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ABSTRACT: In the present paper, a multifiuid model of two-phase flows with
pulverized-coal combustion, based on a continuum-trajectory model with reacting
particle phase, is developed and employed to simulate the 3-D turbulent two-phase
flows and combustion in a new type of pulverized-coal combustor with one primary-air
jet placed along the wall of the combustor. The results show that: (1) this continuum-
trajectory model with reacting particle phase can be used in practical engineering to
qualitatively predict the flame stability, concentrations of gas species, possibilities of
slag formation and soot deposition, etc.; (2) large recirculation zones can be created
in the combustor, which is favorable to the ignition and flame stabilization.
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1 INTRODUCTION

It is well known that the particle trajectory model!’?! has been most widely used in
modeling pulverized-coal combustion. With this model, the particle history effect can be
easily taken into account and false diffusion can be avoided in modeling particle phase, but
it is difficult for this model to fully consider the turbulent transport of particle mass, par-
ticle momentum and particle energy, and is difficult to give detailed information of particle
velocity and concentration comparable with experimental results. In order to compare the
predictions with the experimental results, it is necessary to calculate a large number of tra-
jectories. At the same time, the pure trajectory model suffers from the difficulty in dealing
with particle entering or leaving the recirculating zone. The continuum model can fully
account for the particle turbulent transport, and can give more detailed information which
can be compared with experimental results, but it is difficult to consider the particle his-
tory effect. The continuum-trajectory model with reacting particle phase, proposed by Prof.
L. X. Zhou®4¥, overcomes these disadvantages and retains the advantages of both models
mentioned above. This model has been successfully used in modeling 2-D pulverized-coal
combustion!(5).
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A new type of pulverized-coal combustor possibly having multiple functions and low
pollutant emission has been proposed(®l. The chief aims are to increase the residence time
of coal particles and to solve the problem of slag formation in the combustor. Figure 1
shows the schematic diagram of the combustor. A pair of primary air jets and a pair of
control jets enter the combustor along the wall, as shown in the figure. The air jets along
the wall can effectively protect it against overheating and erosion and can effectively solve
the problem of slag formation. The flowfield characteristics may be utilized to achieve a
multiple of functions, which include boiler startup, low load flame stabilization and main
burner operation. As the first step of research, 3-D numerical simulation of two-phase flow
in this combustor has been carried out. Some useful guidelines have been obtained through
this work.

Fig.1 Schematic diagram of the proposed combustor
1,3—primary air; 2,4—controlling air

In the present paper, in order to develop the computer code of this multifluid model of
two-phase flows with pulverized-coal combustion, the calculation conditions are simplified.
In the simplified case, the controlling jets (air jets No.2 and 4) and one primary-air jet (air
jet No.3 ) are turned off and the remaining primary-air (air jet No.1 ) is turn on. A 180°
sector is taken as the computed domain in the -8 plane. The primary-air inlet is located in
the z-r plane of § = 0°. Some important results are obtained.

2 NUMERICAL MODELS AND SOLUTION PROCEDURE

Based on the continuum concept of multiphase flows and the k-e-Ap two-phase tur-
bulence modell”), the gas phase governing equations for 3-D turbulent reacting gas-particle
flows in cylindrical coordinates can be written in the following generalized form
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The meanings of ¢, F¢ and Sy are the same as those in modeling of pure gas phase, and Sep
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The time-averaged reaction rate is determined by the EBU-Arrhenius model:
W, = min(W,.geu, Ws.ar)
We.gBu = CroYgue/k
Ws.ar = B,p?Y,Yox exp(—E/RT) (s = CH4, CO)

where W is reaction rate, Y is mass fraction, subscript Ar denotes Arrhenius Law, EBU
denotes eddy-break-up model, FU denotes fuel.

The time-averaged particle-phase continuity and momentum equations for 3-D turbu-
lent reacting gas-particle flows in cylindrical coordinates can be written in the following
generalized form
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where ¢, 'y, Sgr and Syrg denote the generalized variable, transport coefficient and source
term of particle phase respectively, and their meanings for each equation are shown in Tab.1.

