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NOMENCLATURE
A Cross-sectionalarea of the combustion chamber

(-t)
Cur, Total air feed rate (kmol s-1)
Cp Environment oxygen concentration of a char

particle (kmolm-3)
C, Oxygen concentration at external surface of a

char particle (kmol m 3)

CO" CO generation due to char combustion in a
combustion element (kmol s- 1)

CO' Weight fraction of carbon monoxide in volatiles
tCO] Concentration of carbon monoxide (kmol m- 3)

[CO]" [CO] generation due to char combustion
(kmolm-3)

[CO]"". [CO] consumption due to combustion of
carbon monoxide (kmol m 3)

[CO]" [CO] generation due to coal devolatilization
(kmolm 3)

A[COI Change of CO concentrations through a com-
bustion element (kmol m-3)

D s Diffusivity of oxygen (.tr' r - t)
D_, Diameter of a char particle (m)
D j Average diameter of carbon particles in a size

interval (m)
LD Size interval (m)
LD^,i Reduction of char particle size due to attrition

(m)
LD",j Reduction of char particle size due to com-

bustion (m)
AD, Size reduction ofchar particles in a size interval

(m)
fn o Fraction of water in flue gas
f.o Fraction of carbon monoxide in flue gas
f.o, Fraction of oxygen in flue gas
Fo Feed rate of carbon (kg s - t)
G Solids circulation rate (kgm-2s-1)
h Height above primary air distribution plate (m)
h" Height at which secondary air is injected (m)
Lh Thickness of a combustion element (m)
H Total height of the combustion chamber (m)
k Thermal conductivity of gas (Wm-tK t)
Ku Attrition rate constant
lit j Inlet carbon mass flow in a size interval (kg s 1)

th'j Outlet carbon mass flow in a size interval
(kg s ')rh'i+r Outlet carbon mass flow in the nearest larger
size interval (kgs t)

Circulating fluidized bed combustion: X. S. Wang et al.

(Aoxy)" Oxygen consumption due to char combustion
(kmols 1)

(Aoxy).o Oxygen consumption due to combustion of
carbon
monoxide (kmol s 1)

(Aoxy)rrrOxygen consumption due to combustion of
volatiles (kmol s- 1)

P j(D) Input char size distribution of a combustion
element (m 1)

P'i(D) Outlet char size distribution of a combustion
element (m-1)

P",ll) Size distribution of coal (m 1)

PL,i@) Size distribution of char at the exit of the riser
(m ')

Po.j(D) Size distribution of char at the bottom of the
rlser (m ')
Ratio of particle diameter to particle diameter
at equilibrium conditions
Reaction rate coefficient (ms-1)
Mass transfer coefficient (m s- t)
Schmidt number
Sherwood number
Time (s)
Residence time of solid particles in a combustion
element (s)
Gas temperature of the CFB combustor (K)
Temperature of a char particle with diameter
Dp (K)
Temperature of a char particle with diameter
4(K)
Superficial gas velocity (ms-t)
Actual gas velocity (-s-t)
Minimum fluidization velocity (- r- t)
Actual particle velocity (m s t)
Superficial gas velocity in the secondary com-
bustion zone (m s - 1)

Xu" Proximate volatile matter content of coal (g g- t)
coal (daf)

Greek letters
s Secondary air total air ratio
B Ratio of carbon monoxide to carbon dioxide
d Gravimetric stoichiometric coefficient (Pa s)
e Voidage of a combustion cell
cp Char particle emissivity
11 Total separation efficiency ol a cyclone
4" Combustion efficiency (%)
q j(D) Fractional separation efficiency of a cyclone
l" Heat of reaction (Jkmol 1)

p Gas viscosity (Pa s)
p" Density of char (kg m t)
Pe Density of gas (kgm 3)

p: Density of bed solids (kgm-3)
pt Combustion rate of a char particle with

diameter D" based on external surface area
lkmolm-2 i- ')p,.j Combustion rate of a char particle with
diameter D, based on external surface area
lkmol m-2sr)

p,(D) Combustion rate of_ a char particle with
diameter D, (kmol s 1)

o Stefan-Bolfzmannconstant(Wm-26-+;
6 Excess air ratio

ty;

R"
R-
Sc
Sh
t
Lt

T;
Tp

Tp,:

U
ue
U-r
up
U.."

