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Cohesive (Group C)  particles have been widely used in various industries. To handle 
and process such fine particles, a clear understanding of the flow behavior and intevar- 
tide force, is needed. To achieve that objective, a Laser Doppler Anemometer system 
was used to measure particle velocity, fluctuating velocity, and size and extent of ag- 
glomeration or cluster formation of particles in a dilute gas/fine oil shale particle flow 
system with particle density of 2,082 kg/m3, average particle volumetric concentration 
of 1.5%, and averageparticle mass flux of about 100 kg/m2.s in a controlled-moisture 
environment. The flow behavior of the particles was also studied for a mixture of 99% 
shale particles and 1% antistatic agent (Larostat powder, a quatemaly ammonium 
compound) to examine the role of electrostatic force in gas/cohesive particle flow be- 
havior. The addition of Larostat powder significantly reduced the electrostatic force 
and, in turn, made Group C particles behave similar to Group A or in some cases to 
Group B particles. In addition, our experimental data showed that the Maxwellian dis- 
tribution function is a reasonable assumption to describe the velocity probability density 
function of the shale particles with or without antistatic agents. 

Introduction 
Gas/cohesive particle flow systems have been widely used 

in the energy, chemical, pharmaceutical, and material proc- 
essing industries. Interest in using advanced experimental 
techniques to understand flow behavior is increasing. Optical 
instruments are among the most promising measurement 
techniques for dilute gas-solid flow systems. So0 et al. (1964) 
was the first to use optical fiber to measure particle concen- 
tration. Reddy (1967) used the sterophotogrammetry method 
to obtain information about particle motion in a vertical pipe. 
Lesinski et al. (1981) and Tsuji et al. (1981, 1984) simultane- 
ously measured air and particle velocities by setting threshold 
values against the pedestal and Doppler components of the 
photomultiplier signal. Farmer (1978) attempted to obtain in- 
formation regarding particle size and velocity. Arastoopour 
and Yang (1991) conducted preliminary measurements of co- 
hesive particle flow behavior in dilute gas/particle flow sys- 
tems using laser doppler anemometry. 

Cohesive particles (Group C) (Geldart, 1973) form rather 
large clusters or agglomerates in gas/particle flow systems or 
reactors due to relatively high interparticle forces. As a result 
of this, solid-phase flow characteristics such as mixing, resi- 
dence time, residence time distribution, or conversion may be 

changed significantly. The formation of agglomerates and 
clusters is influenced by many factors such as gas velocity, 
moisture content of the particle, and electrostatic force. 

In spite of the important role that electrostatic force plays 
in the flow of particles, particularly for Groups A and C par- 
ticles, there are only a few quantitative studies available in 
the literature. This could be mainly due to the complexity of 
the problem and the difficulty of particle flow measurement 
in such systems. The objective of this study, which is an ex- 
tension of the work of Arastoopour and Yang (1991), was to 
obtain a comprehensive and complete study of the effect of 
electrostatic force on cohesive particles. To achieve our goal, 
a laser doppler anemometry system was used to measure flow 
behavior and the extent of agglomeration or cluster forma- 
tion in a dilute gas/fine oil shale particle flow system in a 
controlled-moisture environment. The flow behavior of the 
particles was also studied for a mixture of 99% shale parti- 
cles and 1% Larostat powder to obtain a better understand- 
ing of the role of electrostatic force in gas/fine particle flow 
behavior. The addition of Larostat powder significantly re- 
duces the electrostatic force between the particles and be- 
tween the particles and the wall. 
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Experimental setup 
A dilute gas/particle circulating flow system and a laser 

doppler anemometry system have been developed with the 
capability of making detailed measurements of flow charac- 
teristics. This system developed by Yang (1991) was capable 
of measuring the radial profiles of the axial, mean and fluctu- 
ating velocities as well as the density and pressure drop dis- 
tributions along the riser. 

