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Earlier work of Sinclair and Jackson that treats the laminar flow of gas-solid suspen- 
sions is extended to model dilute turbulent flow. The random particle motion, often 
exceeding the turbulent fluctuations in the gas, is obtained using a model based on the 
kinetic theory of granular materials. A two-equation low Reynolds number turbulence 
model is modified to account for the presence of the dilute particle phase. Comparisons 
of the model predictions with available experimental data for the mean and fluctuating 
velocity profiles for both phases indicate that the resulting theory captures many of the 
flow features observed in the pneumatic transport of large particles. The model predic- 
tions did not manifest an extreme sensitivity to the degree of inelasticity in the particle- 
particle collisions for the range of solid loading ratios investigated. 

Introduction 
Dispersed gas-solid turbulent flows are encountered in a 

wide variety of chemical processes. Such processes include 
coal injection into entrained-flow gasifiers, pneumatic con- 
veying of solids in transport lines, and high velocity fluidiza- 
tion as found in circulating fluidized beds (CFBs). These sys- 
tems are often characterized by complex flow phenomena 
such as nonuniform spatial distribution of particles, large slip 
velocities between the two phases, suppression or enhance- 
ment of the gas-phase turbulent intensity, and the existence 
of several possible pressure gradients and solids holdup for 
specified values of gas and solids flow rates. An accurate un- 
derstanding of the turbulent flow behavior of gas-solid mix- 
tures is necessary for scale-up, design, and optimization of 
such processes. 

In order for a mathematical model to accurately predict all 
of the flow phenomena associated with gas-solid flows, each 
of the mechanical interactions present in the system must be 
included in the model. These interactions, as outlined in Sin- 
clair and Jackson (19891, which depend on the mean and 
fluctuating components of the gas and solid velocity fields, 
include the following: 

1. The interaction between the mean gas velocity and 
mean solid velocity that gives rise to the drag force between 
the two phases. 
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2. The interaction between the mean and fluctuating gas 
velocities that generates the gas-phase Reynolds stresses. 

3. The interaction between the mean and fluctuating solid 
velocities that generates slresses in the particle assembly. 
4. The interaction between the particles and the turbu- 

lent fluctuations of gas velocity that results in a flux of kinetic 
energy that either damps the fluctuations in the gas phase 
and stimulates fluctuations, in the particle phase, or vice versa. 

Recent models (Sinclair and Jackson, 1989; Ding and Gi- 
daspow, 1990; Pita and Sundaresan 1991, 1993; Ocone et al., 
1993) have been able to qualitatively predict many of the flow 
phenomena associated with particle-laden flows by incorpo- 
rating only the first and third effects just mentioned. For the 
large particles considered in these studies, stresses in the solid 
phase are described by making an analogy between the ran- 
dom particle motion due to particle collisions and the ther- 
mal motion of molecules in a gas, and employing methods 
from kinetic theory. Momentum transfer in the solid-phase 
occurs both by translation of particles between adjacent lay- 
ers and by brief particle-particle contacts. The quantitative 
ability of these models is uncertain, however, since they do 
not include descriptions for the interactions that involve gas- 
phase fluctuations. 

h u g e  et al. (1991) were the first to expand on these mod- 
els to include the effects of both gas-phase turbulence and 
particle collisions for systtms of low particle concentrations. 
Similar to the Sinclair and Jackson model, solid phase stresses 
are described using the kinetic theory analogy. Gas-phase 
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turbulent stresses are modeled via a high Reynolds one-equa- 
tion closure that requires a prespecified mixing length. Since 
this closure scheme is not valid in the viscous sublayer, wall 
functions are used to determine the velocity distribution in 
these regions. The model also contains a modified form of 
the expression proposed by Koch (1990) to approximate the 
correlation between the velocity fluctuations of the gas and 
particles in dilute-phase flows. Model predictions for steady, 
fully-developed vertical pipe flow were compared with the ex- 
perimental measurements of Tsuji et al. (1984). Although the 
predictions of both phases were in good agreement with the 
data at the lowcr loadings investigated by Tsuji et al., the 
predictive ability of the model worsened at the higher load- 
ings. Specifically, the model was unable to predict the ex- 
treme flattening of the mean and fluctuating gas velocity pro- 
file that was observed experimentally. This inability of the 
model to give good predictions at higher loadings is not sur- 
prising, however, since the expressions used for the mixing 
length and wall functions are based on single-phase, clear gas 
flow. Even for dilute phase flows, the universality of such 
functions begins to break down as the concentration of parti- 
cles increases (Rizk and Elghobashi, 1989). 