M

4oM\
AM

n
,^{(Dj)
Iy',
Aoxy

Input carbon mass flow of a combustion
element (kg s- t)
Initial carbon mass flow (kg s 1)

Exit carbon mass flow (kgs t)
Total carbon consumption in a combustion
element (kg r- t)
Number of char particle size intervals
Number of char particles in the size interval
Nusselt number
Oxygen consumption in a combustion element
(kmols-1)



3-D numerical model for predicting NO,
emissions from an industrial pulverized
coal combustor

C. F. M. Coimbra, J, L. T. Azevedo and M. G. Carvalho
lnstituto Superior Tdcnico, Mechanical Engineering Department, Av. Rovisco Pais lOg6,
Lisboa Codex, Portugal
(Received 18 May 1993)

The paper describes a three-dimensional computer simulation developed to predict the behaviour of
industrial pulverized coal furnaces. The model was applied to a 300 MWe front-wall flred boiler under
different operating conditions. The main characteristics of the current model are the use of the Lagrangian
framework to describe the particulate phase, the discrete transfer model to handle the radiation transmission,
and the standard ft e model for turbuience treatment. The turbulent dispersion of particles is described by
a new stochastic self-stable strategy. The NO, formation mechanism is calculated in a post-processor routine.
Measurements of NO* emissions were made in the flue gases; the results agree well with those obtained
by the simulations.

(Keywords: pulverized coal; combustion; NO, emissions)

In the present decade, great improvements have been
made in financial support for environmental impact
studies. This may be seen as a positive response to the
problem olpollution caused by the cheaper technologies.
In a notable example, the modelling of pulverized coal
combustors has undergone three distinct phases of
methodology and purpose. The 1970s saw the transition
from empirical and global approaches to local and
phenomenological modelsl 3. This kind of research and
new computational power made it possible to implement
more complex codes for predicting local properties of
pulverized coal flames. The appearance of such numerical
packages can be treated as marking a different era in the
scope of coal modellinga 7. These models were originally
developed with the aid of laboratory-scale combustor
measurements and were generalized two-dimensional
(axisymmetric) applications. Further union between
full-scale simulations and research codes was initiated
in the second half of the 1980s8 11. Finally, recent
environmental concerns have stimulated research on the
control of pollutant emissions from industrial boilers.
This is the third phase of modelling, and many studies
have been made12-16.

One important feature in the development of full-scale
models is the bridge between the refined numerical models
intended for research-scale combustors and the models
required for industrial purposes. The major limitation
of computational economy imposed by the practical
use of the codes does not permit many of the
extravagances observed in the scientific applications. In
this paper numerical strategies and realistic assumptions
are described, focusing on industrial plant. NO- emissions
from a full-scale pulverized coal furnace were measured
under different operating conditions and compared with
predicted values. Good agreement was achieved. Both
the geometry and calculation domain of the combustor
00 1 6-23 6t I 9 4 I 07 I 1 t28 07

considered are sketched in Figure 1. The width of the
furnace (xr-axis), not shown in the figure, was 15.0m.

NUMERICAL MODEL
Gas phase

All local variables of interest, except the radiation ones,
are calculated by solution of the generic steady-state
transport equation: / ^,\o d / -d6\

^ (p,"u,,"d\:. Itil.al+S4.**s4,p (l)Oxi oxi \ oxi/
Table I shows the specific terms associated with each

variable; note the use of the PSIC (particle-source-in-cell)
modellT to account for the influence of the two phases
involved. The gas-phase source terms of the three kinds
of species transported (oxidant, volatiles and products)
are created by the combustion model for volatiles
and char oxidation. The combustion model can be
addressed as an extended Magnussen and Hjertager
eddy-dissipation model18, supplemented by the chemical
kinetic rate of volatile combustion given by Shaw et al.te .

The final mixing rate (R,) is calculated by parallel
competition of the two cited reaction rates2o;

R, : 3.5p * i''"{r. . * O *,,--}
(2)

Rz:3.808 x 10sexp(4.8 x 104/RT,r)p?rf"^fo. (3)
As a post-processor, the fuel-NO, model is based on

Desoete's mode121, using for the oxidation rate the
suggestion given by Fiveland et a1.72 for industrial
plant. Reduction by char and thermal NO, generation
are considered as second-order contributions and are
neglected in this work.

