the turbulent viscosity. It is assumed that the
equilibrium gas-phase chemistry, and the coupled turbulent
flow field with chemical reactions may be described by the
eddy-break-up model [14]. Convective and radiative heat
transfer are also modeled. The latter by using the Monte
Carlo method [15]. The general form of the elliptic differ-
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ential equations for the gas-phase is given by

div(prg) — div(I gradp) = S, + Sy (D

and the source terms of the gas-phase, S, the dispersed
phase, S p,, and the effective viscosity, I'y, are summarized
in Table 1 for the different variables, ¢. The source terms
relating to NO, chemistry are defined later.

The particle phase is treated by solving Lagrangian
equations for the trajectories of a statistically significant
sample of individual particles parcels, which represent a
number of real particles with the same properties. Motion of
the particles is determined by fluctuating velocity derived
from a stochastic model developed by Fan et al. [16].
Particle trajectories are tracked throughout the computa-
tional domain, and interactions between the particles and
gas are incorporated by an exchange of source terms for
mass, momentum and energy. Coal particles are assumed to
be composed of raw coal, char, ash, and moisture. Coal
evolution is described in sequence by drying, devolatiliza-
tion and char combustion, considering the particle diameter
constant but the density variable. Coal-devolatilization and
char-oxidation steps are considered. Coal devolatilization is
modeled by a two-step mechanism. The gas formed from
coal devolatilization participates in the gaseous reactions.
The residual char particles are taken to be spherical and to
burn under the control of a combination of external oxygen
transfer and internal kinetic rates.

The conservation equations for particles are different in
form from Eq. (1) and will now be summarized. The particle

Table 1

Eulerian conservation equations and identification of terms in Eq. (1)
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mass-conservation equation is

dmy

=— 2
i "p 2

The equation of motion of a particle is

dv 1
mp (d_tp> = EPCD(Vg = Vp)[vg = VplAp + mpg (3
The conservation of particle energy is

dh,
my E = Qc + O + ryLy + 1 Ahy + 1, On @

Diffusion-limited vaporization of moisture from the coal
particle is described by

 MyNU,,CyDynAp(Xyp — Xug)

Fy = %)
dp(l - prrp/rw)

Fu et al. [17] use the equations

dv

o = Vaar = V)K exp(E/RT) ©)

Vi = OVaus @)

to describe the formation of volatile matter from coal dust.
Char is produced in competition with volatiles production
as expressed by

_ r(1 —Yu)

v ®)

Thin
Char is assumed to be oxidized heterogeneously by a
gaseous oxidizer that diffuses to the particle, is adsorbed,
reacts with carbon, and is then described as CO. The char
oxidizing rate is

(Apnp)thpmg(bchleplgpCogCg

T = )
" MyApn,Co(&pKpt + Kept) + 1

The total reaction rate for the coal particle is

Tp =Ty + i+ ry (10)
The carbon reaction rate is

Th = T — Thl (11)

The convection heat transfer rate to a spherical particle is
quantified by the Nusselt number

chp

Nu=——FF"—
APKg(Tg - Tp)

(12)

where Nu = 2 4 0.654Re>Pr!/3. The radiative heat trans-
fer to a particle of diameter d, is given by

0, = end’ (1 - ng) (13)

Computations of char-oxidation rates require oxidizer
mass-transfer rates from the bulk gas to the particle surface.
The mass-transfer coefficient to spheres in the absence of

surface transpiration effects is
Sh = 2 + 0.654 Re®® S¢'/3 (14)

A simple model for nitrogen chemistry has been included
in the mathematical model. Both the thermal and fuel
mechanism are taken into account for NO, formation.
The prompt NO, is neglected because it has been shown
to form in insignificant amounts.

