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Numerical Simulation of NO, Formation in Coal
Combustion with Inlet Natural Gas Burning*
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Abstract A full two-fluid model of reacting gas-particle flows and coal combustion is used to simulate coal com-
bustion with and without inlet natural gas added in the inlet. The simulation results for the case without natural gas
burning is in fair agreement with the experimental results reported in references. The simulation results of different
natural gas adding positions indicate that the natural gas burning can form lean oxygen combustion enviroment at
the combustor inlet region and the NO; concentration is reduced. The same result can be obtained from chemical

equilibrium analysis.
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1 INTRODUCTION

Coal burners are widely used in the utility boilers
of power stations in China. Nowadays it is important
to develop low-pollutant burners. Presently, most of
studies on reducing pollutant formation are focused
on chemical reactions and using the aerodynamics to
form fuel rich combustion. As to the chemical method,
re-burning is effective way to reduce NO, formation.
It was found that swirl coal combustion with natu-
ral gas re-burning added in the combustor side wall
can reduce NO_, emission to less 30% of that without
re-burning!’?. Due to the difficulty of tube arrange-
ment at the side wall, injection of natural gas with
the original inlet air tube may be more convenient.
On the other hand, inlet natural gas burning may raise
combustion temperature in the main combustion zone,
and it is harmful to reducing NO, formation.

In this paper, many inlet natural gas burning cases
with different natural gas injecting positions, coal
types and flow patterns are simulated by in-house pro-
cedure proposed by the authors®4. The simulation
results are in satisfactory agreement with experimen-
tal results in references. Simulation results indicated
that, in general, inlet natural gas burning can form
fuel rich combustion atmosphere in the inlet region
and can reduce NO, formation. However, inlet natu-
ral gas burning is not suitable for reducing NO, for-
mation in some cases.

2 THE FULL TWO-FLUID MODEL FOR
REACTING GAS-PARTICLE FLOWS AND
COAL COMBUSTION

For the comprehensive modeling of reacting gas-
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particle flows and coal combustion, a full two-fluid
model, proposed by Zhou et al.l¥! is used. The con-
tinuity, momentum, energy and turbulent kinetic en-
ergy equations for gas and particle phases are derived
and solved in Fulerian coordinates. The sub-models
are: k-e-ky, two-phase turbulence modell4, EBU {eddy
break up)-Arrhenius combustion model, six-flux radi-
ation model, two-equation model of coal devolatiliza-
tion, and diffusion-kinetic model of char combustion.
The detailed description of this comprehensive model
can be found in Ref.[3]. The simplified Solomon
HCN release model® and AUSM (algebraic unified
second order model) turbulence-chemistry model for
NO,, formation are incorporated into the comprehen-
sive model®l.

The basic equations of 3-D turbulent two-phase re-
acting flow and coal combustion can be expressed in
the following generalized form.

Gas-phase equations :
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where ¢ and ¢, are the generalized dependent vari-
ables, Sy, S,p, and S,y are the source items!®l.

The boundary conditions for the gas phase and
particle phase are specified as in usual treatment: fully
developed flow conditions at the exit; symmetrical
conditions at the axis; no-slip condition for the gas
velocity at the wall; the wall function approximation
is used for near-wall grid nodes. The particle-phase
conditions at the wall are: zero normal mean velocity
and zero gradients of other variables.

3 EXPANDING COAL COMBUSTION AND
NOz FORMATION
3.1 Experimental section

The trials were conducted in an entrained flow
combustion reactor (EFCR) (see Fig.1). The electri-
cally heated reactor has five regulated heating zones.
The carrying air with pulverized coal enters the burner
center, surrounded by the primary air and the sec-
ondary air. A gravimetric screw conveyor supplies
a constant coal-feeding rate. The furnace (ceramic
tube) has a length of 2.5 m and an internal diameter
of 200 mm(7l.
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Figure 1 Scheme of the coal combustor!”!
Table 1 gives the parameters of the basic calcu-

- lation. Table 2 gives the germanic soft coal analy-
sis data. A set of in-house CFD procedure is used
to simulate coal combustion and NO, formation. A
non-uniform staggered grids with 50 x 30 x 7 nodes is
used. Because the case is axis symmetrical, the num-
ber of grid points on the circumferential direction is
less compared with the grid points number on other
two directions. Running a case on a Pentium-4-(2.0G)
PC takes about 4—54d.
3.2 Results and discussion

Figures 2—4 give the experimental results and sim-
ulation results of CO5, O3, NO, concentrations of the
basic case. The simulation results are in good agree-
ment with experimental results from Han et al.["], sug-
gesting that the models and procedure used in this

paper are reasonable.