Radiative exchange of energy is modelled by the
discrete transfer model22. The code has been tested with
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Table 1 Exchange terms for gas-phase transport equation (SI units)
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K'hu':char chemical and diffusion rate

M,.n : particle exchange momenta- - ll^,ru,,r)
.lo'' - mass exchanged during devolatilization

nr;i"':11us exchanged during char combustion

K'or -single devolatilization rate
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T using the Lagrangian point of view. The
of motion (Equation 4) is integrated by a
order Runge-Kutta method, and the energy
(Equation 5) is analytically solved during the
flight through the gas field:

?ui,, ^ (a ^\*,, :f : c"n,-[j/t ri,g - ui,p)

ldmLtm.,h.,t: l , fJ + 0;:J" + 0!1i + 8;i;'()t - at

equation
second-

equation
particle's

(4)

(s)

As pointed out by many authors24, the computational
effort to calculate turbulent particle dispersion in
large-scale pulverized coal furnaces can be very restrictive
if a minimum statistical relevance is required. Quantitatively,
Baxter2a quotes a number between 2000 and 5000 of
desirable representative trajectories to simulate monosized
particles with the same starting location. Although
these numbers are a function of mesh refinement, the
extrapolation for predicting the particle mechanics in a
full-scale combustor with 10 burners and 10 discretized
values of initial particle diameter leads to the order of
106 different trajectories. This value is totally prohibitive
from the economic standpoint.

On the other hand, the influence of turbulent particle
dispersion cannot be neglected completely, because
unrealistic coal flame behaviour can be obtained. The
chemical species mass fractions are strongly influenced
by this issue, and their distribution in space as well as
the reaction locations and magnitudes requires good
agreement between the real particle motion and the model
handled. Research simulations of two-phase flows with
high-resolution grids justify the implementation of
sophisticated statistical methods such as probability
density functions for propagation of position or velocity

I_*
Figure I The combustor modelled (dimensions in mm)

different radiative properties of the gas phase. The two
grey and clear gas approach by Truelove23 was compared
with combined particle and gas absorption coefficients
as suggested by Boyd and Kent8. Since no sensible
differences were obtained for the simulations presented,
the latter treatment was adopted.

Particulate phase
Representative particle group behaviours are described
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ensembles, but this kind of approach is not compatible
with many other necessary assumptions for industrial
modelling (such as the use of coarse grids).

Special considerations have been invoked to link the
multiple-particle technique with a stochastic dispersion
model. The Boussinesq hypothesis is used to obtain the
components of fluctuating velocities, and its three-
dimensional correlated deviations are calculated by
a conditional Gaussian distribution. The turbulence
interaction is considered as acting over the minimum
characteristic eddy times (eddy-cross time and eddy
lifetime), as in Equation (6):

^ --kr's ( I /zt<\ r2)
f,:0.09". r_ min{ .t I . (6)t """[r."'\:/ 

J

For each Lagrangian-routine call, 2000 different
trajectories are calculated and the random variables are
averaged by an accumulative weighting expression given
by",

s-=*:tr gsff+(sii"
where

(:L,
and r,,o is the larger value of the normalized residues (the
convergence is achieved when the normalized residues
remain <5 x 10-3 for all generic properties). Respective
weights of tracking procedure sources are then obtained
in the [0.5:2] domain. Equation (8) shifts the averaged
fields closely to the last iterations, in a self-stable strategy.
A complete description of the Lagrangian multiple-
particle technique and the turbulent particle dispersion
model used in this package can be found elsewhere25'26.

A specific routine of multidimensional linear
transformation was created to describe the particle wall
interaction. In the toroidal section of the combustor, a
single collision is modelled by one transformation matrix
o..

ou:(- 1)'*{4, j, k:1,2,3 (9)

where {f is the identity matrix with elements a;1. In the
ash-cooler zone, a specular reflection is calculated by the
auxiliary matrix Q,:

sin20
0

- cos 20

Table 2 Analysis of coal used (wt7o as-received)

Moisture
Volatile matter
Ash
Fixed carbon
Carbon
Hydrogen
Sulfur
Oxygen
Nitrogen

Table 3 Simulated operating cases

Case 2 Case 3

Load (MW)
Coal (t h 1)

Air (th-1)
Primary
Secondary

BOOS (row)
Overfire (t h 1)

230
720

5
150

Figure 2 describes the impact geometry. Obviously, a
multiple collision during a time step is obtained by
sequential application of the linear transformations (e.g.
O1O,Q2). This general procedure is computationally
profitable and was chosen because its flexibility permits
more realistic impact mechanics to be modelled. In the
absence of a complete set of empirical correlations for
coal steel impacts, a totally elastic collision with no
thermal energy transfer was implemented.