Thermal NO, is assumed to form by a Zeldovich mechan-
ism as shown in reactions as follows

N, +0O “NO +N (reaction 1)

O, +N LNO+0 (reaction 2)

The formation rate of NO from atmospheric nitrogen is
3 % 1014pé'5YN2Y8'25 exp(—65300/T,)Mno
My, ME

RN,—NoO =

15)

Thermal NO is formed by oxidation of atmospheric
molecular nitrogen and is generally described by the Zel-
dovich or modified Zeldovich mechanism. These reactions
are highly dependent on temperature and equivalence ratio,
and NO formation by this mechanism is significantly
reduced in fuel-rich systems and at temperature below
1600-1800 K [18]. However, the temperature fluctuations
in turbulent combustion systems can extend the importance
of the Zeldovich mechanism to lower mean temperatures
[19]. Nonetheless, because of the low temperature of the
fuel-rich pulverized coal flames in W-shaped boilers being
considered (which lack oxygen atoms), the Zeldovich
mechanism does not appear to be significant source of
NO [20]. For this reason, in the present paper, we have
used a approximate NO formation model Eq. (15).

The conversion of fuel nitrogen follows a scheme based
on known reactions proceeding via the pathways shown in
Fig. 1. The nitrogen in the coal is considered to partition
between the volatiles and char such that its concentration in
the volatiles is identical to that in the dry, ash-free parent
coal [21]. Fuel NO formed in the gas-phase results from
oxidation of devolatilized nitrogen constituents, and gen-
erally accounts for 60-80% of the total NO formed. The
nitrogen remaining in the char is converted to gaseous
species at a rate proportional to the rate of carbon combus-

VOLATILE
MATTER > HCH
Ay \
COAL
HN,NHy 0, ||HC , N,

\ R A:N. 0
CHAR ———  NO

Fig. 1. Reaction scheme for NO, chemistry.
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tion. Regarding the formation of NO from char it is assumed
that char nitrogen is released as NO according to the
experimental results found by Song et al [22], while the
remainder is reduced to N,. The volatile nitrogen is lost as
either HCN or NHj3;, which may be secondary products from
the pyrolysis of primary tar. These products enter into
homogeneous gas-phase reactions as follows

HCN+0O; = NO+---
HCN + O — NH 4 CO
HCN+NO - Ny +---
NH+ O — NO+H (reaction 6)

CH+ NO — HCN 4+ O (reaction 7)
CH; + NO — HCN + H,0 (reaction 8)

(reaction 3)
(reaction 4)

(reaction 5)

The homogeneous gas-phase reactions (reaction 3-8)
which influence NO, emissions involve hydrocarbons from
the volatiles, HCN, NH3 and NO. The time-averaged solu-
tion to the transport equation Eq. (1) is adopted for calcu-
lating the HCN, NH; and NO concentrations. The
contributions of fuel nitrogen to the HCN, NO or NH;
source terms (i = 1, 2 or 3) and the contributions of the
gas-phase reactions (reaction 3-8) to a source term can be
expressed in general form by

T o E
S,-zAp;HYJ'-dHMJYeXp<—?> (16)
J J

Where [] represents the product of mass fraction ¥ and
molecular masses M of reacting species j etc. The values for
the coefficients and exponents used are given in Table 2.
The kinetic constants for the gas-phase reaction of the
nitrogen species which are listed in Table 2 are taken either
from De Soete [3], Glarborg et al. [23] or Miller and
Bowman [24].

NO may also be reduced by the char [25]. Chan et al. [26]
suggest that NO reduction by this mechanism could make a
significant contribution to overall NO reduction, this could
be especially true for a low volatile coal that will result in
relatively high carbon loading in the furnace coupled with a
long residence time. The rate of NO reduction is described

as follows
W = apny(4.18 x 10")Agpno exp(—34.7/RT) A7)

This equation is obtained from measurements in an elec-
trically heated, laminar flow furnace operated in the tem-
perature range of 1250-1750 K with pulverized char in
helium carrier gas [27].