The equations of mass and temperature change of a pulverized-coal particle, using the
two-equation model of devolatilization and three-reaction model of diffusion-kinetic char
combustion, can be written as follows!”)

Mg = Miw + My + Mak
My = TdNuDpln[l + (Yipw — Yuoo)/(1 — Yew)]
Yyw = By exp(—E,/RT})

Mgy = MexaB, exp(—E,/RT})

d’(’;;" = —mexB, exp(—E,/RT})
g = 3 [rdkYow 30 By exp(—Ey /RT}))

& dT, _ .
Zr;f!’p(/”c—dt— = wdige(T* — T) — hrgw + MrkQe

where subscript w denotes wall, g denotes gas, v denotes volatile, ¢ denotes raw coal, and p
denotes particle.

The particle mass and temperature change due to reactions is traced along the trajec-
tories obtained from the Eulerian predictions, by using these ordinary differential equations
and algebraic expressions. These ordinary differential equations are solved by using 4th
order Runge-Kutta method 8!,

The particle turbulence is modeled by using the particle-tracking-fluid (Ap) model

=1+

where
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Table 1 Equations for particle phase
Equations Pr{ailB |k Sek Sskg
Particle continuity | 1 |px|pk 2k nEmg 0
9p
. 8 8 v
Particle uk [pr| 1| B ——(me uk)+ -——(W;:F’E)'F p’l (v —ug)+
i
. vy, Opk .
axial momentum 56 (#k ) + ( uk S Bs + ungMy
o
Tuku—k -pﬁ) + prget
1-61' op
Vg 3Pk vk 8pi
Tzae(uk )+ g S0k
vk 3Pk Vi Opk
rar( Uk )+1'30( oy oz
. o
Particle v |ok| 1| B —(mc ;k)+ —'( uk )+ Pk'wk+ fik(v—vk)+
™
radial momentum 56 [Hk( )] 2 k(—‘— + -——)+ VR
r
9, aPk Vi 3Pk
Oz k;_ 8z —_( )+
8 Vi 9pk Vi 3Pk
1'280( v, 00 T (s e
v 9pi g Vk Opi
rar( ko or e r60 wka’p or
2 v Opg
2k o 50 + Prgr
Particle wglpe| 1| 0 -——([l, 3uk)+ [ (23‘l - ﬂ)]+ —pﬁ-(‘w— wi)+
k k oz ko0 r00 THE r Trk
tangential momentum Prge + _?95 ”—k 8;‘;“ + 2u)]— wnpg
1 i avk a’UJk Wi
~PRVEWE + a0 o - )+
8 3Pk 9 Vg Op
6::( ko‘ 8z)+r6r(r pa'r)+
Vg 3Pk Vi Opp.
) 89( (e ( 89)
7] Vi 6pk 3 llk apk
ror " a0t 7ae kG, vae) T
Wk Vi % Yk v Opi
r o, Or 120, 80

Both gas-phase and particle-phase conservation equations in the Eulerian coordinates
are integrated in the computational cell to obtain the finite difference equations by using
the hybrid scheme for the convection terms, and the linearization of the source terms. The
finite difference equations are solved by TDMA line-by-line and plane-by-plane iterations
with under-relaxation(®l.

Multiple iterations between the two phases have been adopted.

Some additional formulas are shown in Table 2. The grid system contains 33x 18 x 14 =
8 316 nodes in the computational domain (¢300 mm x1200mm). The initial diameter of coal
particles is 60 ym. The computer code has been developed with nearly 20000 FORTRANT77



Vol.13, No.3 Zhou & Wu: 3-D Turbulent Two-Phase Flows and Coal Combustion 197

Table 2 Additional formulas
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statements, and running one case in a microcomputer 486-66 spends about 170 CPU hours.