Another class of two-phase models that account for veloc- 
ity fluctuations in the gas and solid phase was proposed pri- 
marily by researchers in the mechanical engineering commu- 
nity, namely Elghobashi and Abou-Arab (19831, Pourahmadi 
and Humphrey (1983), Chen and Wood (19851, and Rizk and 
Elghobashi (1989). All of these models neglect particle-par- 
tick interactions and consider systems with particles small 
enough such that they follow the fluid motion closely. (For 
example, the model of Chen and Wood is restricted to parti- 
cles with diameters - < 100 pm.) Solid-phase stresses are 
described empirically as fractions of the corresponding gas- 
phase stresses; thus, these expressions are not valid for sys- 
tems composed of larger particles in which the particle veloc- 
ity fluctuations often exceed those of the gas. 

In this article we seek to expand on the previous effort of 
Louge et al. (1991) by incorporating a two-equation, low 
Reynolds number k-E closure to describe gas-phase stresses. 
This closure model, which is extended to account for the 
presence of a dilute particle phase, is formally integrable up 
to the pipe wall, and thereby the need for empirical wall 
functions is eliminated. Stresses in the particle phase and the 
boundary conditions for the particle phase follow the analysis 
of Sinclair and Jackson (1989). The dilute turbulent gas-solid 
flow model presented here considers particle velocity fluctua- 
tions at the level of individual particles only, in contrast to a 
recent model given by Dasgupta et al. (1993) that describes 
the organized motion of groups of particles using a specula- 
tive k - E closure model for the particle phase. The model 
outlined in this article captures most of the flow features ob- 
served in the dilute, steady, fully-developed vertical pipe flow 
measurements of Tsuji et al. (19841, Lee and Durst (19821, 
and Maeda et al. (1980) obtained using laser Doppler ve- 
locimetry. In addition, excellent agreement is obtained be- 
tween previously unpublished experimental data (Tsuji, 1993) 
for solid velocity fluctuations (which exceed the gas velocity 
fluctuations) and our model predictions. We show that sim- 
pler dilute turbulent gas-solid flow models such as those that 
neglect the effect of gas-phase turbulence or particle-particle 
interactions cannot describe the flow features observed in the 

experimental data. The model predictions are also not ex- 
tremely sensitive to the value of the coefficient of restitution 
for the range of solids loadings (solid-to-gas mass-flow rate 
ratio) investigated here. 

Mathematical Model 
The governing equations for the flow of a fluid-solid mix- 

ture were developed using a continuum approach that re- 
places the point mechanical variables, such as velocities and 
pressures, with their corresponding local mean variables 
(Anderson and Jackson, 1967). 

Governing equations - gas phase 
For steady, turbulent, fully-developed gas-solid flow in a 

vertical pipe, a time smoothing of the axial component of the 
gas momentum balance yields 

where 

(2) 

Here u refers to the gas-phase velocity, u is the particle ve- 
locity, p is the drag coefficient that depends upon the local 
slip velocity and solid volume fraction v, and T~ is the total 
stress tensor for the gas phase. We adopt a closure of the 
Reynolds stress by assuming that the stress is related to the 
mean rate of strain through the eddy viscosity p,: 

It is also assumed that the eddy viscosity is uniquely deter- 
mined by k ,  the turbulent kinetic energy of the gas, where 

and E ,  the rate of dissipation of k, via the Kolmogorov- 
Prandtl relation 

where f ,  is a function of the turbulent Reynolds number R,. 
A form for the drag coefficient is based on an expression 
suggested by Ding and Gidaspow (1990): 

(6) 

where 
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In single phase flows ( v  = 0) the intensity of the turbulent 
fluctuations can be found from the following transport equa- 
tion for k .  

The terms in this equation describe the balance between the 
diffusive transport by turbulent motion, the production by in- 
teraction of turbulent stresses and mean velocity gradients, 
and the destruction by dissipation, respectively. In one-equa- 
tion closure models, the dissipation rate is determined by 
prespecified turbulent mixing length relations. However, in 
two-equation models the dissipation rate is given by the solu- 
tion of a separate transport equation: 

(9) 

The terms in the preceding equation represent physical pro- 
cesses similar to those discussed already for the k equation; 
that is, the equation represents a balance of diffusive trans- 
port, production, and destruction of E .  

