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Two-phase combustion such as pulverized coal or droplet 
spray combustion is commonly encountered in combustion 
equipment. For realistic predictions, the interaction between the 
particle phase and the gas phase turbulence must be accurately 
modeled. As noted by Smoot (1981), the models commonly 
adopted for modeling particle dispersion are heavily based on 
empiricism. In these models, the dispersion of particles due to 
turbulence is assumed to be a diffusional process and is 
expressed as a gradient of either the mean velocity (Lockwood et 
al., 1980), or the gradient of the particle bulk number density 
(Smith et al., 1981). The models, quite clearly, are less than 
satisfactory, since the basic assumption of relating the disper- 
sion of particles to mean gradients is not well-founded. Further, 
these models contain empirical constants and there is consider- 
able uncertainty about the suitable values of these constants. 

An alternative method has been proposed by Yuu et al. 
(1978), Dukowicz (1980), and Gosman and Ioannides (1981) in 
which a stochastic approach to modeling particle dispersion is 
used. Unlike the empirical approaches, the instantaneous equa- 
tion for particle motion is solved. Faeth and associates have eval- 
uated this method for parabolic flows (Shuen et al., 1983 a,b; 
Solomon et al., 1985 a,b,c; Zhang et al., 1985) by comparing the 
results of the stochastic method with two other two-phase flow 
models, both of which ignore the turbulent dispersion of par- 
ticles. However, no comparisons with the empirical models for 
particle dispersion (Lockwood et al., 1980; Smith et al., 1981) 
have been made. 

The stochastic approach has not been widely used for elliptic 
flows. We are aware of only four recent studies (Gosman and 
Ioannides, 1981; Boysan et al., 1986; Boyd and Kent, 1986: 
Truelove, 1986) where this approach has been used in combus- 
tion or furnace geometries. In none of these studies has the per- 
formance of the stochastic method been compared with the 
other models for particle dispersion. 

The objective of this paper is to evaluate the performance of 
the stochastic model for particle dispersion in a turbulent, con- 
fined, and recirculating (or elliptic) flow field as encountered in 

most combustion equipment. Results obtained with the stochas- 
tic model will be compared with two other models for turbulent 
dispersion of particles, those of Lockwood et al. and Smith et  
al. 

Mathematical Models 
In solving for the coupled system of equations for the gas and 

particles, an Eulerian-Lagrangian formulation described by 
Crowe et ai. (1977) is adopted. Gas-phase equations are solved 
in an Eulerian framework and models for turbulence, radiation, 
and combustion must be specified. Turbulence is modeled using 
the high Reynolds number version of the two-equation (k - e) 
model for turbulence (Launder and Spalding, 1972). The four- 
flux model for radiation (Gosman and Lockwood, 1974) has 
been used. For the combustion of volatiles released from the par- 
ticles (pulverized coal combustion is considered here), a phe- 
nomenological model of the “eddy breakup” form proposed by 
Magnussen and Hjertager (1976) is adopted here. 

Particle equations are solved in a Lagrangian framework. The 
instantaneous and time-averaged equations of particle motion 
can be respectively expressed as 

dM,/dt = C U ( U ,  - M,) ,  dv,/dt a(ug - u,) (1) 

dii,/dt = Z(Eg - Ti,) + C X ‘ ( M ~  - M ; ) ,  dCp/dt 
- 

= a(V, - E,) + a’(u; - v;) (2) 

where u and u are the axial and radial velocities, and subscripts 
p and g refer to the particle and gas phases, respectively. The 
term a is defined as a = 18~(~C,Re,/24p~d, where Re, is the 
particle Reynolds number and C, is the drag coefficient, which 
is specified according to the expression given by Wallis (1 969). 

The second term on the righthand side of the time-averaged 
equations represents the dispersion of the particles due to turbu- 
lence in the gas phase, and it is the modeling of this term that is 
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of primary interest in this paper. The three models considered 
are described in the next section. 

For pulverized coal combustion, additional equations must be 
solved for the particle temperature and combustion of the par- 
ticle. For purposes of brevity these equations are not given here. 
The calculation of volatile release from the particle is based on 
the recommendation of Baum and Street (1971). 

Turbulent dispersion ojparticles 
In this section three models for the turbulent dispersion of 

particles are described. The first two models solve the time-aver- 
aged equation for particle motion and thus require closure for 
the fluctuating term correlations appearing in these equations. 
The third model, called the stochastic model, solves the instanta- 
neous equations for particle motion and requires the prescription 
of the instantaneous gas phase velocities ug and Z J ~  

Model 1 .  Lockwood et al. (1980) have proposed that the 
effects of turbulent dispersion of particles be incorporated by 
defining diffusional particle velocities iip,d$ and i$,d$ due to gas 
phase turbulence and rewriting Eq. 2 as 

