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Particle velocity distributions were measured for a flow of 75- p m  FCC particles in a 
CFB using a new video-digital camera technique. From the spread of particle his- 
tograms, a random oscillating particle velocity was determined. This random Velocity 
was used to compute the powder viscosity with the help of dense-phase kinetic theory of 
granular flow. There was excellent agreement between this kinetic-theory measurement 
and previous macroscopic viscosity measurements. The dimensionless group kinematic 
viscosity divided by the oscillating velocity and particle diameter correlated all available 
data as a function of particle volume fraction. 

Introduction 
There exists a world-wide interest in modeling circulating 

fluidized beds (CFB). The development of more active flu- 
idized cracking catalysts (FCC) for the production of gasoline 
from oil requires the replacement of older bubbling beds with 
circulating fluidized-bed units. In the electric power industry 
new air-pollution standards require that coal be burned in 
CFBs with much lower emissions of sulfur and nitrogen ox- 
ides. These requirements lead to the need for the develop- 
ment of predictive models for CFBs, as recently illustrated by 
a contest held at the 8th International Fluidization Confer- 
ence in France (Knowlton et al., 1999, where modelers were 
asked to predict axial pressure drops and radial fluxes for 
FCC particles and for sand for flow in CFBs without knowing 
the experimental data in advance. Earlier many modeling ar- 
ticles were presented at the 1993 CFB conference in Pitts- 
burgh (Avidan, 1994). Some of the predictive models require 
a particular viscosity as an input into the models (Tsuo and 
Gidaspow, 1990; Hjertager and Samuelsberg, 1992; Kuipers 
et al., 1992; Lyczkowski et al., 1993). Gidaspow (1994) has 
reviewed this theory. Good measurements of such viscosities 
are scarce (Schuegel, 1971; Grace, 1982; Chen et al., 1994; 
Miller and Gidaspow, 1992). 

In the last decade a theory was developed by Savage (1983) 
and his collaborators, as reviewed by Gidaspow (1994), that 
shows how the particular viscosity can be obtained from the 
collision of particles. The particular kinematic viscosity is a 
product of the mean free path between collisions multiplied 
by the random oscillating-particle velocity. The mean free 
path is the particle diameter divided by the particle concen- 
tration. It is measured using X-ray or gamma-ray densitome- 
ters. In this study the oscillating velocity distribution was 
measured using a new video-digital camera technique. The 

AIChE Journal September 1996 

dense-phase kinetic-theory viscosity agrees with the viscosity 
of FCC particles measured from pressure-drop shear data in 
the riser and with data obtained with a Brookfield viscome- 
ter. Chen et al. (1994) have previously computed such a vis- 
cosity from Campbell and Wang’s (1991) solids pressure mea- 
surements. All the data for different particles sizes were cor- 
related as a dimensionless group involving a ratio of the vis- 
cosity divided by the particle diameter and the oscillating ve- 
locity plotted vs. solid volume fraction. This plot has a mini- 
mum similar to the minimum in the dense-phase kinetic the- 
ory of gases (Chapman and Cowling, 1961). 

Experimental Equipment 
The experimental unit shown in Figure l a  is a two-story 

CFB described by Miller and Gidaspow (1992). The riser test 
section is an acrylic tube of 75 mm ID, with a height of 6.58 
m. The particles’ feed rate was controlled by a slide valve 
independently of the gas velocity. The particles flowing out of 
the riser were collected by a primary and a secondary cy- 
clone, then recirculated through the pipeleg. The FCC parti- 
cles have a density of 1,654 kg/m3 and an average diameter 
75 pm. Test positions were located at a height of 4.06 m for 
the dilute regime and 1.47 m for the dense regime from the 
bottom of the riser. 

Gamma-ray and X-ray densitometers 
The use of X-ray and gamma-ray densitometers for mea- 

suring particle concentrations is a well-known technique 
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Figure 1. (a) IIT circulating fluidized bed with instru- 

ments for particle velocity and concentration 
measurements. (b) Sketch of determination of 
particle concentrations in this study (Miller 
and Gidaspow, 1992). 

OR 

Y 

(Gidaspow, 1994). The densitometers can be used nonintru- 
sively by rotating the source and the detector around the pipe 
and by constructing a complex calibration curve for deducing 
radial particle distributions or by means of a probe, as done 
by Miller and Gidaspow (1992) and in this study. Figure l b  
shows a sketch of the probe extending into the pipe region. 
The flow conditions and the particle concentrations, as sum- 
marized in Table 1, are very similar to those already reported 
in this journal (Miller and Gidaspow, 1992). Visually the an- 
nular layer was seen to oscillate up and down. 