A low Reynolds number version of the standard k - E clo- 
sure model is used since these closure models allow integra- 
tion up to the pipe wall by employing functions f,, f2, and 
fp,  which reproduce the behavior of k and E near the wall 
(Table 1). The particular base two-equation closure model 
given here is the low-Reynolds number k - E Myong and 
Kasagi (1990) model. Our choice of the Myong and Kasagi 
version of the low Reynolds k - E closure is based on a com- 
parative study (Hrenya et al., 1995). The Myong and Kasagi 
model gives the best predictions for single-phase turbulent 
pipe flow and is the only model to yield the correct qualita- 
tive shape of the eddy viscosity profile. One disadvantage of 
k - E closure models, however, is that they neglect the 
anisotropy of the velocity fluctuations. Although more sophis- 
ticated turbulence closures that do account for the anisotropic 
nature of turbulence are available, recent studies by Martin- 
uzzi and Pollard (1989) indicate that the predictions from a 
low Reynolds k - E closure are in better agreement with ex- 
perimental pipe flow data than the predictions from alge- 
braic stress and Reynolds stress closure models. 

For two-phase flows, the gas-phase turbulent kinetic en- 

Table 1. Model Constants and Functions Appearing in the 
k - E Equations 

c1 = 1.4 f, = 1.0 

cp = 0.09 

uk =1.4 f,= ( 1-exp [ -- ;:]}[1+3.15/&1 

0; = 1.3 

ergy equation and its dissipation rate equation must be modi- 
fied to account for the presence of a dilute particle phase. By 
making similar order-of-magnitude arguments as h u g e  et al. 
(19911, the gas-phase turbulent kinetic energy equation be- 
comes 

- p , ~ ( l -  u ) -  P(2k -a) (10) 

The last term in the turbulent kinetic energy equation ac- 
counts for turbulence dissipation and generation due to the 
interaction between the phases. The equation for the rate of 
dissipation of gas-phase turbulent kinetic energy is given cor- 
respondingly as 

2 

E L  - E  
k k (11) 

As a tentative first attempt at closure, the correlation 
modeled as 

is 

(12) 

following Louge et al. (1991), where T is a “particle tempera- 
ture” that is a measure of themagnitude of the particle veloc- 
ity fluctuations [ T  = 1/3 (U’~)]. The closure is based on an 
expression developed by Koch (1990), who considered the 
case of a dilute suspension of particles where the particle 
velocity distribution function is controlled by solid-body in- 
teractions. In this article we evaluate this closure and indi- 
cate its shortcomings. Work is in progress to improve the de- 
scription for how the particles affect the gas turbulence in- 
corporating a treatment developed by Yuan and Michaelides 
(1992). 

Governing equations -particle phase 

the following form: 
Axial and radial force balances for the particle phase take 

1 d  gee 
r d r  r 

O = - - (  ro;,)--. (14) 

The particles are assumed to be spherical, cohesionless, and 
uniform in size. Stresses in the particle assembly resulting 
from translation of particles between adjacent layers and by 
particle collisions are denoted by the stress tensor m, defined 
in the compressive sense. Since the particle-phase= effective 
pressure and viscosity depend strongly on the magnitude of 
the particle velocity fluctuations, these must be found by solv- 
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Table 2. Closures for a, qpT, and y 
= -  

48 Ps 
= - - 7 ) ) g , v 2 -  7 - 3 ~  J;; d 

ing a separate differential equation representing a balance 
for the kinetic energy associated with the random particle 
motion or “pseudo-thermal energy.” 

Pseudo-thermal energy is conducted as a result of gradients 
in the particle temperature, generated by shear, and dissi- 
pated by the inelasticity of collisions between particles. The 
last term represents a source and sink of the energy for the 
particles’ fluctuating motion due to fluid-particle interactions. 
In order to close these equations, the granular kinetic theory 
constitutive relations of Lun et al. (1984) with a few modifica- 
tions (detailed in Sinclair and Jackson, 1989) are used for the 
particle phase stress tensor u, the pseudo-thermal energy flux 
vector qpn and the dissipatiGn rate of pseudo-thermal energy 
y (TabF2). 

