
Flow of Dilute Gas-Particle Suspensions 
Martin Rhodes, Shihui Zhou, and Hadj Benkreira 

Dept. of Chemical Engineering, University of Bradford, Yorkshire BD7 lDP, U.K. 

A semi-empirical model of the radial segregation of solids in upward flow of 
dilute gas-particle suspensions in riser systems is presented on the basis of a reduced 
form of the fundamental two-phase flow governing equations and experimental 
evidence concerning the solids concentration at the wall. The following simple expres- 
sion for the radial solids concentration profile is obtained: 

and is in agreement with experimental data over a wide range of operating conditions: 
superficial gas velocity from 1.4 to 15.3 m/s, riser diameter from 0.032 to 0.40 m, 
imposed solids flux from 6.60 to 207 kg/m2.s, mean particle size from 32 to 120 
pm and particle density from 1,000 to 3,500 kg/m3. 

The model confirms the existence of the core-annulus flow structure in gas-particle 
suspensions reported in riser reactors, circulating fluidized beds, and the freeboard 
of bubbling fluidized beds. 

Introduction 
The upward flow of dilute gas-particle suspensions in ducts 

is common to many industrial applications. Examples include 
the circulating fluidized-bed riser, the petrochemical riser re- 
actor and the freeboard of the bubbling fluidized bed. The 
flow regime common to these examples, described by Geldart 
and Rhodes (1986) as refluxing dilute-phase transport, com- 
prises a rapidly-rise core having a low concentration of solids, 
surrounded by a slowly-falling region near to the column wall, 
where the solids concentration is generally far greater. In ducts 
of circular cross section, this has become known as core-an- 
nulus flow. 

Although many experimental observations of this regime 
have been presented (for example, Hartge et al., 1988; Herb 
et al., 1989; Gajdos and Bierl, 1978; Mineo, 1989), little the- 
oretical explanation has been offered for these observations. 

In this article, by simplification of the governing equations, 
a semi-empirical model is developed and expressions are de- 
rived for the radial variation in suspension concentration and 
radial particle velocity for the case of steady, isothermal, up- 
ward-flow of a gas-particle suspension in a circular pipe. Pre- 
dictions are compared with available experimental data for 
gas-particle systems operating in the refluxing transport re- 
gime. 
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Theory 
For an inert fluid-particle system, flowing in a steady, iso- 

thermal fashion in an upward direction in a circular pipe, the 
radial motion can be approximated by the following equations: 

Continuity: with pf<<ps or considerably more solid than 
fluid movement in the radial direction 

(1 - E ) P ,  ru, = C, = constant (1) 

Momentum: with duf/dr, d2uf/dr2=0 or little or no fluid 
acceleration in the radial direction 

dUS (1 - €)P,&-- = - dr 

Here F;,r is the interphase 
extending Stokes' law as: 
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force which may be obtained by 

1913 



thus ignoring the stress due to the solid phase at low concen- 
tration. 

In the above equations u are velocities in the radial direction 
r ,  p f  the fluid viscosity, (1 - 6 )  the radial suspension concen- 
tration, pr the density of the solids and subscriptsf and s refer 
to the fluid and solid phases respectively. The above equations 
combine to produce: 
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where Mpf= d2 /  18 (1 - E )  << r2 for very small particle sizes in 
the region of interest (that is, away from the axis of the pipe). 
A general solution of Eq. 5 takes the form: 

(6) = C,r dct 

Key 2 Iml 2Rlml U.lrn/sl G.lkg/rn?s) 
1.6 

0.150 3.8 2s 

m 1.35 0.205 4.0 34 

4.7 

with C2 is another constant, like C, is yet to be determined. 
The radial suspension concentration profile may now be 

obtained by combining the above equation with Eq. 1, that is 

(7) 

We may now introduce a mean radial concentration, (1 -Z) 
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to eliminate the constant C2 in Eq. 7 and obtain: 

Alternatively, we may introduce (1 - eW) ,  the concentration at 
the pipe wall and obtain: 

( 1  -€ ) / ( l -&)= (i) [:-I] 

These two equations provide a useful basis for comparison 
with experimental data as they combine to produce: 

(1 -€J/(l  -a=- 1 +- ;( :) 
Examination of the data for systems involving air at ambient 
temperature and pressure (Herb et al., 1989; Mineo et al., 
1989; Hartge et al., 1988; and Berker et al., 1986; see Figure 
1 )  reveals that in the refluxing transport regime: 

3 5  
(1 - ew)/( 1 - 7) = - to -, or a mean of 2 2 2  (12) 

which provides a semi-empirical means to establish the constant 
cl /bJ? 

r/R 1-1 

Comparison of theoretical results with exper- 
imental data in the refluxing dilute phase 
transport regimes from various sources all us- 
ing air at ambient temperature and pressure. 