Some pertinent details are as follows. The yray source is a 
500-Mci-Cs-137 source having a single gamma ray of 667 keV 
and a half-life of 30 years. The Cs-137 source was sealed in a 
welded stainless steel capsule. The source holder was welded, 
filled with lead, and provided with a shutter to turn off the 
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Table 1 Experimental Data (5 mm from the wall) 

m/s kg/m2.s E ,  cm/s cm/s cm/s (m/s)2 
ug w, u a  " 0; a, e 

Second Floor (4.06 rn) 
2.89 19.03 0.0284 -18.20 19.45 198.29 1.33 
2.89 20.89 0.0383 -31.26 15.83 213.36 1.54 
2.89 24.33 0.0521 -52.53 23.33 258.74 2.27 
2.89 4.380 0.0042 274.04 6.773 61.750 0.13 
2.35 29.35 0.0924 -69.35 16.19 311.89 3.26 
2.46 9.704 0.0025 235.35 11.49 75.928 0.21 
2.46 20.36 0.0470 -31.02 32.78 222.22 1.72 
2.46 29.57 0.0855 -76.02 21.08 285.38 2.74 

First Floor (1.47 m) 
1 2.89 17.59 0.1355 -55.29 31.86 193.74 1.32 
2 2.89 28.27 0.1959 -50.37 26.54 163.51 0.94 
3 2.14 20.51 0.1591 -44.81 28.65 189.62 1.25 
4 2.14 2'4.49 0.2114 -33.34 26.64 170.86 1.02 
5 1.60 20.64 0.2146 -45.52 30.23 158.37 0.89 
6 1.60 23.74 0.2407 -40.37 30.60 145.66 0.77 

source. The X-ray source is a 200-mCi curium 244 source 
having 17.8-year half-life. This source was centered in the 
probe, which was a pipe of 25.4 mm diameter, sch 40 steel 
pipe. The cap of the pipe is covered with 1.27-cm-thick lead 
to prevent X-ray scatter. A 63.5-mm tube extended from the 
X-ray source. The intensity of the transmitted y-ray beam 
was measured by using a Nal (Ti) crystal scintillation detector 
(Teledyne, Isotopes S-44-1/2). Another Nal crystal detector 
(Teledyne, Isotopes ST-44-I/B) was used for X-ray. The de- 
tector consisted of a 2-mm-thick, 5.08-cm-dia. tube with a 
0.13-mm-thick beryllium window. The transmitted radiation 
of the y-ray or X-ray was converted to electrical pulses by a 
photomultiplier (model 266, EGBG Ortec), the signals were 
passed through a series of data analyzers, including a pream- 
plifier (model 778, EG&G), an amplifier, and a double-chan- 
nel analyzer (DCA) (model 778). The DCA has been used to 
remove low-energy-level noises and produced an output logic 
pulse only if its amplitude falls within the energy window that 
is established with two preset threshold levels. The output of 
DCA connects to a modular data-acquisition and a control 
system (model Isaac-910, which was used as the interface be- 
tween the densitometer and a personal computer. In measur- 
ing local solid volume fraction, an extraction probe tube with 
a 6.35-mm OD was fixed at the front of the collimated lead 
plate. The tip of this tube was filled with jeweler's wax to 
prevent particles from flowing into the tube. The solid vol- 
ume fraction cs is calculated as follows: 

where I ,  and I are the intensity of incident radiation and 
transmitted radiation, p, and pg are the particle and gas den- 
sity, respectively, and K ,  and Kg are the mass attenuation 
coefficients of particles and gas, respectively. The solid vol- 
ume fraction is calculated directly from a plot of the natural 
logarithm of intensity, since all other components of the 
equation are constant after calibration with a full and an 
empty tube, as described in great detail by Seo and Gidaspow 
(1987). 
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High-resolution microimaging/measuring system 
The high-resolution microimaging/measuring system for 

the particle-velocity measurements consists essentially of two 
units: a high-resolution microimage system and a data- 
managing system (see Figure 1). The high-resolution mi- 
croimage system is a 2/3-in. (17-mm) color video camera 
(DXC-151A) that uses a charge coupled device (CCD), a 
solid-stage image sensor. This camera has ten electronic 
shutter settings and four modes for gain control. The hori- 
zontal resolution of the camera is 460 TV lines, and it has a 
sensitivity of 2000 lux at 0 dB for gain. The camera adapter is 
a Sony CMA-D2, which connects the camera to a 486/33- 
MHz IBM computer. The personal computer has a mi- 
croimaging board and a microimaging software, Image-Pro 
Plus, for data measurement and analysis. Bahary (1994) 
demonstrated this technique for gas-liquid-solid fluidization 
(Gidaspow et al., 1995b). 