The circulating fluidized-bed system consists of six major 
parts: (1) a moisture controller with the capability to control 
the moisture content of the air under 5% relative humidity. 
The degree of humidity significantly influences the cohesive- 
ness of the fine particles; (2) the main gas inlet which delivers 
dry air into the system; (3) a solid feeding section consisting 
of a screw feeder and a jet pump; (4) a 60-cm-long mixing 
chamber to obtain a more uniform particle/gas mixture; (5) a 
riser and test section which consist of a 2.75-m, clear, 5.08- 
cm-ID PVC pipe. The test section was located after the 1.07- 
cm acceleration or developing zone and was mounted with a 
pair of optical-glass windows to allow the laser beam to go 
through with minimum scattering; (6) the cyclones and recir- 
culation and standpipe section which collect the particles and 
recirculate them back to the system through two standpipes 
(Figure 1). 

Laser doppler anemometry (LDA) measurements 
Light scattered by a moving body is 

“doppler” shifted in frequency. By measuring this frequency 
shift, the velocity of the moving body may be determined. 
Based on this principle, we measured the velocity of particles 
passing through the focusing volume. 

Velocity Measurement. 
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Figure 1. Experimental setup. 

A laser beam porn a Helium-Neon laser (15 mW at a wave- 
length of 6,328A) is split by a beam splitter into two equal 
intensity beams (50 mm apart). After passing through a focus- 
ing lens of 250-mm focal length, these two beams intersect at 
the measuring point and generate the fringe pattern within 
the focusing volume. When a moving particle passes through 
this fringe area, the intensity of the scattered light from the 
particle surface varies with time to form the Doppler burst 
signal. This Doppler burst is received by the photodetector 
and its frequency is proportional to the velocity of the moving 
particle. Our computer program calculates the velocity and 
velocity fluctuation of each particle from the frequency mea- 
sured by the LDA. 

It can be demon- 
strated theoretically that the shape of the Doppler burst sig- 
nal is determined by the sue, shape, and surface properties 
of the particle, as well as the optical system alignment and 
the actual path that the particle takes as it passes through the 
focusing volume. 

In this study, we used the procedure developed by Aras- 
toopour and Yang (1991) to estimate the particle size based 
on the amplitude of the Doppler signal. 

The focusing volume of our LDA is an oval with two axes 
of 184 microns and 1,890 microns, respectively. The fringe 
space df is 3.2 pm. Light intensity is not uniformly dis- 
tributed across the focusing volume. It is basically a Gaussian 
distribution which results in additional complexity of the 
Doppler signal. Arastoopour and Yang (1991) considered this 
effect in their procedure. Two criteria were used to discrimi- 
nate the noise: (a) time criterion based on the reasonable 
Doppler signals duration time; (b) period criterion based on 
the appropriate level for relative standard deviation of the 
oscillating period in each Doppler burst. 

To perform the particle-size information analysis, we used 
an HP5404 digitizing oscilloscope to record the Doppler sig- 
nals which were then transferred to a PC for data processing. 
The signal amplitude received was translated to particle size 
using a calibration curve. The calibration curve was devel- 
oped at the reference condition of 0.2 m/s superficial gas 
velocity for the case of 75 g of shale particles (0.15% particle 
volumetric concentration) with 1% Larostat powder and no 
agglomeration. At this condition, the amplitude vs. cumula- 
tive number percentage was compared with particle size vs. 
cumulative number percentage using the Coulter counter to 
obtain the signal amplitude vs. particle-size calibration curve 
(see Yang (1991) for more details). The volume average di- 
ameter of the particles was measured as 13.8 pm, and the 
number average diameter of the particles was measured as 
1.5 p m  using the Coulter counter. 

Particle-Size Distribution Measurement. 

Experimental procedures and measurements 
First, all the filters were checked to ensure that the cores 

were clean and dry, and ice was fed into the moisture con- 
troller. Then the gas inlet valve was opened and the system 
was run for a short time without solid particles. The desired 
amount of solid particles was put into the hopper in the feed- 
ing system. After that, the solid feeder pump was turned on 
for a short time to inject the desired amount of solid particles 
into the system. The gas/particle mixture passed through the 
mixing and the acceleration zones; then the flow parameters 
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were measured using the laser doppler anemometer in the 
test section. The particles were separated from the gas and 
recirculated back to the feeding system via a two-stage cy- 
clone located on the top of the experimental setup. Mean- 
while, the gas was exhausted to the atmosphere. Several 
steady-state operating conditions at different solid loadings 
were obtained by adjusting the gas flow rates. 