Boundary conditions 
In summary, the dilute particle-laden turbulent flow model 

comprises five coupled differential equations (Eqs. 1, 10, 11, 
13 and 15) and one algebraic equation (Eq. 14) that describe 
the relationship between the mean and fluctuating compo- 
nents of the gas and solid velocities (uz ,  uz ,  k ,  T ) ,  the dissipa- 
tion rate of gas-phase turbulent kinetic energy E ,  the solids 
volume fraction v, and the pressure gradient. The radial mo- 
mentum balance (Eq. 14) simplifies to an algebraic relation- 
ship involving the particle temperature and the solids volume 
fraction. A complete formulation of the model requires 
boundary conditions at the tube wall and centerline. At the 
axis of the pipe, symmetry clearly demands that the gradients 
of all the variables be zero. The mean gas velocity and gas 
turbulent kinetic energy are zero at the wall. The wall bound- 
ary condition for the dissipation rate E is obtained by a re- 
duction of the k equation near the wall, which yields 

(16) 

As a first attempt for this boundary condition, we have cho- 
sen to neglect the additional fluid-particle interaction terms 
appearing in the k equation. 

In general it is not permissible to set the particle velocity 
and the pseudo-thermal temperature equal to zero at a solid 
wall. Exceptions occur when the wall is sufficiently rough, 
minimizing particle slip, and when the bounding wall is suffi- 
ciently “soft,” creating highly inelastic particle-wall collisions. 
Following Johnson and Jackson (1987), a boundary condition 
for the particle velocity at the wall is found by equating the 
momentum flux transmitted to the wall by virtue of particle- 
wall collisions to the stress in the particle assembly adjacent 
to the wall: 

The transfer rate of axial momentum at the wall depends on 
the fraction of diffuse particle-wall collisions given by a spec- 
ularity factor 4, which varies between zero and one. Simi- 
larly, a boundary condition for the pseudo-thermal tempera- 
ture at the wall is found by equating the energy conducted to 
the wall by virtue of particle-particle collisions to the energy 
lost at the wall by particle-wall collisions and the energy gen- 
erated by specular particle-wall collisions: 
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Figure 1. Radial variation of (a) gas turbulent kinetic energy and (b) rms axial gas velocity fluctuations. 
The circles represent the data of Schildknecht et al. (1979). 

Results and Discussion 
The governing equations together with their boundary con- 

ditions were solved using an adaptation of the implicit finite- 
difference marching technique developed by Patankar and 
Spalding (1967). In this method, the problem is formulated as 
a pseudo-transient one and integrated in time until the 
steady-state solution is obtained. Sixty radial grid points were 
placed nonuniformly throughout the domain with a concen- 
tration of points near the wall and tube axis, and the com- 
puted profiles were verified by checking the sensitivity of the 
solutions to an increase in the number of grid points. For the 
range of solid loadings investigated here, in which the solids 
are distributed rather uniformly over the tube cross section, 
the model solutions represent unique flow predictions. At 
higher solids loadings, however, in which significant segrega- 
tion of solids is observed, it has been shown that more than 
one operating condition and model solution are possible for 
a given solids flux and superficial gas velocity (Sinclair and 
Jackson, 1989; Pita and Sundaresan, 1991). 

Figure 1 shows a validation of the base turbulence model; 
that is, the system of equations is first solved for the case of 
clear gas ( v  = 0) and compared with the experimental data of 
Schildknecht et al. (1979). In these single-phase plots the fric- 
tional velocity is matched with the measured value by adjust- 
ing the input pressure gradient. Agreement between model 
prediction and experimental data is excellent at the level of 
the total turbulent kinetic energy k,  but the predictions, while 
still good at the tube axis, fall below the data near the wall 
when comparisons are made at the level of the axial gas ve- 
locity fluctuations. This discrepancy is due to the isotropic 
turbulence assumption inherent in the k-E closure model. As 
previously mentioned, higher order closure models, which 
potentially could correct this inherent discrepancy, are not 
adopted here based on the recent study by Martinuzzi and 
Pollard (1989). Since laser Doppler measurements for two- 
phase flows in vertical risers to date only report the magni- 

tude of the axial gas velocity fluctuations, the type of discrep- 
ancy illustrated in Figure l b  will be present when comparing 
model predictions employing the isotropic assumption with 
experimental data at the level of the axial fluctuations. This 
point is important in order to gauge if a model is accurately 
predicting the degree of turbulence modulation in the gas 
phase. 