CI 1 1 1 to -, or a mean of - 
PI 4 2 3 
-=- 

The solution is closed and the prevailing equations become: 

(1 -c)/(1--cw)= ( r / R ) 2 ;  ( l - ~ ) / ( l - F ) = 2 ( r / R ) ~ ;  

us/uw= (r /R)-3 (14) 

Discussion and Comparison with Experimental 
Data 

Equation 14 indicates a parabolic radial profile of suspension 
concentration with the highest concentration near to the pipe 
wall. 

More significantly, Eq. 14 indicates that the radial solids 
concentration profile is dependent only on the cross-sectional 
mean solids concentration, and hence is independent of the 
particular operating conditions, particle and gas properties and 
equipment scale. Thus, there exists similarity of suspension 
concentration profile for a gas-particle system operating in the 
refluxing transport regime. 

In Figures 1 and 2 the predicted solids concentration profiles 
are compared with experimental data from various sources and 
covering a wide range of operating conditions (superficial gas 
velocity: 1.4-15.3 m/s); imposedsolids flux: (6.6-207 kg/m2.s), 
pipe diameters (0.032-0.40 m) and particle properties (mean 
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Figure 2. Comparison of theoretical results with exper- 
imental data after Tung et al. (1989) in the re- 
fluxing dilute-phase transport regime (using 
air at ambient temperature and pressure). 
Powder Details: FCC: mean size-54 pm; particle density-930 
kg/m3; HGB: mean size-75 pm; particle density-608 kg/m3; 
ALO: mean size-43 pm; particle density-2,003 kg/m3. 

size range: 32-120 pm; particle density: 1,000-3,500 kg/m3). It 
can be seen that the proposed model gives reasonable predic- 
tions throughout this range. In particular, the experimental 
data of Tung et al. (1989), reproduced in Figure 2, give clear 
confirmation of the prediction of similarity, that is, the systems 
having the same cross-sectional average solids concentration 
have identical solids concentration profiles, independent of 
pipe size, particle properties, superficial gas velocity and im- 
posed solids flux. 

The experimental data used in the comparison were judged 
to be gathered under conditions complying as far as possible 
with the restrictions of the modeling process (that is, low sus- 
pension concentration (< 20% v/v solids), near fully developed 
flow, small particle size, fluid density << particle density). 

Where experimental conditions deviated significantly from 
those specified above, agreement with the predictions of the 
model was found to be poorer. 

The model also predicts outward radial solids and gas ve- 
locities are also predicted in this regime. This outward motion 
of solids from the core to the annulus has been suggested by 
recent experimental findings which indicate a decrease in both 
upward and downward solids fluxes with axial position (for 
example, Rhodes, 1990). 

Conclusions 
A simple semi-empirical model is presented for the radial 

distribution of solids in the upward vertical flow of dilute gas- 
particle suspensions. This model gives an explanation for the 
observed core-annulus flow structure in such systems operating 
in the so-called refluxing dilute-phase transport regime. 

The model predicts that the form of the radial solids con- 
centration profile in this regime depends only on the cross- 
sectional average solids concentration and is hence independent 
of operating conditions, scale and particle properties. 
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Notation 
C,  = constant (Eq. 1) 
C, = constant (Eq. 6) 
d = solid particle diameter 

F,,, = interface force, radial component 
G, = solids circulation flux 
M = d2/[18(1-t)p,] 

r = radial position variable 
R = column diameter 
u = component of velocity in r direction 

U, = superficial gas velocity 

Greek letters 
e = voidage 
p = viscosity 
p = density 

Subscripts 
f = fluid phase 
s = solids phase 
w = at the column wall 

Superscripts 
- = averaged cross column radius 
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