3. Application of the numerical code

The model described is applied to a full-scale furnace
chamber, which is part of a 300 MW (electrical output) W-
shaped utility boiler. A schematic view of the furnace
chamber is given in Fig. 2. The geometric parameters of
the burners and the operating parameters for two operating
conditions are listed in Table 3. A swirl number of 0.6 for
burners is considered as a solid rotation in the adjacent inlet
velocities. The analysis of the coal used is presented in
Table 4. The composition of coal is traditionally character-
ized by American Society of Testing Materials (ASTM)
proximate analysis or ASTM ultimate analysis. The former
determines only the moisture content (by drying), percent
volatiles (from inert devolatilization at about 1200 K), ash,
(residual after complete combustion in air), and fixed carbon
(by difference). It is noted that the actual yield of volatiles
under combustion conditions is likely to be higher than that
determined by a proximate analysis, because some ash
components are volatile at higher temperatures. ASTM
ultimate analysis gives elemental analyses for carbon,
hydrogen, nitrogen, sulfur, and oxygen, the latter often
determined by difference. The residual mineral matter is
shown as ash. A continuous distribution of coal-particle
sizes is represented by using 16 different size classes. The
mass fractions for various size classes are shown in Table 5.

The numerical procedure for gas-phase is based on a well-
known volume finite discretization of staggered grids, which
has been developed by Patankar and Spalding [28]. A five-
stage iteration method is used in integrating the conven-
tional difference equations for the coal particles [29]. The
simulations are carried out considering half of the furnace

Table 2

Values used in rate expressions Eq. (16)

Reaction 3 4 5 6 7 8

A 1.0 x 10" 3.57%%4 3.0 x 102 6.38 x 10'?1%° 1.0 x 10" 1.0 x 108
« 1 2 1 2 2 2

Y{Bl YI—I{CN Y(]) YgICN Yé Y\!o]ati]es Y\lolaliler
vy Yg, Yiien "o Vin YXo "o
My Mo My My e Mo M ites M lutites
My Myén Mo My Mo - -

M M e My - My - -

My Mg? - - - - -

E(K) 33738 2506 30214 0 0 7580

Note: the value of b varies between unity and zero, depending on oxygen concentration.
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43 m

Quter secondary air

Inner secondary air

Primary air + Pulverized coal

Tertiary air

Staged air

Fig. 2. Schematic view of the 300 MW W-shaped boiler furnace.

Table 3
Nozzle sizes and simulated operating cases

Parameter Nozzle size (mm) Full load case 50% load case
Velocity (m/s) Temperature (°C) Velocity (m/s) Temperature (°C)

Primary air 550 x 14 17.0 214.8 16.1 191
Coal particle see Table 4 9.8 25.0 9.8 25
Inner secondary air 951 x 8 20.2 341.0 19.7 299
Outer secondary air 1164 x 6 41.1 341.0 40.0 299
Staged air 382 x 6 38.6 341.0 37.3 299
Tertiary air 482 x 6 22.3 90.0 25.1 90

Table 4
Analysis of coal used

Proximate analysis (%)

Ultimate analysis (ar%)

Heating value (MJ/kg)

MS Ash VM FC C H

6.00 21.82 16.72 55.46 64.89 2.83

2.4 0.98 1.08 28.87

with symmetry conditions at the middle plane using a grid
comprising 68x86x100 ( = 584800 ) control volumes.
Grid-dependence tests are conducted. The specified grid
is fine enough to give grid-independent solutions. Since the
numerical code solves the elliptic form of the differential
equations, information about the boundary conditions sur-
rounding the domain of interest is required. (i) gas and

particle mass, momentum and thermal energy at the inlets of
burners are specified, which is given in Table 3. (ii) wall
friction is supplied only to the gas. The usual non-slip
conditions apply at the furnace wall. To account for the
furnace-wall effect in the nearby regions, equations are
introduced to link velocities, k and ¢ at the wall to those
in the near-wall region. These equations are called wall
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Table 5

The percentage of various size classes of pulverized coal

Particle diameter (um) Percentage Particle diameter (um) Percentage

5 20.22 160 1.42

20 28.04 180 0.94
40 17.92 200 0.62
60 11.61 220 0.41
80 7.58 240 0.27

100 4.97 260 0.18

120 3.27 280 0.12
140 2.16 300 0.25

functions and are introduced and used in finite difference
calculations at near-wall points. This approach may be a
poor approximation in regions where particle concentra-
tions are high. Its net effect would be under prediction of the
pressure drop. (iii) heat transfer to the wall occurs through a
prescribed heat sink via the gas. Empirical expressions exist
for particle-to-wall heat transfer [30]. (iv) finally, a constant
pressure boundary is assumed for the furnace exit.