For two-phase flow, we compare the model predictions with 
available experimental measurements for steady, fully-devel- 
oped flow in a vertical pipe. Maeda et al. (1980), Lee and 
Durst (1982), and Tsuji et al. (1984) report data for gas and 
solid velocity profiles using laser Doppler velocimetry. In or- 
der to generate model solutions for two-phase flow that match 
the reported operating conditions given the set of system pa- 
rameters, we input a pressure gradient and solids volume 
fraction at the centerline and iterate on these two quantities 
until the specified solids loading and Reynolds number are 
obtained. Since Maeda el al. and Lee and Durst transported 
glass particles ( ps = 2,590 kg/m3) in a glass pipe (56 mm and 
41.8 mm ID, respectively), the coefficients of restitution for 
particle-particle ( e )  and particle-wall collisions (e , )  are both 
assigned a value of 0.94 (Lun and Savage, 1986). In Tsuji et 
al.’s system polystyrene spheres ( ps = 1,020 kg/m3) were con- 
veyed in a glass pipe of 30.5 mm diameter, and values of 0.9 
and 0.7 are assigned to e and e,, respectively. Since no inde- 
pendent measurements are available for the specularity fac- 
tor, we chose one set of experimental measurements and var- 
ied this coefficient in our model until our predicted particle 
slip at the wall matched the measured slip. A value for 4 
equal to 0.002 was obtained by this procedure and retained 
in all of the comparisons at the various operating conditions, 
since the three sets of experimental measurements were made 
in glass pipes with approximately the same degree of wall 
roughness. The flat solid velocity profiles near the wall in the 
experimental measurements indicate that the fraction of the 
tangential momentum lost is very small, and a small fraction 
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Figure 2. Radial variation of mean gas and solid 
velocity. 
The circles represent the data of Lee and Durst (1982) for 
100-pm glass spheres. The dashed line represents predicted 
solid velocities from an analysis that neglects shear stress in 
the particle phase. 

of diffuse particle-wall collisions is reasonable. It should be 
emphasized that this coefficient can be obtained from de- 
tailed measurements of normal and tangential velocity 
changes when particles impact surfaces at varying incident 
angles (Hui et al., 1984). Measurement of these coefficients is 
the subject of our ongoing experimental work (Shaffer et al., 
1994). 

Mean velocity proffes 
Figures 2, 3, and 4 present comparisons of the predicted 

mean gas and solid velocity profiles with the experimental 
measurements of Lee and Durst (1982). The model captures 
the progressive increase in the particle slip with increasing 
particle size at similar operating conditions (solids loading and 
Reynolds number based on the tube diameter and centerline 
gas velocity). The best agreement with the data is revealed 
for the larger 400-pm particles, in which case we would ex- 
pect collective effects due to interactions between particles to 
be more significant. The dashed line indicates the mean solid 
velocity predictions from a model that neglects stresses in the 
particle phase due to particle-particle interactions. This sim- 
plified model predicts negative solid velocities at the tube 
wall. The present model predictions and the experimental 
data indicate a change in sign of the relative velocity near the 
wall. 

Figures 5 and 6 compare model predictions for the mean 
gas solid velocity profiles with the experimental data of Maeda 
et al. (1980). Figure 5 indicates that for small 45-pm glass 
particles at very low solid loadings a simplified model that 
neglects particle phase stress is able to adequately predict the 
local flow structure. For these smaller particles the gas may 
act as a buffer, minimizing direct solid-body contacts. In con- 
trast, Figure 6 reveals that for the larger 136-pm glass parti- 
cles studied by Maeda et al., this same simplified model fails 
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Figure 3. Radial variation of mean gas and solid 
velocity. 
Thc  circles represent thc data of Lee and Durst (1982) for 
200-pm glass spheres. The dashed line represents predicted 
solid velocities from a n  analysis that neglects shear stress in 
the particle phase. 

in a manner similar to that shown in the Lee and Durst com- 
parisons, even at very low solid loadings. The line with solid 
squares reveals the predictions from a highly simplified anal- 
ysis that neglects both stresses in the solid-phase and gas- 
phase turbulence. As expected, the use of such a highly sim- 
plified model results in predictions that show very poor 
agreement with the experimental data for the gas and solid 
velocities. 

uz 1 VCL 

0.0 -o.2j , , , , i;;; 
- 0.4 

m = 1.55 
Re = 16,600 

- 0.6 
0.0 0.2 0.4 0.6 0.8 1 .o 
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Figure 4. Radial variation of mean gas and solids 
velocity. 
The circles represent the data of Lee and Durst (1982) for 
400-pm glass spheres. The dashed line represents predicted 
solid velocities from an  analysis that ncglects shear stress in 
the particle phase. 
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Figure 5. Radial variation of mean gas and solids 
velocity. . 
The circles represent the data of Maeda et al. (1980) for 
45-pm glass spheres. The dashed lines represent predicted 
velocities from an analysis that neglects shear stress in the 
particle phase. 