For good visualization of the microscopic movement of 
particles, a fiber-optic light was used. The area of view in 
most experiments was a 5 x 20 mm. As the particles were flu- 
idized inside the riser, the camera with a zoom lens, 18-108 
mm, and close-up focus transferred its field of view into the 
monitor. Figure 2 shows a typical streak made by the parti- 
cles. These streak lines represent the distance traveled by the 

Figure 2. Streak images captured by the CCD camera 
recording system for flow of 75pm FCC parti- 
cles in the llT CFB. 
This figure shows a small portion from screen on which im- 
ages are captured, for example, Ay = 1.44 mm; Ax = 0.22 
mm; (I = 80"; A t  = 0. 5 ms. Velocity is negative when streak 
is formed moving down on the computer monitor. 
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particles in a given time interval specified on the camera. The 
images were then captured and digitized by the Image-Pro 
Plus software. To obtain reliable velocity information, the 
time between exposures must be selected so as to obtain a 
sufficient displacement to achieve an acceptable velocity res- 
olution, but must not be so large that the particle moves out 
of the field of view. The local velocity is then estimated from 
the equation 

Two-dimensional velocity components, radial and vertical, are 
determined. 

Particle-Velocity Distributions and Granular 
Temperature 

Typical particle speed, axial, and radial velocity distribu- 
tions are shown in Figure 3a, 3b, and 3c, respectively. The 
ordinate, expressed in (cm/s>-l, is the probability that the 
velocity will fall within the indicated velocity range. It is ob- 
tained by dividing the number of particles in the velocity range 
shown by the total number of measurements and by the ve- 
locity in the indicated velocity range. For example, see Gi- 
daspow (1994), fig. 10.10. Velocities are negative when the 
particles flow down, as visually observed. 

The mean particle speed and velocity are calculated as the 
arithmetic average. The standard deviations were calculated 
based on the instantaneous velocity of particles from mean 
values: 

where ui and u, are instantaneous particle velocity and mean 
particle velocity, respectively. Shao et al. (1995) have used a 
similar procedure to calculate the fluctuating velocity using a 
laser Doppler anemometer. 

The granular temperature, 0, is calculated, assuming the 
angular and the radial velocity fluctuations to be equal as 

1 2 1 
3 3 3 

8 = - (ar2 + a,2 + = - a,2 + - ,-. (4) 

Table 1 summarizes the data measured in this study. 

Radial particle and granular temperature profiles 
Under dilute conditions, for a flux of 4.2 kg/m2 -s, the 

digital camera technique allows a measurement of radial ve- 
locity distributions. Figures 4 and 5 show the particle speed 
and granular temperature distributions. The profiles are not 
symmetrical, as in the experiments of Miller and Gidaspow 
(1992). For higher particle concentrations, data reported in 
Table 1 were obtained about 5.0 mm from the wall. 

Particulate viscosity 
Using the kinetic theory of granular flow, one can calculate 

the solid viscosity in terms of particle properties, solid vol- 
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Figure 3. (a) Histogram of particle speed. Standard de- 
viation =259.79 cm/s; mean value =-52.53 
cm/s; (b) histogram of axial particle velocity 
standard deviation = 258.74 cm/s; mean value 
=-51.54 cm/s; (c) histogram of radial particle 
velocity; standard deviation = 23.34 cm/s; 
mean value =-5.99 cm/s. 
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ume fraction, and granular temperature. The following rela- 
tionship for solid viscosity was derived by Gidaspow (1994): 

where go is the radial distribution function and 6 the granu- 
lar temperature. A nearly identical equation was derived in a 
pioneering paper by Lun et al. (1984). Chen et al. (1994) 
showed how the solid viscosity can be computed from the 
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measurement of solid pressure, which is related to the granu- 
lar temperature by means of the equation of state for parti- 
cles. Shao et al. (1995) showed how to calculate this viscosity 
from the direct measurements of granular temperature ob- 
tained with a laser Doppler velocity meter. 

Equation 5 can be interpreted as (Gidaspow, 1994): 
kinematic viscosity = mean free path X random oscillating ue- 

locity. 
The mean free path depends on particle concentration, 

while the granular temperature was measured in this study. 
The restitution coefficient, e, is nearly unity in our experi- 
ment. 