Two samples were prepared for the test. One was 750 g of 
shale particles and the other sample was 742.5 g of shale par- 
ticles mixed with 1% Larostat powder (7.5 g). The addition of 
Larostat powder can eliminate or reduce the electrostatic 
force between particles and between the particles and the 
wall. 

The 750 g of shale particles is equivalent to about 1.5% 
volumetric concentration and 100 kg/m2.s solid mass flux. The 
outlet gas volumetric flow rate was set at different flow rates 
ranging from 1.9 to 8.5 L/s corresponding to 1.85 to 4.50 m/s 
superficial velocity. The gas flow rate was higher than the 
measured value of the outlet gas flow rate because the addi- 
tional circulated gas accumulates in the vertical line. Yang 
(1991) measured the gas-phase axial velocity across the pipe 
and developed a relationship between outlet gas flow rate vs. 
superficial gas velocity. Yang's (1991) graph was used to ob- 
tain superficial gas velocity whenever it was necessary. 
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Electrostatic charge and antistatic agents 
The generation of electrostatic charge in fine powder flow 

systems such as pneumatic conveying lines results from the 
separation of positive and negative charges due to frictional 
contact of individual particles with the wall (known as tribo- 
electrification). During mechanical contact of the boundary 
between two dissimilar materials (such as particles and the 
wall of the pipe), some of the electrons in the material with 
the lower work function are pulled across the interface, thus 
creating a charge imbalance. When the particles are sepa- 
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rated from the wall, this charge imbalance results in a net 
positive or negative particle charge. Triboelectrification is 
further complicated since magnitude and the sign of the net 
charge depend on the particle size (Jones and King, 1991). 

The troublesome effects of static charging may become very 
serious and dangerous and, in some cases, can even result in 
an explosion. Since static electricity is a surface phenomenon, 
static charges may be best dissipated via decreasing the sur- 
face resistivity by adding antistatic agents. 

In this study, we have used a cationic surfactant named 
Larostat 519 powder which is made of about 60% 
soyadimethylethyl-ammonium and 40% ethasulfate/ 
amorphous Silica. Larostat is a nonflammable white powder 
with bulk density of 520 kg/m3. This antistatic powder was 
added to oil shale particles to reduce the tendency for static 
buildup at the particle surface. In addition, Larostat particles 
act as slip agents, lowering the friction between particles and 
between the particles and the wall. 

Results and Discussion 
Particle velocity 

The axial velocity at different radial locations for 750 g 
shale fines and shale fines with 1% Larostat powder circulat- 
ing in the bed are shown in Figures 2 and 3, respectively. 

For pure shale fines, it was found that there was an annu- 
lar boundary region adjacent to the pipe wall. At low superfi- 
cial gas velocities, the mean particle velocities approached 
zero between r/R = 0.85 and the wall. In addition, instanta- 
neous reversal flow of particles was observed at the wall 
boundary with the average velocity of particles at approxi- 
mately zero. The velocities of particles of different sizes first 
reached a maximum at about r/R = 0.55, then decreased to a 
minimum at r/R = 0.25, and then increased again around the 
center (r/R = 0). At high superficial gas velocities, the parti- 

5 

Uo = 4.50 m/s 

4 3l 2 

0 

* 
B 

0 * 
0 

0 
0 

2 
0 

ic 
0 

8: 
A 

00000 
o m n o  l.Oum < Dp < 1.3urn 
AAAAA 1.3um < Dp < 2.0urn 
000002.0um < Dp < 3.0um 
-3.0um < Dp 

0 
0.0 0.2 0.4 0.6 0.8 1 3 

(a) 
Figure 2. Mean radial distribution of axial velocity of 750 g of different sized shale particles at superficial gas veloc- 

ity of: (a) 1.85 m/s; (b) 4.50 m/s. 
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Figure 3. Mean radial distribution of axial velocity of 750 g mixture of 99% shale particles of different sizes and 1% 
Larostat particles at superficial gas velocity of: (a) 1.85 m/s; (b) 4.50 m/s. 