Table 1 Parameters of the basic calculation

Parameter Value
coal mass flow, kg-h~1 1.0
wall temperature, °C 1100
flow rate of coal carrying air, nm3.h~! 1.5
temperature of coal carrying air, °C 200
primary air + secondary air, nm3-h—! 8.0
primary air: secondary air 1:2
temperature of primary air, °C 250
temperature of secondary air, °C 350
subgroup diameter of particle, pm 16, 52, 160, 350
% 30, 35, 25, 10
mean diameter , yum 98
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Figure 2 CO; concentration along the axial distance
in the basic case
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Figure 3 O2 concentration along the axial distance
in the basic case
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Figure 4 NOgz concentration along the axial distance
in the basic case
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Table 2 Coal analysis data (%, by mass)

Proximate analysis (raw basis)

Ultimate analysis (raw basis)

fixed carbon
62.87

moisture volatile ash
1.57 30.46 6.67

Cases A—D refer to different ways of inlet burn-
ing. Case A: the carrying, primary and secondary airs
contain 1% natural gas by mass fraction. Case B: only
the carrying air has natural gas. Case C: only the pri-
mary air has natural gas. Case D: only secondary air
carries natural gas. For all cases the total injected
amount of natural gas is equal.

Figure 5 gives the combustion temperature of ba-
sic case without burning and other burning cases(in
Kelvin). It can be seen that, the zone of high temper-
ature for burning cases moves toward the inlet com-
pared with that of basic case, but there is no large
difference of emission gas temperature among these
cases.
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Figure 5 Temperature map

Figure 6 gives the CH4 concentration maps of dif-
ferent cases. For all inlet burning cases, the inlet CHy
concentration is higher than that in the case without
burning. In the place farther than 0.8 m from the in-
let, the CH, concentrations of all cases are similar.
This means injected CHy is burned out in the main
combustion zone, the oxygen is consumed and the lean
oxygen combustion is formed. Only CH4 concentra-
tion of Case C is relatively high even when X > 0.8 m,
meaning that the CHy is not totally burned out in the
main reaction zone for Case C.

Figure 7 gives the NO, concentration along the
combustor length. The zone of high NO, concentra-
tion for burning cases moves toward the inlet com-
pared with the base case without burning, essentially
because the high combustion temperature zone moves
back toward the inlet. The highest value of NO, con-
centration for burning cases is lower than that in the
case without burning, except Case C. In the down-
stream, the NO, concentrations of all burning cases
are similar, the highest is for Case C while the lowest
is for Case B. The NO,, emissions of all burning cases
are lower than the base case without burning. This
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Figure 6 CHy4 concentration

means inlet natural gas burning can reduce NO, for-
mation, but subject to the effect of the way of burning
gas injection.

650

600
550
500

450

400
350

NO, concentrationx10°

3005 05 10 15 20

X, m

Figure 7 NOg concentration along the combustor
axis for all cases
—— without burning; - - - - burning A; ------ burning B;
— - —: burning C; — - -— burning D

Figure 8 gives the chemical equilibrium analysis
result, and there is no difference among all burning
cases. It shows that inlet natural gas burning can re-
duce NO, formation and emission. The equilibrium
NO,, concentration is higher than CFD simulation re-
sult, because the real chemical reactions do not reach
equilibrium yet.
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Figure 8 Chemical equilibrium analysis result
—— with burning; - - - - without burning

As to the discussed sudden expanding coal com-
bustor, the height of which is high enough to ensure
the main chemical reaction can be finished before the
exit. In this situation, inlet natural gas burning can
be used to reduce NO, formation and emission. The
way of natural gas injection can be optimized to get
lowest NO,, emission.