The constants c,, c2, c,, and c4 are specified empirically. 
Model 2. In this model (Smith et al., 1981), Eq. 2 is first 

solved without the turbulent dispersion terms; thus, the com- 
puted particle velocities are those that correspond only to the 
mean gas motion and are denoted by zpc (=TuPc +&J. The 
total particle velocity is obtained by adding a turbulent diffu- 
sional velocity zp ,d@ to Zpc, that is, 

(6) 
- -  - 
up = upc f up,dfl 

The diffusional velocity is approximated by a gradient diffusion 
law: 

where p; is the bulk particle density, rp is the turbulent particle 
diffusivity, and u;and ciare  the turbulent particle kinematic vis- 
cosity and the turbulent particle Schmidt number, respectively. 
The relationship proposed by Melville and Bray (1979) is nor- 
mally used for v‘p. For u;, a value of 0.35 has been recommended 
by Fletcher (1983). The particle bulk density is obtained from 
the particle number density n;, which is calculated by solving an 
Eulerian equation (Fletcher, 1980). This model is the most com- 
monly adopted approach for incorporating the effects of turbu- 

lence on particle dispersion (Fletcher, 1980, 1983; Smith et a!., 
1981). 

Stochastic Model. In the stochastic model (Gosman and 
Ioannides, 1981; Shuen et al., 1983a,b), Eq. 1 is solved directly 
in its instantaneous form. The particle is assumed to interact 
with a succession of eddies as it traverses the flow. The proper- 
ties in each eddy are assumed to be uniform but change ran- 
domly from one eddy to the next. Since Eq. 1 is solved in its 
instantaneous form, instantaneous eddy properties are required. 
These are obtained by assuming isotropic turbulence and mak- 
ing a stochastic selection from the Gaussian velocity probability 
distribution function with mean iig and variance 2k/3 .  Both Tig 
and k are obtained from the gas phase calculations. 

The particle is assumed to interact with the eddy if its dis- 
placement within the eddy is smaller than a characteristic eddy 
size Q,, and the time of interaction is smaller than the character- 
istic eddy life time t,. Conventional expressions for the eddy size 
and lifetime are (Gosman and Ioannides, 1981), 

An important consideration is that of specifying the correct 
instantaneous particle conditions a t  the inlet. The importance of 
the inlet particle fluctuation terms can be noted from the 
reported measurements of Shuen et al. (1983b) in a particle- 
laden jet. Since, in general, inlet particle fluctuation measure- 
ments are not reported, an alternative approach to predicting 
these terms has to be devised. 

In this paper a relatively simple approach has been developed 
to predict the particle fluctuation terms at  the inlet of the fur- 
nace. The calculation domain is extended upstream of the inlet 
to include a certain length of inlet pipe carrying the particle-air 
mixture. Since the cross-stream particle fluctuations dictate the 
particle dispersion in the radial direction, calculations for the 
instantaneous cross-stream velocities in the inlet pipe are done 
by the stochastic method outlined above. Fully developed turbu- 
lent gas flow is assumed in the pipe with zero mean cross-stream 
velocities, and ZP = iig. Eddy size information is obtained from 
the experimental data for mixing length (Davies, 1972). To cal- 
culate instantaneous eddy properties, a Gaussian probability 
distribution function is assumed with the mean value obtained 
from the assumption of fully developed pipe flow and the vari- 
ance from the assumption of 10% turbulent intensity in the pipe. 
At the entrance to the pipe, for each particle size group, a mass- 
weighted radial location is calculated assuming uniform radial 
distribution of particles. Stochastic calculations for this particle 
sizegroup are initiated from its mass-weighted location and con- 
tinued to the end of the inlet pipe, which coincides with the inlet 
to the furnace. By this procedure, the particle velocities a t  the 
end of the inlet pipe are computed for each particle size group 
and are used to characterize the inlet particle condition at  each 
radial location at the combustor inlet. 

Results and Discussion 
Three sets of measurements have been chosen to make perfor- 

mance evaluations. The first two sets (Memmott, 1977; Leavitt, 
1980) correspond to isothermal, two-phase flow in a cylindrical 
combustor geometry. Particles in the range of 5-160 pm were 
used in these experiments. The third set of data was obtained by 
Michel and Payne (1980) for pulverized coal flame (15-250 pm 
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Figure 1. Model evaluation, isothermal flow data of Memmott (1977). 

particles) in a rectangular geometry which, in this study, has 
been replaced by a cylindrical geometry with the same equiva- 
lent diameter. 

It should be noted that in the configurations considered, the 
near field of the inlet is characterized by strong adverse and 
radial pressure gradients, and radial velocities. Thus the 
injected particles clearly experience the flow field ellipticity. 

Sensitivity tests 
The sensitivity of the stochastic method to the number of sto- 

chastic calculations for each particle size group and starting 
location is an important factor in controlling the overall compu- 
tational cost. This consideration is particularly important for the 
computer-intensive calculation of elliptic flows. Therefore, a 
sensitivity test is performed, and results are obtained with 5,20, 
40, 100, and 200 stochastic calculations for each particle size 
group and starting location and compared with the isothermal 
data of Memmott (1977). 