cle velocities were parabolic in shape similar to the mean 
particle velocity measured by Yang et al. (1990). The particle 
velocities increased rapidly from very small values in the wall 
region to a maximum value at r/R = 0.55, then the velocities 
fluctuated slightly in the central region. The wall boundary 
region decreased with an increase in superficial gas velocity 
probably due to the increase in the number of collisions be- 
tween the particles at the wall region and the particles in the 
core region. 

For shale fines with 1% Larostat powder, at low superficial 
gas velocities, a minimum velocity was obtained at r/R = 0.4. 
In spite of the decrease in particle velocities near the wall, no 
stationary particles or instantaneous reversal flows were ob- 
served. At high superficial gas velocities, the mean velocity 
profiles of the small-size particles were almost flat. Only the 
large-size particle velocities decreased slightly near the wall 
due to collisions with the wall. This resulted in a plug-flow 
pattern with almost no specific wall regions. Adding Larostat 
powder significantly reduced interparticle force which re- 
sulted in the flatter profile for particle velocities. This infor- 
mation, which is actually important for large-scale reactor de- 
sign and opxation, showed how Group C particles may per- 
form similar to Group B particles by eliminating interparticle 
force. 

Tsuji et al. (1984) measured the air and particle velocities 
of Group B particles in a vertical 30-mm-ID pipe by using 
laser doppler velocimetry. Similar to our data, they found that 
the particle velocity distributions were flatter than the air ve- 
locity distributions and the point of maximum velocity devi- 
ated from the pipe axis. Zhang and Arastoopour (1995) mea- 
sured the FCC (Group A) particle velocity distributions and 
observed similar trends in particle velocity distributions and 
the location of the maximum velocity. The maximum velocity 
deviation from the pipe axis could be mainly caused by ossila- 
tion due to electrostatic force. Overall, this effect for shale 

fines with 1% Larostat powder was not observed since the 
particle flow behavior became similar to Groups A and B 
particles. 

Figures 4 and 5 show the radial profiles of the particle 
fluctuating velocities with 750 g shale fines and shale fines 
with 1% Larostat powder as circulating particles, respec- 
tively. The fluctuating velocity at each location is defined as 

where U,, Urn and U, are the instantaneous, average and 
fluctuating velocities of the particles, respectively, at a spe- 
cific radial location. 

For pure shale fines, the fluctuating velocities had similar 
profiles as the corresponding mean velocity profiles. The 
fluctuating velocities increased with superficial gas velocities, 
and dropped to a very small value at the wall region. The 
decrease in fluctuating velocities and, in some cases, reversal 
flow at the wall region could be due to significantly lower 
particle frequency of collisions and lower gas drag force on 
agglomerated particles. On the other hand, the fluctuating 
velocities for small particles did not change at the wall since 
the gas drag force exerted on the small particles was larger 
than the gravitational force and, in turn, no reversal flow of 
smaller particles was observed. Similar behavior was ob- 
served for FCC particles by Zhang and Arastoopour (1995). 
Furthermore, larger particles exhibited more chaotic behav- 
ior than the smaller particles in the core region especially for 
high superficial gas velocities. 

For shale fines with 1% Larostat powder, the fluctuating 
velocities had similar flat profiles (plug flow) for all superfi- 
cial gas velocities due to lower interparticle (electrostatic) 
force. The larger particles had smaller fluctuating velocities 
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Figure 4. Radial profile of axial fluctuating velocity of 750 g of different sized shale particles at superficial gas 
velocity of: (a) 1.85 m/s; (b) 4.50 m/s. 

near the wall, particularly at lower superficial gas velocities, 
probably due to less mixing and particle collision. 

The turbulence intensity <U,/U,> at different radial loca- 
tions for 750 g shale fines and shale fines with l% Larostat 
powder circulating in the vertical line are shown in Figures 6 
and 7, respectively. 