In Figures 7 and 8 the mean velocity predictions for both 
phases are shown together with the experimental data for 200- 
and 500-pm polystyrene spheres at the lowest solids loadings 
investigated by Tsuji et al. (1984). Again, improved agree- 
ment between model predictions and experimental measure- 
ments is seen with the larger particles. Our model predic- 
tions closely resemble the results shown by Louge et al. (1991) 
at these lower solid loadings. In their article they present 
predictions from a treatment that neglects particle shear 
stresses that are not repeated here. For completeness, we 
have computed solutions to another simplified model, indi- 

cated by the dashed lines, which retains stresses in the parti- 
cle phase but neglects Reynolds stresses in the gas phase. For 
the flow conditions shown in Figures 7 and 8 and the other 
conditions investigated here, the shape of the mean gas ve- 
locity profiles is insensitive to variations in the operating con- 
ditions with the simplified model. In general, the mean solid 
velocity profiles are not largely influenced by neglecting gas- 
phase turbulence. 

The measurements of Tsuji et al. indicate that the addition 
of solid particles flattens the gas velocity profile in the core 
of the pipe and steepens it in the region near the wall. This 
effect is augmented with increased solids loading. In addi- 
tion, for higher solids loading ratios they observed that the 
maximum in the gas velocity profile deviates from the tube 
centerline. The data in Figures 7 and 9 show that because the 
shape of the mean velocity profile is not altered significantly 
with increased solids loadings, the radial location at which 
the relative velocity vanishes moves closer to the wall at higher 
solids loading ratios. All of these flow features are captured 
with the present model. The predictions for the particle slip 
at the wall may indicate the need for an improved value of 
the specularity factor. Any discrepancy between measure- 
ment and prediction of the wall slip may also be due to the 
manner in which the closure relations developed by Lun et 
al. (1984) were modified for low particle concentrations. For 
unconfined, dilute flows the kinetic or translational contribu- 
tion to the particle phase stress tensor increases in an un- 
bounded fashion as the mean free path between collisions 
increases. For confined flows, we damp the kinetic contribu- 
tion to the stress as the mean free path between collisions 
approaches the pipe diameter so that the stress vanishes as 
the solid volume fraction tends to zero. We have employed 
the corrections adopted by Sinclair and Jackson (1989) and 
Louge et al. (1991) with a negligible difference in model pre- 
dictions. The dashed line in Figure 9 indicates the predic- 
tions from a model that neglects the kinetic contribution to 
the particle phase stress and considers the collisional contri- 
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Figure 6. Radial variation of (a) mean gas velocity and (b) mean solids velocity. 
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The circles represent the data of Maeda et al. (1980) for 136-pm glass spheres. The dashed lines 'represent predictions from an analysis that 
neglects shear stress in the particle phase. The lines with solid squares represent predictions from an analysis that neglects shear stress in 
the particle-phase and gas-phase turbulence. 
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Figure 7. Radial variation of (a) mean gas velocity and (b) mean solids velocity. 
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The circles represent the data of Tsuji e t  al. (1984) for 200-ym polystyrene spheres at m = 1.0. The dashed lines represent predictions from 
an analysis that neglects gas-phase turbulence. 

bution only. It is clear that some fraction of the kinetic con- 
tribution should be retained in the low particle limit, but the 
correct modification remains uncertain. 

Gas velocity fluctuation profiles 
Figure 10 shows the predicted axial gas fluctuations com- 

pared with the experimental data for 200-pm polystyrene 
spheres at the lowest and highest solids loadings investigated 
by Tsuji et al. (1984). The dashed line indicates the corre- 
sponding clear gas profile at the same Reynolds number. Note 
that the clear gas prediction at the lowest solids loading does 
not signify good agreement with the data for the reasons pre- 
viously mentioned. In this case the degree of gas turbulence 

modulation in the presence of particles is merely on the or- 
der of the inherent discrepancy in the comparisons made at 
the level of the axial fluctuating component. The model pre- 
dictions capture the extreme flattening of the gas velocity 
fluctuations at the higher solids loading. This marked change 
in shape of the k profile was not seen in the predictions of 
Louge et al. (1991). However, at both low and high solids 
loadings the model overestimates the damping of the gas ve- 
locity fluctuations in the presence of the solid particles. For 
the 500-pm particles (not shown) the model predictions show 
damping of the gas velocity fluctuations, while the experi- 
mental results indicate an enhancement in the gas turbulent 
fluctuations. With the present model, the magnitude of the k 
profile is largely governed by changes in the production term 
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Figure 8. Radial variation of (a) mean gas velocity and (b) mean solids velocity. 
The circles represent the data of Tsuji e t  a]. (1984) for 500-ym polystyrene spheres at m = 1.1 The dashed lines reprcsent predictions from 
an analysis that neglects gas-phase turbulence. 
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Figure 9. Radial variation of (a) mean gas velocity and (b) mean solids velocity. 