It is observed that the predictions with 20, 40, 100, and 200 
stochastic calculations per particle size group and starting loca- 
tion agree well with each other and also with the measured val- 
ues. With five stochastic calculations per particle size group and 
starting location, local discrepancies are noted. Therefore, it 

appears that 20 stochastic calculations per representative par- 
ticle trajectory are sufficient for elliptic, isothermal flows. This 
observation is also verified for reacting flows, as  shown by Fig- 
ure 3. 

Model Evaluation 
In this section the predictions for particle dispersion using 

models 1 and 2 and the stochastic model are compared with one 
another. 

Isothermal Flow. Since model 2 has been the most popular 
approach heretofore, isothermal flow predictions have been ob- 
tained using model 2 and the stochastic method. In view of the 
uncertainty associated with the value of 0; in model 2, predic- 
tions have been obtained using the recommended value of 0.35 
(Fletcher, 1983) and 0.2. 

Figure 1 shows the comparison between the predictions and 
the data of Memmott ( 1  977) a t  two axial locations. Predictions 
using model 2 exhibit a steep radial decay in particle flux, with 
near-zero values beyond r = 2.0 cm. However, the measure- 
ments indicate a greater level of the radial dispersion of par- 
ticles, with the particle flux gradually decaying to zero a t  r = 4.0 
cm. Predictions using the stochastic method exhibit these mea- 
sured trends and, quite clearly, provide more realistic simula- 
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Figure 2. Model evaluation, isothermal flow data of Leavitt (1980). 
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Figure 3. Model evaluation, reacting flow data of Michel 
and Payne (1980). 

tions than those obtained using model 2. Both choices of yield 
nearly similar radial profiles, with somewhat greater radial dis- 
persion predicted a t  the lower u; value. 

The effect of specifying the particle velocity fluctuations a t  
the inlet, using the simple stochastic approach described earlier, 
is shown in Figures 1 and 2. Quite clearly, the effects are signifi- 
cant, and for realistic predictions with the stochastic method, 
the inlet particle velocity fluctuations must be included. 

The validity of the simple stochastic method used for predict- 
ing the inlet particle velocity fluctuations may also be noted by 
comparing predicted in this study with the mea- 
surem’ents in Shuen et al. (1983b). The two values agree well 
with each other. Although the two flow conditions in the two 
inlet pipes are somewhat different, the same order of magnitude 
of the two values indicates the validity of the approach. 

Figure 2 shows the comparison of predictions with the data of 
Leavitt (1980), and observed trends are consistent with those in 
Figure 1. Model 2 profiles exhibit rather nonuniform behavior. 
These nonuniformities can be reduced by increasing the number 
of particle starting locations and particle size groups, but the 
radial dispersion of particles is always underpredicted when 
model 2 is used. 

Reacting Flow. Pulverized coal combustion predictions using 
model 1, model 2, and the stochastic method are compared with 
the data of Michel and Payne (1980) in Figure 3. Model 1 pre- 
dictions compare rather poorly with the measured values, while 
the solutions obtained using model 2 do not agree with the mea- 
surements beyond X = 2.0 m. 

Predictions with the stochastic method appear to agree well 
with the measured values. The axial distribution without inlet 
particle velocity ffuctuations exhibit satisfactory agreement 
with the data, but the radial distributions (not shown) indicate 
local differences between predictions and measurements, and 
again point to the importance of incorporating particle velocity 
fluctuations at the inlet. 

Figure 3 also shows the effect of increasing the number of sto- 
chastic calculations per size group and starting location from 20 
to 30. The predicted profiles, as in isothermal flows, show close 
agreement to each other. 
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Notation 
cl, c2, c3, c,, cr = empirical constants; cI = c2 = 0.0005; c3 = c, = 1; c, = 

0.09 
c, = dimensionless drag coefficient 
d, = particle diameter, m 
k = turbulent kinetic energy per unit mass, J/kg 

II, = eddy size 
m: = particle mass flux, kg/rn2 . s 
m r  = particle mass concentration, kg/m’ 

group and starting location 
N = number of stochastic calculations per particle size 

n; = bulk particle number density, m-3 
r = radial distance from the centerline, cm or m 

t = time, s 
Re, = particle Reynolds number 

u, v, u’, v’ = velocity and fluctuating velocity components, m/s 
X = axial distance from burner exit, m or cm 

Greek letters 
a = coefficient in particle trajectory equation 
r, = turbulent particle diffusivity = uL/ui, m2/s 

c = turbulence energy dissipation rate, J/kg . s 
p = dynamic viscosity, kg/ms 
u‘ - turbulent particle kinematic viscosity, m‘/s 

ui = turbulent particle Schmidt number 
p, g -  = bulk particle mass density, kg/m’ 
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