APPLICATION OF THE NUMERICAL CODE
The model described was applied to a full-scale industrial
combustor with 20 burners assembled in four vertical
rows of five burners each. Although a swirl number of
0.6 was considered as a solid rotation in the adjacent
inlet velocities, a symmetric plane was assumed at the
centreline of the front-wall plane. Therefore the width of
calculation is reduced to half the actual dimension. This
assumption is justifiable by the local importance of the
swirling flow. The rotation is not perceptible far from the
burners and its effects are the same, as all the rotations
were made with the same orientation of angular velocity
vector (which invalidates the symmetric-plane ideal). The
local influence of considering a swirl number for the
burners is very strong, however. Without swirl, the aspect
ratio of the calculated flames is much larger than the
swirling flames, altering the most important region for
pollutant formation.

The analysis of the coal used is presented in Teble 2.
Ten different initial diameters were considered with the
aid of a discretized distribution from 5 to 200 pm. The
mean diameter determined by measurement was 70 pm.
Table 3 summarizes the operating cases simulated by the
numerical code. The base case consists of the normal
operating conditions of the industrial furnace. Two
different cases of BOOS (burners out of service) were
simulated for full-load runs. The out-of-service row is
utilized merely to provide air flow. This technique is
usually used for reducing NO" emissions, especially when
the top row is used to feed overfire air.

The numerical procedure is based on a well-known
volume finite discretization by staggered grids. For this
paper a 22 x 19 x 60 grid was implemented to simulate
the half-boiler. For the discrete transfer model, a coarser
grid was used (14 x l0 x 27) and 32 rays were traced from

t2
28
10
50

65
4
1.1
6.8
1.1

300
94

300
94

270
715

309
98

240
850

1

(7)

-u"{o.r'(t*,}, t,,,,t)-'} (8)

(10)

l-cos 20

n.:lo
Lsin 29 ;l

Figure 2 Collision geometry
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Figure 3 Predicted flow fie1d: a, top view of plane rrx, at the height
of the fifth row of burners (r.-21.4m); b, front view of plane rr,x.
(,r r : 5.4 m); c, right-hand side view of plane x t x. (xr - 5.4 m)

(to) each boundary superficial cell. The calculation
strategy started with a partly converged solution obtained
by a non-dispersive run of the Eulerian-Lagrangian
code. The full-turbulence Lagrangian routine was then
called every 20 interations. The overall convergence
was achieved after - 2000-2500 iterations, consuming
roughly 4 h of CPU time in a VAX-9000.

RESULTS AND DISCUSSION
The presentation of the results gives prominence to the
industrial situation, so the base case and case 2 are shown
in more detailed fashion, whereas case 3 appears as an
exercise to test the sensitivity of the model. Figure 3
presents the predicted flow field for normal operation of
the unit in three different sections of the combustor. The
planes which contain burner centrelines were chosen to
provide an overview of the chemical species distribution
around the burners. Interestingly, the simulations show
that each burner works in its own way (the operating
conditions of all the burners are quite different),
invalidating the separate analysis for burners (2-D
axisymmetric) and for the whole furnace (3-D).

Figures 4 and 5 show the temperature distribution over
the radiant section of the boiler for normal operation and
case 2 respectively. Figures 6 and 7 show the strong relation
between the oxygen concentration and temperature
distribution. As expected, the higher-temperature zones
correspond to low oxygen concentrations. The fuel-lean
regions of the combustor are characterized by oxygen
mass fractions > 5oh.In the base case, the oxidant species
is rapidly consumed by the coal combustion at all the

3-D modelfor predicting NO,emissions: C. F. M. Coimbra el al.

burners and shows a low-concentration zone above the
fifth row. The highest temperatures are found just between
burner levels for case 2, owing to the cold air inlet of the
fifth level. For the base case, the upper zone of the
combustor is a concentrated high-temperature zone. This
fact is in agreement with measurements of radiant
fluxes made for similar boilers under normal operating
conditions and justifies the location of the intermediate
superheater. In contrast, the ash-cooler zone is a hot
region for case 2 (Figure 5), with temperatures - 2000 K.
This can be explained by the alternative particle
trajectories for this case (see Figure 8) and by the presence
of a region of intensive combustion activity in the middle
of the combustor (remember that the coal loading is the
same for both cases).