The circles represent the data of Tsuji et al. (1984) for 200-+m polystyrene spheres at m = 4.2. The dashed lines represent predictions from 
an analysis that neglects the kinetic contribution to the particle-phase stress. 

in the k equation resulting from variations in the mean gas 
velocity profile. The decrease in the production of k that co- 
incides with the flattening of the mean gas velocity profile 
should be offset by a source of fluctuations perhaps created 
by the shedding of vortices or the presence of wakes behind 
large particles (Yuan and Michaelides, 1992) that are not de- 
scribed by the fluid-particle interaction term in the present k 
equation. This is the focus of our work in progress. 

Solid velocity fluctuation and solids distribution profiles 
Figures 11, 12a, and 13a compare the predictions for the 

fluctuating velocities of 200-pm polystyrene spheres with 

m = 0.9 
Re = 26,900 

0.08 

previously unpublished experimental data by Tsuji (1993) at 
four different operating conditions. Solid velocity fluctuation 
data for particles larger than 200 p m  were not available be- 
cause the number of instantaneous velocity measurements was 
not large enough to obtain accurate rms values. Figures 12b 
and 13b present the corresponding solids volume fraction 
profiles for which no experimental measurements were made. 
In all cases the agreemenl between the model predictions and 
the measurements for the solid velocity fluctuations is highly 
encouraging. The particle velocity fluctuations exceed those 
of the gas except in the near wall region, and the magnitude 
of the random particle rnotion is modeled accurately using 
the kinetic theory analogy. It is clear that the particles do not 
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Figure 10. Radial variation of rms axial gas velocity fluctuations at solids loadings of (a) m = 0.9 and (b) m = 3.2. 
The circles represent the data of Tsuji et al. (1984) for 200-+m polystyrene spheres. The dashcd lines represent the clear gas predictions 
at the same Reynolds number. 
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Figure 11. Radial variation of rms solid velocity fluctuations at solids loadings of (a) m = 1.3 and (b) m = 3.2. 
The circles represent the data of Tsuji et al. (1984) for 200-pm polystyrene spheres. 

follow the gas motion. For dilute phase flow, the solids distri- 
bution is essentially uniform. At the highest solids loadings 
investigated by Tsuji we predict a slight increase in the parti- 
cle concentration at the tube axis, which is reflected by a 
slight decrease in the particle fluctuation intensity there. This 
trend is also observed in the experimental data. 

Pressure gradient predictions 
In Figure 14 the relationship between the operating vari- 

ables for the 500-pm polystyrene spheres in the Tsuji system 
is investigated. Given a fixed solids mass-flow rate, the pres- 
sure drop is accurately predicted over a range of radially av- 
eraged mean gas velocities. The dashed line in Figure 14 in- 
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dicates the pressure drop predictions from the simplified 
model, which neglects gas-phase turbulence but retains 
stresses in the particle phase. It is clear that turbulence in 
the gas phase plays an important role in the total pressure 
gradient. 

Sensitivity of the model predictions to the coeficient of 
restitution 

For the range of solids loadings considered in this study 
the model predictions are not extremely sensitive to the value 
of the coefficient of restitution as indicated in the previous 
studies of Sinclair and Jackson (1989) and Pita and Sundare- 
san (1991, 1993). Figure 15 presents model predictions (some 
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Figure 12. Radial variation of (a) rms solid velocity fluctuations and (b) solids volume fraction at m = 1.0. 
The circles represent the data of Tsuji et al. (1984) for 200-pm polystyrene spheres. 
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Figure 13. Radial variation of (a) rms solid velocity fluctuations and (b) solids volume fraction at m = 4.2. 
The circles represent the data of Tsuji et al. (1984) for 200-prn polystyrene spheres. 

previously shown in Figure 4) for the 400-pm spheres in the 
Lee and Durst system (19821, exploring a reasonable range of 
values for the coefficient of restitution (0.85 < e < 0.97) for 
glass-glass contacts (Lun and Savage, 1986). A small change 
in the mean and fluctuating velocity profiles for both phases 
is noted. Similarly, minimal sensitivity in the predictions is 
observed (profiles not shown) when the coefficient of restitu- 

tion for particle-wall collisjons is varied over the same range. 
While the magnitude of the particle slip at the wall depends 
on the specularity factor, the model predictions are also not 
extremely sensitive to its value. When the specularity factor is 
increased by an order of magnitude, a variation of approxi- 
mately 10% in the particle slip is observed. 