The calculation strategy starts with solving the gas flow-
field equations assuming that the particles are absent. Using
the flow field, particles’ trajectories, their temperature and
burn-out histories are determined. The mass, momentum
and energy source terms for each cell are calculated. The
source terms are included in the gas-phase equations and the
flow field is then re-calculated. The process is repeated until
further repetition fails to change the solution. Thus, The
mutual interaction of the gas and particles is accounted for.
The overall convergence is achieved after about 2500-3500
iterations.
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4. Results and discussions

The paper presents numerical simulations considering
full load and 50% load and their effect on the NO, emis-
sions. Fig. 3 presents the predicted flow field for two cases
in a plane across the burner close to the central of the
furnace. The plane which contain burner centerlines is
chosen to provide an overview of the chemical species
distribution around the burners. The flow is highly tri-
dimensional although from the figure two strong recirculat-
ing regions can be identified below the burner levels.
Primary and secondary air mix with tertiary and staged
air in the middle of the lower part of the furnace. The gas
flow does not penetrate far before turning upwards, and the
W-shaped flow pattern is finally formed. Fig. 4 shows model
predictions compared with measurement of velocity dis-
tributions of gas-phase in the central vertical plane for the
full load case. Agreement between predictions and mea-
surements is reasonably good. Comparison with the velocity
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Fig. 3. Predicted flow field in the central vertical plane of the furnace; (a) full load case, (b) 50% load case.
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Fig. 4. Predicted and measured gas-phase velocities for full case in the
central vertical plane of the furnace (@ experimental data; model
predictions)

distributions for two cases, the predicated velocity field for
50% load in the central vertical plane of the furnace is
similar with that of full load, but the velocity is lower.
Fig. 5 presents contours of the temperature and distribu-
tions of the oxygen mass-fraction in the central vertical
plane for full load, these figures show the strong relation
between the oxygen concentration and temperature distri-
bution. As expected, the higher-temperature regions corre-
spond to low oxygen concentrations. It is observed that the

1300,
— 1%
— 2%
— 5%
jc\/\/ — 5%
N ]
— 5%
(b)

Fig. 5. Predicted contours of temperature and oxygen mass-fraction for
full load case in the central vertical place of the furnace; (a) temperature,
(b) oxygen mass-fraction.

(¢) @)

Fig. 6. Some representative predicted trajectories for full load case; (a)
d, =40 um, (b) d, =80 um, (c) d, = 120 um, (d) d, = 160 um.

oxygen concentration is relatively high near the burners,
whereas the temperature is lower. The oxygen concentration
decreases greatly with the jets rushing down because of char
combustion. The high-temperature region is formed under
the arches. This fact is in agreement with measurements of
radiant fluxes made for similar boiler under normal operat-
ing conditions. The temperature is between 1700-1900 K
which would benefit to the ignition and carbon burn-out, this
proves the W-shape flame boiler is suitable for combustion
of low quality coal. The highest temperatures occur in a
shape of saddle in the central part of the furnace. This can be
explained by the alternative coal particle trajectories for this
case (see Fig. 6) and by the presence of a region of intensive
combustion activity in the middle of the furnace. It leads to
very low levels of oxygen concentration in that region as can
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Fig. 7. Predicted contours of temperature and oxygen mass-fraction for
50% load case in the central vertical plane of the furnace; (a) temperature,
(b) oxygen mass-fraction.

be seen in that figure. Close to the tertiary and staged air
oxygen and staged air jets, oxygen is transported from the
unfired air around flames and is mixed with the flames due to
the swirl action of the burners.

Fig. 7 shows contours of the temperature and the dis-
tributions of oxygen mass-fraction in the central vertical
plane for 50% load. Although the flow presents the same

(a)

overall characteristics as in the case of the full load, coal
ignition distance from the burner exit is longer than that of
full load because of lower temperature. Combustion is
controlled in its early stages by the rates of reaction of
the solid residues. The high temperature region occurs in the
central part of the furnace similar to that for full load, but the
highest temperature is only 1759 K, which is lower than that
for full load. Although the oxygen concentration distribu-
tion is nearly as the same as for full load, this may be
observed in the values of the oxygen concentration for 50%
load which shows that only the lower region close to the
burners is affected by the partial load.