3 RESULTS AND DISCUSSIONS

3.1 Stability of Pulverized-coal Flame
(1) Configuration of recirculation zones

Figure 2 shows that there are obvious gas and particle recirculation zones, both in
0 = 0°,180° plane and 6 = 90°,270° plane.

(2) Figure 3 is the gas-phase temperature contour map in coal combustion. It can
be seen that the high temperature zones of gas phase are located in the gas and particle
recirculation zones.

(3) Figure 4 gives the coal particle concentration contours in coal combustion. It can

be seen that the particle concentration in the recirculation zones (especially in z-r plane of
8 = 90°,270°) is high.

In summary, Fig.2 through Fig.4 illustrate that, in the combustor, there are several
strongly recirculating zones, in which the particle concentration and the gas-phase temper-
ature are high. Such features can be used to stabilize the coal flame.

3.2 Prediction of Slag Formation and Soot Deposition

The reasons of slag formation mainly include the following items: melting of coal
particles due to their high temperature; high temperature of the wall of the combustor;
impingement against the wall by the coal particles. The reason of soot deposition is mainly
that, in the combustor, there exist dead zones in which the velocity of gas/particle is nearly
zero. The melting point of the coal used in this research is about 1573 K. From Fig.3, it can
be seen that there are possibilities of slag formation and soot deposit in the combustor with
only one-primary-air jet. From the velocity vectors in the r-8 planes (Fig.5), such places
can be predicted. In the places where the particles impinge against the wall directly, slag
may be formed; in the places where the particle/gas velocity is nearly zero, soot may be
deposited.
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Fig.2 Velocity vectors

3.3 Prediction of Concentration for Gas Species

Figure 6 and Fig.7(a) are the concentration contour maps for volatile and oxygen re-
spectively. The volatile concentration in the reverse-flow zones is nearly zero except the
reverse-flow zone near the outlet at the z-r plane of § = 90°,270° where the volatile con-
centration is higher due to the reverse flow of the gases at the plane of 8 = 0° which contain
higher concentration of unburnt volatile. The oxygen concentration in the reverse-flow zone
is lower than that in other zones. Such features illustrate that these recirculation zones are
very important to devolatilization, ignition, and stable combustion.



Vol.13, No.3

Zhou & Wu: 3-D Turbulent Two-Phase Flows and Coal Combustion

1.20 1.20
1.10
1.00

0.90k

0.80

0.70f

0.00 Sl
015 000 015

000 015
(a) 6=0°, 180° (b) 6=90°, 270°

Fig.3 Temperature contours
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Fig.4 Particle concentration contours
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Fig.6 CH,4 concentration contours

Figure 7(b) and Fig.7(c) are the contour maps for the concentration of carbon dioxide
and water vapour respectively. These concentrations in the recirculation zones are higher,
which illustrates the high-temperature gases can be entrained by the recirculating flow. Such
feature is Beneficial to the stability of coal flame.

Figure 8 is the contour map for carbon monoxide concentration in the combustor. In
the zone with axial distance z less than 0.8 m, the carbon monoxide concentration is nearly
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zero, while in other zones the carbon monoxide concentration is higher. This exactly illus-
trates the recirculation zone near the outlet is very important to char combustion.

4 CONCLUSIONS

(1) The computer code for the numerical modeling of 3-D turbulent two-phase flows and
pulverized-coal combustion based on a continuum-trajectory model with reacting particle
phase has been successfully developed and has been successfully applied to the modeling
of a combustor with one primary-air inlet along its wall.

(2) The prediction can qualitatively give very useful information in practical engineering,
such as, the stability of flame, possibilities of slag formation and soot deposit, concen-
trations of gas species, etc.; So this prediction method as an optimizing tool can be used
to model the practical two-phase flows with pulverized-coal combustion in combustors
or furnaces.

(3) The prediction results show that the gas and particle recirculation zones are very impor-
tant to devolatilization, volatile ignition and flame stabilization, especially, the recircu-
lation zone near the outlet at the z-r plane of 8 = 90°, and 270° is crucially important
to char combustion.
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