4 SWIRLING COAL COMBUSTION AND
NOgz FORMATION
4.1 Experimental section

Simulation of coal combustion and NO,, formation
was carried out on the experiment on combustor in
Fig.9 by Abbas et al.l®l. The geometrical sizes and
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inlet-flow conditions are given in Tables 3 and 4. The
coal proximate analysis is given in Table 5.
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Figure 9 The coal swirl combustor!®!

Table 3 The geometrical dimension of the swirl
combustor (m)

D L dy dy d3
0.6 3.0 0.022 0.035 0.104

Table 4 Inlet-flow parameters of the swirl combustor

Air flow rate Coal feeding Swirl Tempera-
kg-h—?! rate, kg'h~! number ture, K
primary air 32.8 14 0 300.0
secondary air 120.4 0 1.0 600.0

Table 5 Proximate analysis of the coal (%)

Volatile Char Water Ash

35.8 53.7 6.3 4.2

The inlet condition is: the pulverized coal is fed
through the annular space “b”, the swirling secondary
air is supplied through the annular space “c”, the ra-
tio of swirling momentum and inflow momentum for
second air is 1.0. In order to enhance coal flame sta-
bility, a bluff body is located in the central orifice “a”.
The average initial size of the pulverized coal is 45 pm.
A non-uniform staggered grids nodes of 55 x 45 x 11
are used. Because the case is axis symmetrical, the
number of grid points on the circumferential direc-
tion is less compared with the grid points number on
other two directions. Running a case in the Pentium-
4(1.5G) PC takes about 4—5d. The prediction re-
sults are compared with the experimental results from
Ref. [8]. Case E is the basic case without natural gas
burning. Case F is the burning case, 4% (by mass)
natural gas injected into space “b”. In the other cases
with mass fraction of natural gas injected less than
4% , the NO,, reduction effects are too inconspicuous
to be shown in this paper.

4.2 Results and discussion

Figures 10 and 11 give the predicted and measured
temperature profiles, NO, concentration profiles in
the base case E, showing a good agreement between
predictions and experiments. Figure 12 shows the O,
profiles on the inlet for Case F, in which natural gas
burning reduces obviously the O3 concentration in the
main combustion zone. Figure 13 shows the profiles
of CH, concentration on the inlet, indicating that,

June, 2005

CH, concentration of Case F is higher than what of
Case E. Fig. 14 shows the NO, concentration map of
two cases, showing that, the NO, concentrations at
the outlet of two cases are quite different, suggesting
that the chemical reactions continue even at the exit.
The inlet burning can reduce NO, emission but not
such obviously as in Cases B—D above.

As to the swirling coal combustor, because of the
coal type, combustor structure and flow pattern, the
chemical reactions are not finished at exit totally
enough. Although inlet natural gas rebuning can form
fuel rich combustion, the overall effect of inlet natural
gas burning to reduce NO, formation is not remark-
able.
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Figure 10 Temperature profiles in the base case E
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Figure 13 CH,4 concentration profiles in Case F
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Figure 14 NOg concentration map

5 CONCLUSIONS

(1) Inlet natural gas burning can form a fuel rich
combustion region in the main combustion zone.

(2) Inlet natural gas burning makes both the high
combustion temperature zone and high NO, concen-
tration zone move towards the inlet, but reduces the
highest NO,, concentration value in the combustor and
NO, emission at the exit.

(3) For the cases in which chemical reactions are
completed before exiting, the inlet natural gas burning

can reduce NO,, formation and emission remarkably.
When chemical reactions are not be completed before
the exit, the effect of inlet natural gas burning on NO,,
emission reduction is comparatively weak.

(4) Inlet natural gas injection position should be

optimized to get lowest NO, emission.

NOMENCLATURE

k
R

turbulent kinetic energy, m?-s~2

universal gas constant

Sy, Spp,Sppg  the source items

T gas temperature, K

U, U, W velocity components, m-s~1

We mean reaction rate, kg-s—!

Y; mass fraction

Y mean mass fraction

€ TKE dissipation rate, m2-s~3

p density, kgm~3

©, ¢p the generalized dependent variables
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