Using these results, NO, formation is calculated based on
the model mentioned previously. When a basic De Soete
model (reaction 3 and 5 — using HCN and NO only) is used,
an exit NO, value of 322 ppm is predicted, which is lower
than the measured value of 355 ppm for full load. When
ammonia chemistry is added, the predicted exit values of
NO, are too high (415 ppm). When a reburn mechanism
(reaction 7, HC) is considered, the exit NO, of 386 ppm is
still too high. If in reaction 8, CHj3 reburn mechanism is
used, the exit NO, is predicted to be 285 ppm, which is too
low. However if thermal NO, is considered, the value
increases to 312 ppm. The full NO, chemistry model,
including thermal NO,, predicted 370 ppm, which is in
good agreement with the measured value. Fig. 8 shows
the predicted NO, mass-fraction contours for two cases.
Since the fuel-NO, formation is strongly influenced by
oxygen concentration, this species is mostly formed within
the envelop of the flames. Coal volatiles are formed in the
near-burner region. Both char and volatiles release HCN
equally according to De Soete’s mechanism. Therefore, in
the fuel-rich region of the flames NO, is formed around the

(b)

Fig. 8. Predicted NO, mass-fraction contours for full load case and 50% load case in the central vertical plane of the furnace; (a) full load case; (b) 50% load

case.
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burners leading to a maximum value of 874 ppm in the
region. The oxygen concentration is lower in the center of
the flame where the temperature is very high, but the NO,
concentration is not the highest. For the partial load due to
the increase of excess air compared with the full load, the
NO, formed from volatiles increases while the contribution
from char is more diluted. Comparing the 50% load with the
full load the NO, concentration decreases due to the effec-
tive air supply. For 50% load the highest NO, mass fraction
was 628 ppm but was reduced to 320 ppm at the exit.

5. Conclusions

The three-dimensional model describing gas-particle
flow, heat transfer and combustion presented here provides
reasonable accurate prediction of the distribution of the
velocity, temperature and chemical species in good agree-
ment with expected values in a W-shaped boiler furnace. A
simple model for nitrogen chemistry has been included in
the basic computational fluid dynamics model. The pre-
dicted NO, emissions are slightly overpredicted (about 4%
higher comparing with measured values for the full load),
but the sensitivity achieved is satisfactory. This suggests that
the numerical code may be used with some confidence for
design and development calculations of the W-shaped boiler
furnaces.

6. Nomenclature

E Arrhenius coefficient

p Coal-particle area

Cp Drag coefficient

Gas molar concentration
Empirically determined constants
Binary diffusivity

Particle diameter

Activation energy

Scalar mixture

Time-mean value of square of difference of
instantaneous mixture fraction
Enthalpy

Radiation intensity
Reaction-rate coefficient
Mass-transfer coefficient
Thermal conductivity of the gas
Mean turbulent kinetic energy
Latent heat

Molecular weight

Particle mass

Nusselt number

Particle number density

Prandtl number

Pressure

Particle-to-gas heat-transfer rate
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Greek letters

Gas constant

Reynolds number

Particle reaction rate

Schmidt number

Gas source term for variable 0
Particle source term for O
Time

Temperature

x-direction velocity
y-direction velocity

Velocity vector

Concentration of volatiles
z-direction velocity
Coordinate

Mole fraction

Coordinate

Concentration of the kth chemical
species

Pyrolysis coefficient
Coordinate

s O Stoichiometric coefficient of species k in
reaction j

€ Emissivity, or dissipation rate of turbulence

W Viscosity

P Density

o Stefan-Boltzmann constant

Oy O Turbulent Prandtl and Schmidt
numbers

10} General variable

o] Stoichiometric coefficient of the /th reac-
tion

r Effective viscosity

Subscripts

c Convection of coal

daf Daf coal

eff Effective

g Gas

h Char

1 Char oxidation reaction

m Mean

p Particle

r Radiation

v Volatiles

w Moisture
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