Figure 6 shows the granular temperature obtained in this 
study and a comparison of computed granular temperature 
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of other investigations. In this plot, Miller and Gidaspow’s 
(1992) viscosity data were converted to the granular tempera- 
ture using Eq. 5. Campbell and Wang’s (1991) pressure data 
were converted to the granular temperature using the equa- 
tion of the state for particles: 

o High Res. Micro-Imagin Mea. Syst. 
o Brookfield Viscometer L d DV-11+ 
+ Miller and Gidaspow data 

+ 
O ?  

0 
0 

0 

O O  O + +  +* 
+OO 

+ +  
- o +  ++ ++ 

I I l l 1  I l l 1  1 I l I I [ I I I l ~  ( I l l (  

0.02 0.04 0.06 0.08 0.10 

(7) 

Figure 6 shows that granular temperature rises sharply with 
solid volume fraction in the dilute region, reaches a maxi- 
mum at a volume fraction of solid of about lo%, and then 
decreases. 

High Res. Micro-lmaging/Measuring 

Miller and Gidaspow data 1992) 
Brookfield Viscometer LWd-11+ 
Chen et. a1 data (d,=0.283 mm) 
Campbell and Wang data: 

Second floor 
First floor 

d =0.50 mm. density=2440 kg/ms 
dP-2.80 mm. densityz2440 kg/m’ 
d:%.75 mm. density=1050 kg/ms 

.. .. 
* 

Syst. 

0.0001 1 I I I I I I I I I 1 I I I I I I I I I I 1 1 I I I I 1 I I I I I I 1 I 
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 

Solid Volume Fraction 
Figure 6. Measured and computed granular tempera- 

ture. 
Measurements are in Table 1. Campbell and Wang’s and 
Chen et a1.k pressure data converted to granular tempera- 
ture using Eq. 6; Miller and Gidaspow’s viscosities con- 
verted to granular temperature using Eq. 5. 

Figure 7 shows a comparison of the viscosity obtained by 
three different methods: (1) by calculation using Eq. 5 and 
the granular temperature obtained in this study; (2) from 
Miller and Gidaspow (1992) viscosity obtained from a pres- 
sure-drop balance using radial velocity distributions; (3) by a 
Brookfield viscometer immersed in the riser. The Brookfield 
viscometer method is described in Bahary (1994). In view of 
experimental errors, there is excellent agreement between 
these measurements. The kinetic theory method shows that 
the viscosity is caused by particle oscillations. 

D 

o 
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Figure 8. Dimensionless solid viscosity correlation. 

Figure 8 shows that data for different particle sizes can be 
correlated by means of a dimensionless group related to that 
found in the dense-phase kinetic theory of gases (Chapman 
and Cowling, 1961). The minimum is at a solid volume frac- 
tion of 0.057. 

The difference between the gas-kinetic and the particu- 
late-kinetic theories is that the latter depends upon the gran- 
ular temperature, which is related to the particle velocity. 
Theoretically the granular temperature can be obtained from 
a kinetic energy balance (e.g., Sinclair and Jackson, 1989). 
For example, for dense flow (Gidaspow, 1994), the granular 
temperature depends upon shear rate as follows: 

O =  

For low particulate velocities, as found in liquid-solid and 
three-phase fluidized beds (Bahary, 1994), low values of gran- 
ular temperature were measured. Hence, Eq. 5 gives lower 
CL,. Thus our earlier relation (Miller and Gidaspow, 1992) 

ps = 5t-, (poise) (9) 

cannot be considered universal. 

Computed Particle Internal Energy and Frequency 
Analogous to the gas theory, the knowledge of granular 

temperature allows one to calculate the internal energy. The 
particulate-phase internal energy with oscillations in three- 
dimensions can be computed from the simple equation given 
by Gidaspow (1994): 

where the specific heat C ,  was 3/2. 
Figure 9 displays the results of the calculations. These val- 

ues of energy are of order of one-tenth the particle suspend- 
ing energy shown in Figure 10. 

h 
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+ Miller and Gidaspow data 
o Campbell and Wan 
t Chen et  al(d,=0.28% mm) 
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k 
0, '4 d 
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O O *  

01 4 
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2 & l o - '  
3 

0.0 0.1 0.2 0.3 0.4 0.5 0.6 
Solid Volume Fraction 

Figure 9. Kinetic (translational) portion of powder inter- 
nal energy. 