Figure 4 Predicted temperature contours for base case: a, right-hand
side view of plane rrx, (rr:5.4m); b, top view of plane xrx, at the
height of the fifth row of burners (x.:21.4m). Temperature (K):
A,2500;8.2250; C,2000; D, 1750; E, 1400; F, 1000; G,700

ab

Figure 5 Predicted temperature contours for case 2: a, b and symbols
as in Figure 4
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Figure 6 Predicted oxygen mass-fraction contours for base case:
a, b as in Figure 4. Mass fraction (%): A, 1; B,2; C,3; D,5; E,8; F, 10;
G. 15; H.20

Figure 7 Predicted oxygen mass-fraction contours for case 2: a, b and
symbols as in Fiqure 6

As all the coal volatiles are formed in the near-burner
region, chemical species closely related to this process
(e.g. HCN) are distributed over a fusiform convected zone
coaxial with the burners. Figures 9 and 10 show the
opposite phenomenon for NO generation. Since the
fuel-NO formation is strongly influenced by oxygen
concentration, this species is mostly formed in the
envelope of the flames. In the fuel-rich regions of the
flames, NO concentrations are as high as 750 ppm for
case 2 and > 850 ppm for the base case. This is expected
as a result of the application of DeSoete's HCN oxidation
mechanism (see Table 1). For the post-processor routine
used here, both char and volatiles release HCN equally,
assuming a constant nitrogen concentration.

The two regions with higher NO" concentrations
shown at the top of Figure 9a are a combined result
of the recirculating zones and convection from the
formation arca. Figure Jb shows the predicted velocity
field in the central plane of the boiler parallel to the
burner wall. The high velocities at the centre of this plane
convect the incomplete NO formed to the low-velocity
region above the fifth row of burners. The use of overfire
air is successful in eliminating these transport phenomena,
since the flames easily achieve the sub-stoichiometric
regime, leading to lower NO, emissions. Such a
recirculating distribution as shown in Figure 9 also
permits the use of reductants for pollutant species (e.g.
NH. to combine with NO). Numerical packages such as
that presented here are useful for determining optimum
injection locations for such substances and their efficacy
with low costs. Other than BOOS techniques, retrofitting
of low-NO burners and injection of additives, there are
no cheap cleanup methods for operating units.

Figure 8 Representative predicted particle trajectories: a, base case;
b, case 2

Figure 9 Predicted NO, mass-fraction contours for base case: a, b as
in Figure 4. Mass-fraction (ppmv): A, 800; B, 650; C, 500; D, 350;
E,200; F, 100: G.70: H.20

F. M. Coimbra et al.



Figure 10 Predicted NO" mass-fraction contours for case 2. a, b and
symbols as rn Ficlure 9

Table 4 Predicted and measured NO, emissions (ppmv in flue gas)
5
6

Base case Case 2 Case 3

3-D model for predicting NO* emissions: C. F. M. Coimbra el al.

economic Eulerian-Lagrangian approaches can be
developed to describe dilute reactive two-phase flows
such as that considered here.
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NOMENCLATURE
A superficial area
lbl order of reactivity given by DeSoete2l
CD drag coefficient (a function of particle Reynolds

number)
f species mass fraction
h enthalpy or heat transfer coemcient
K reaction rate
/< turbulent kinetic energy
L number of Lagrangian-routine call
M momentum
M MASS
,? number
O heat
R reaction rate for gas phase combustion model
r normalized residues
S source term
s stoichiometric factor
T temperature
t characteristic time or simply time

time-averaged velocity
inlet eddy velocity
position coordinate
diffusion coefficient
Kronecker delta
turbulent kinetic energy dissipation or emissivity
under-over adaptive relaxation factor
dynamic viscosity
specific mass
Stefan-Boltzmann constant
StreSSeS
generic property
reflection matrix

u
ue

x
f
d;o
c
(
v
p
o
'c

o
o

Superscripts
ef effective (turbulent * molecular)
char related to char combustion
coal dry ash-free basis coal
conv convection
L number of Lagrangian routine call
rad radiation
t turbulent
vol related to the volatiles combustion

Subscripts
g related to the gas phase
i, j, k l, j, k direction or row index
I line index
p related to the particulate phase
t total