For pure shale fines, the turbulence intensities of particles 
of different sizes were maximum at the wall and decreased to 
a minimum value at about r/R = 0.6, then increased and fi- 

nally decreased slightly at the center. This behavior is similar 
to the mean velocities radial variation. Besides the wall re- 
gion, turbulence intensity showed a maximum at about r/R = 
0.3. This maximum was significantly smaller than the turbu- 
lence intensity value at the wall. The turbulence intensity in 
the wall region was much larger than in the central region, 
although the fluctuating velocity was smaller than in the core 
region. The fluctuating velocities in the wall region decreased 
and approached zero at the wall; however, the turbulence 
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Figure 5. Radial profile of axial fluctuating velocity of 750 g mixture of 99% shale particles of different sizes and 1% 
Larostat particles at superficial gas velocity of: (a) 1.85 mfs; (b) 4.50 mls. 
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Figure 6. Radial profile of axial turbulent intensity of 750 g of different sized shale particles at superficial gas veloc- 
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intensities increased significantly with maximum values very 
close to the wall because of the very small values of the parti- 
cle velocities at this region. 

For shale fines with 1% Larostat powder, the turbulence 
intensity profiles were flatter than for the pure shale particle 
flow cases. Only particles larger than 2 microns showed higher 
turbulence intensity near the wall. The Larostat powder re- 
duced the electrostatic force effect especially near the wall 
such that particle collision became the dominant force at the 

wall region which smoothed the mean particle velocity and 
resulted in the almost flat turbulence intensity profiles. 

pah-ck-size d&.ibution 

Under the same flow conditions, particles of different sizes 
may demonstrate completely different hydrodynamic behav- 
ior. In this study, the particle mixtures were divided into five 
groups: 
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Figure 7. Radial profile of (a) axial turbulent velocity and (b) axial fluctuating velocity of 750 g mixture of 99% shale 
particles of different sizes and 1% Larostat particles at superficial gas velocity of: (a) 1.85 m/s; (b) 4.50 
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velocity of 4.5 m/s. 

Figure 8. Initial shale particlesize distribution mea- 
sured by Malvern instrument. 
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The reference particle-size distribution measured by a 

Coulter counter is shown in Figure 8. A minimum amount of 
agglomeration and cluster formation was expected in the 
measurements using a Coulter counter. 

Figures 9, 10, 11 and 12 show the local particle-size distri- 
bution at four different radial locations at 1.85 and 4.50 m/s 
superficial gas velocities for shale fines and shale fines with 
1% Larostat powder, respectively. Figure 9 shows for the case 
of 750 g of pure circulating shale fines at 1.85 m/s gas super- 
ficial velocity, there exists an annular region in the vicinity of 

r/R = 0 

n 
E 30 

10 

1 2 3 4 5  
Group Number 

L 
W 40 
P 

30 5 20 z 
10 

0 
0 1 2 3 4 5  

~. 

Group Number 

Group Number 

r / R  = 0.99 

L 
W 40 

30 

10 

cm 
L 
W 40 n 
E 30 2 20 

10 

0 
0 1 2 3 4 5  

8 70 

m 
?O :.i 10 

1 2 3 4 5  
Group Number 

Figure 11. Local particle-size distribution of mixture of 
99% shale particles and 1% Larostat parti- 
cles at four different radial locations at su- 
perficial gas velocity of 1.85 m/s. 

Group Number 
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cles at four different radial locations at su- 
perficial gas velocity of 4.5 m/s. 