The energy required for suspending the particles per unit 
volume is 

Figure 11 shows the particle collision frequency as a function 
of solid volume fraction in bubbling and circulating fluidized 
beds calculated according to following equation (table 9.1 of 
Gidaspow, 1994): 

6 I 

3 

(12) 

High Res. Micro-Imaging/Measuring Syst. 
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Chen e t  a1 data(dp=0.283 mm) 
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Figure 10. Particle suspending energy for circulating 
and bubbling fluidized beds. 
For Campbell and Wang and Chen et al. curve, bed height 
in Eq. 11 was not well known. 
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Figure 11. Particle collision frequency in bubbling and 
circulating fluidized beds. 
Granular temperature in Eq. 12 was estimated from pres. 
sure data for Campbell and Wang and Chen et al. 

It can be seen that the range of particle collision frequency is 
about 10’ to 2X lo4. There appear to be fewer collisions in a 
bubbling bed. Direct verification of the number of collisions 
is desirable. Note that this collision frequency is still very high 
compared with the bubbling frequency, which is of the order 
of 2 Hz. Hence the fluidized-bed oscillations consist of two 
types: high-frequency oscillations computed here, and low- 
frequency oscillations measured with a gamma densitometer 
(Gidaspow et al., 1995a). 

Conclusions and Discussion 
1. Miller and Gidaspow (1992) have obtained viscosities of 

FCC particles from a time-averaged laminar-type momentum 
balance on the particles. Such a balance is valid for the vol- 
ume fraction of particles greater than a one-tenth of a per- 
cent, since for dense mixtures the gas properties can be ne- 
glected compared with the solid properties. For example, the 
mixture Reynolds number does not involve the gas properties 
(Gidaspow, 1994). The Reynolds number Remixture = ( E ,  p ,  
Dpipe v)/p,. Typical values of this Remixture range from 10 to 
100. Hence for dense mixtures, the gas turbulence in a pipe 
without particles has no relation to flow of the dense mix- 
ture. The viscosity was calculated from a balance of Newto- 
nian shear at the core-annular interface and pressure drop 
minus the core weight of particles. The physical interpreta- 
tion of the viscosity calculated by Miller and Gidaspow (1992) 
is the same as that of the viscosity of a gas. The kinetic-the- 
ory-type measurements presented in this article verify that 
the FCC viscosity is due to the collision of the particles. 

2. Reliable values of FCC viscosities are needed for numer- 
ical simulation and design improvements of catalytic crack- 
ers. There are no handbook values available of such viscosi- 
ties. We used the viscosity relation of Miller and Gidaspow 
(1992) to predict the flux and concentration profiles in a riser 
for the contest held at the 1995 International Fluidization 
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Conference in France. We successfully predicted the unex- 
pected observed maxima in fluxes. A quote from the review 
of the hydrodynamics of CFB risers (Berruti et al., 1995) is as 
follows: “The best type 111 model (hydrodynamic) was cre- 
ated by Gidaspow and Sun which matched some significant 
trends in the radial mass flux profiles.” 

3. The collapse of viscosity data shown in Figure 8 com- 
puted from measurements of granular temperature and gran- 
ular pressure by Chen et al. and by Campbell and Wang for 
different particle sizes indicates that the equation of state for 
particles, Eq. 6, is valid. Indeed in a submitted article we 
experimentally show that for FCC particles there exists an 
analogue of the equation of state for an ideal gas. The sec- 
ond term in Eq. 6 is a van der Waals-type correction. The 
present theory does not as yet have the cohesive force con- 
stant in the van der Waals equation. 

4. We show that the internal energy of the powder, that is, 
the energy of oscillation, is a significant portion of the energy 
required to suspend the powder. Hence the acoustic behavior 
of the mixture is strongly affected by particle concentration. 
It is known that the stability of ballistic missiles is enhanced 
by aluminum particles present in the propellant (Pape et al., 
1996). 

5. In the CFB the granular temperature shown in Figure 6 
rises sharply as the collision frequency depicted in Figure 11 
increases with particle concentration. Beyond a volume frac- 
tion of particles of 0.1 the granular temperature decreases as 
the mean free path of particles decreases with the rising par- 
ticle concentration. This decrease of granular temperature 
with a decrease of the mean free path is well established the- 
oretically. For example, see eq. (10.20) in Gidaspow’s (1994) 
book. Work in progress shows that such a behavior holds for 
liquid-solid and three-phase fluidized beds (Gidaspow et al., 
1995b). The present theory does not, however, fully explain 
the sharp rise in granular temperature due to a singularity at 
zero solids volume fraction. 
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Notation 
d ,  =particle diameter 
L =distance 
h =bed height 

N,,, =particle suspending energy 
U, =average particle speeds 
Ug =superficial gas velocity 
W, =solid mass flux 
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