Sensitivity of the model predictions to the constants ap- 
pearing in the k - E equations 

h 
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Figure 14. Variation of pressure gradient with gas ve- 
locity at a fixed solids mass-flow rate (0.03 
kgls) . 
The circles represent the data of Tsuji et al. (1984) for 
500-pm polystyrene spheres. The dashed line represents 
predictions from an analysis that neglects gas-phase turbu- 
lence. 

In this article the model constants cl, c2, cp, uk, and a, 
appearing in the k - E equations are the same values em- 
ployed in the single-phase turbulent flow model of Myong 
and Kasagi (1990). The ust: of these values is questionable for 
two-phase flows, even dilute-phase flow. The value for cj fol- 
lows Elghobashi and Abou-Arab (1983). Thus the sensitivity 
of the model predictions to variations in the values for these 
constants is investigated. Deviations in the gas turbulent ki- 
netic energy profiles are shown in Figures 16 and 17 when 
the model constants are altered over an interval of kO.1. The 
other flow variables are not shown since negligible changes in 
the results are obtained. Only the peak intensity of the k 
prediction is influenced by changes in c1 and c2 .  Overall the 
predictions do not reveal a large sensitivity to the values of 
the constants in the turbulence model. 

Conclusions 
In the present article we have expanded on the work of 

Sinclair and Jackson (19851) and Louge et al. (1991) to model 
the turbulent flow of a dilute gas-solid suspension. For the 
larger particles considered here, particle-particle collisions 
are significant and the fluctuating particle motion often ex- 
ceeds that of the gas-phase fluctuations. Because of the addi- 
tional stresses in the solid phase due to these particle interac- 
tions, the observed centerline slip is larger than what would 
be given by a description of the two-phase flow that neglects 
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Figure 15. Sensitivity analysis. 
Radial variation of the (a) mean velocities and (b) fluctuating velocities for three different values of the coefficient of restitution for 
particle-particle collisions. Operating conditions are the same as in Figure 4. 

particle-particle interactions. Comparisons between model 
predictions and experimental data for the mean and fluctuat- 
ing solid velocity profiles indicate that a model based on the 
kinetic theory of granular materials accurately describes the 
particle flow in this situation. The model captures the pro- 
gressive increase in slip velocity between the phases with in- 
creasing particle size, and the decrease in centerline slip with 
increasing solids loading for the same particle size. The model 
predictions also reproduce the flattening of the mean and 
fluctuating gas velocity profiles with increased solids load- 
ings. Finally, for a fixed solids flux, the model‘s predictions 
reflect the correct increase in pressure drop with increasing 
superficial gas velocity. The model failed, however, to quanti- 
tatively predict the degree of gas turbulence modulation due 
to the addition of particles. This could perhaps be remedied 
by including a mechanism for turbulence generation in the 
gas phase resulting from the shedding of vortices or the pres- 
ence of wakes behind particles, but this remains to be 
demonstrated. It is shown that predictions from simplified 
models that neglect gas-phase turbulence or particle-phase 
stresses associated with particle-particle interactions do not 
match the observed flow behavior. For the range of solid 
loading ratios investigated in this study, the model does not 
manifest an extreme sensitivity to the coefficient of restitu- 
tion for particle-particle or particle-wall collisions or the 
specularity factor. It should be emphasized that further ex- 
perimentation employing nonintrusive flow measurement 
techniques are critical to understanding and developing pre- 
dictive models for gas-solid flows. 
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Notation 
d =particle diameter 

m =solids loading (solid-to-gas mass-flow ratio) 
p =pressure 
r =radial coordinate 

R =pipe radius 
Re =Reynolds number based on the pipe diameter 

Re, =Reynolds number based on the particle diameter, Re, 
=(1- v)d l  u, - u, I pg/pg 

T =particle temperature 
U, =friction velocity 

u =solid velocity 
u’ =fluctuating solid velocity component 
u’ =fluctuating gas velocity component 

y =normal distance from the wall, y = R - r 

z =axial coordinate 

V,, = centerline gas velocity 

y +  =dimensionless distance from the wall, y +  = pgyU~/p 

Greek letters 
pg =gas density 
ps =solid density 
uk =turbulent Prandtl number for k 
uc =turbulent Prandtl number for t 
yo =solids volume fraction at closest packing 
p =intrinsic gas viscosity 
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