the wall where more than 80% of the particles are larger 
than 2.0 microns, while, in the core region, about 95% of the 
particles are less than 2.0 microns. Figure 10 also shows a 
similar variation of the annular flow structure for the case of 
750 g of pure circulating shale fines at 4.5 m/s. The radial 
particle-size distribution for higher gas superficial velocities 
was smoother, mainly due to enhanced particle collision as a 
result of the more chaotic flow patterns at higher gas veloci- 
ties. At 4.5 m/s superficial gas velocities, about 75% of the 
particles at the center are smaller than 2.0 microns in com- 
parison with 95% at lower gas velocities. In addition, at the 
wall, 70% of the particles are larger than 2.0 microns in com- 
parison with 80% at the lower gas velocities. The percentage 
of smaller particles at the wall region and larger particles at 
the central region was enhanced with increased gas velocities 
as a result of the increase in turbulence behavior and particle 
collision. In the wall region, the average particle size always 
reached the maximum value at the locations close to the wall 
(r/R = 0.99) at all superficial gas velocities. This could be 
partly due to the particle collision with the wall having a dif- 
ferent restitution coefficient than the particles; lower particle 
velocities and fluctuating velocities; and higher electrostatic 
force near the wall. In some cases, instantaneous downflow 
of the particles and very high solid volumetric concentration 
were observed at the wall region. Our data showed that low 
velocities and fluctuating velocities result in the formation of 
clusters and agglomerates which are more stable. In other 
words, the larger fluctuating velocity continuously breaks the 
big clusters and, in turn, results in continuous oscillation of 
particle-size distribution. Wide particle-size distribution was 
observed at higher superficial gas velocities due to significant 
mixing, turbulence, and extensive agglomeration and deag- 
glomeration. However, at a constant superficial gas velocity, 

more large particles or agglomerates were obtained in the 
wall region and the particle sizes gradually increased with 
r/R. 

For shale fines with 1% Larostat powder, almost no clus- 
ters or agglomerates were obtained even at the wall region. 

Figure 11 shows the particle-size distribution at different 
radial locations at a gas velocity of 1.85 m/s using a mixture 
of fine shales and 1% Larostat powder. Less than 25% of 
particles larger than 3 microns were obtained at the wall in 
comparison to about 45% under similar conditions without 
Larostat powder. This result shows the significant contribu- 
tion of 1% Larostat powder in reducing interparticle (electro- 
static) force, even at the wall region. A considerable separa- 
tion of particles of different sizes was observed using 1% 
Larostat powder, particularly at the center of the pipe, where 
all the particles were less than 1 micron. 

Figure 12 shows the particle-size distribution at different 
radial locations at 4.5 m/s gas velocity using a mixture of fine 
shales and 1% Larostat powder. The particle-size distribu- 
tion showed intensity similar to the case with lower gas veloc- 
ity. The major difference was that less than 5% of particles 
larger than 3 p m  was observed at the locations except the 
wall region. The major contribution of 1% Larostat powder 
near the wall at 4.5 m/s gas velocity was a significant reduc- 
tion in electrostatic force due to the collision of fine shale 
particles with the Larostat powder, which significantly re- 
duced the percentage of particles bigger than 3 pm. 

The effects of superficial gas velocity on overall particle 
size are shown in Figure 13. For pure shale fines, the size 
range of the number average particle size without 1% Laro- 
stat was between 1.5 to 3.5 p m  at all gas superficial veloci- 
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ties. When superficial gas velocity was increased, the overall 
average particle size was first increased slightly due to an in- 
crease in the collision frequency; then it decreased which in- 
dicated the deagglomeration process became effective at a 
certain superficial gas velocity. After this critical superficial 
gas flow rate, the agglomeration process became dominant 
again and resulted in the significant increase in the average 
particle size. We believe at the higher superficial gas veloci- 
ties, an increase in the frequency of collisions of the particles, 
local eddies, and streaming of the particles (many particles 
following each other in the same stream line) may signifi- 
cantly contribute to the formation of more agglomerates and 
clusters. 

For shale fines with 1% Larostat powder, the size range of 
the number average particle size was between 1.2 to 1.4 p m  
for all gas superficial velocities. The overall number average 
particle sizes in the riser were about the same at different 
superficial gas velocities. This means only an insignificant 
amount of agglomerates was formed in the presence of Laro- 
stat powder. In general, the number average particle size 
slightly increased at lower superficial gas velocities; then, at a 
critical superficial gas velocity, the particle sizes decreased 
with increasing superficial gas velocities. The critical superfi- 
cial gas velocity for our experiment was between 3.30 and 
3.80 m/s. By adding Larostat powder, the overall average 
particle size significantly decreased and the formation of ag- 
glomerates, which was caused by high superficial gas velocity 
effects, was eliminated. Therefore, the shale particles which 
belong to Group C acted similar to Group A and B particles. 

ManweUian distribution of particles 
Ogawa et al. (1980) suggested that the mechanical energy 

of granular flow is first transformed into random particle mo- 
tion and then dissipated into internal energy. Savage and Jef- 
frey (1983) related the fluctuating velocity to the absolute 
value of the shear gradient and concluded that the dense- 
phase kinetic theory may be applied to particle flow systems. 
Later on, the kinetic theory approach to gas/solid systems 
was used by many investigators including Gidaspow (19941, 
Sinclair and Jackson (1989), and Arastoopour and Kim (1994). 

In this study, we used our data on instantaneous particle 
velocities at different locations and operating conditions for 
gas/dilute shale particles with and without antistatic agents 
and compared the results with the Maxwellian (normal) dis- 
tribution function. This means that the particles oscillate 
about the mean values in a chaotic manner. The one-dimen- 
sional Maxwellian or normal distribution function may be ex- 
pressed as 

where urn is mean velocity and 0 is defined as granular tem- 
perature or standard deviation and 
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Figure 14. Comparison of Maxwellian distribution with 
actual probability density obtained using our 
experimental data. 

where fexp(up) is the velocity probability density function ob- 
tained based on our experimental data. In order to clarify the 
derivation of the Maxwellian distribution from the experi- 
mental data, we define 

Thus the Maxwellian distribution may be written as 

Figure 14 shows the comparison of velocity probability pre- 
dicted by Maxwellian distribution with our experimental data 
for shale particles. Adding Larostat powder resulted in a dis- 
tribution function closer to Maxwellian; however, it did not 
significantly change the velocity probability distribution. The 
deviation is within *30% which clearly indicates that it is 
reasonable to assume that the particles oscillate about the 
mean values in a rather chaotic manner. In other words, the 
kinetic theory approach, even for cohesive particles, is a very 
good approximation for describing complicated gas/particle 
flow systems. 

Conclusions 
For shale fines (Group C particles), average particle sue 

increased at higher superficial gas velocities due to signifi- 
cant mixing and particle collision which resulted in extensive 
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agglomeration. The overall average particle size did not al- 
ways increase with an increase in superficial gas velocity. At 
constant superficial gas velocity, more large particles and ag- 
glomerates (clusters) with very small or, in some cases, nega- 
tive instantaneous velocities were observed in the wall vicin- 
ity. The mean particle velocities showed two peaks located at 
r/R = 0 and r/R = 0.55 at lower superficial gas velocities; 
however, at higher superficial gas velocities, the particle ve- 
locity profiles showed a parabolic shape. This could be due to 
significant particle collision and higher drag force exerted by 
gas on the particles which, in turn, resulted in more homoge- 
neous flow of particles. This velocity profile is similar to the 
average particulate phase velocity profile. In the wall region, 
the fluctuating velocities were always lower than those in the 
core region, although the turbulence intensities were much 
higher in the wall region. 

By adding 1% Larostat powder to the shale fines, the over- 
all average particle size did not change significantly. The ve- 
locity profiles of the small particles were almost flat and only 
the large particle velocities decreased slightly near the wall. 
A plug-flow profile for particle velocities was obtained at high 
superficial gas velocities. The flat profiles were also obtained 
for particle fluctuating velocities. Overall, the 1% Larostat 
powder significantly reduced interparticle (electrostatic) force 
and, in turn, made particles of Group C behave similar to 
Group A particles or, in some cases, to Group B particles. 

Based on experimental data on instantaneous velocities of 
shale particles with or without antistatic agents in a dilute 
gas/solid system, it is reasonable to assume that the particles 
oscillate about the mean values in a chaotic manner. There- 
fore, the velocity distribution may be approximated by the 
Maxwellian distribution function and kinetic theory is a very 
promising approach to describe gas/particle flow systems. 

Notation 
Nmmple =sample number 

r =radial location 
R =radius of pipe 

U, =superficial gas velocity 
Up =particle local velocity 
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