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APPENDIX G

PREDICTION OF RICHARDSON-ZAKI PARAMETERS
FOR PDU EXPERIMENTAL MODELING

BED EXPANSION OF CYLINDRICAL CATALYSTS IN LIQUID FLUIDIZATION

ABSTRACT

Fluidization of cylindrical particles by pure fluids and by coal slurries
has been studied. It is shown that bed expansion data of cylindrical-
shaped particles in liquid fluidization are adequately correlated using
the Richardson-Zaki method. Particle terminal velocities are shown to

be well predicted using the drag coefficient--Reynolds number relation-
ship for infinte cylinders, with the characteristic dimension given by
the cylinder diameter. The original correlations suggested by Richardson
and Zaki for their index, n, in terms of particle Reynolds number are
shown to be satisfactory.

INTRODUCTION

Nearly all gas-solid and liquid-solid fluidization data have been obtained
in beds of spherical or near-spherical particles. Fluidization data for
cylindrically shaped pellets are scarce. Table I lists only four sources
where these kinds of data are available. In view of the recent interest

in the catalytic hydroliquefaction of coal (the H-Coal process) and the
hydroprocessing of petroleum resids, a better understand of the fundamentals
of ebullated (or three-phase fluidized) beds is essential for successful
scale-up. The commercial catalysts used in these processes are nearly all
in the form of cylindrical extrudates. The prediction of the hydrodynamic
behavior of a three-phase fluidized bed from basic fluid and particle
mechanics is not possible at present. This applied even to basic para-
meters such as bed expansion and phase holdup. At least two phenomenological
models have been proposed: namely, those of Bhatia and Epstein (1), and




-305

Darton and Harrison (5). However, their correlations for gas holdups were
borrowed entirely from the two-phase literature, and a more definitive
analysis seems necessary. As for the treatment of the particulate phase
(i.e., phase excluding the bubble and its associated wake), both models
suggest the use of the Richardson-Zaki correlation (8). Thus it is crucial
to determine how well the Richardson-Zaki correlation can predict liquid
finidized bed behavior of cylindrical particles. For such a study, Vasalos
et al (12) found that the data could be correlated by the Richardson-Zaki
type of correlation, but the two parameters (i.e.,, terminal velocity and
index n) in the Richardson-Zaki correlation were fit empirically using the
data, The present study is an extension of Vasalos' work. In addition,
methods are suggested for determining the two parameters in the Richardson-
Zaki correlation.

DISCUSSION

The Richardson-Zaki correlation (8) has been widely used to correlate gas-
solid and liquid-solid fluidization data, ‘Basically, the model relates
the liquid holdup, » to the sperficial liquid velocity, jl, and the
terminal velocity of "the solid, Ut:

€ = 1,/v, 1
where n is the so-called Richardson-Zaki index. Richardson and Zaki used

the drag-coefficient relationship to estimate Ut and proposed to correlate
n as a function of particle Reynolds number,

Usually the settled bed porosity, 51 , and bed height, Ho, are known, and
the material balance on the solids ygelds:

(1-€)H=(1-g;)H ey

Thus, bed expansion can be predicted once the liquid holdup inside the
bed is found using Equation 1.

Terminal Velocity of a Cylindrical Particle

The terminal velocity of a particle falling in a fluid is determined by
balancing the gravitational and drag forces. For spherical particles of
diameter, d, we have:

Tas (- £/6 = C (M) ([YRI2) (3)

where the nomenclature has the usual meaning. The drag coefficient, CD’
is a function of the particle Reynolds number, Ret, defined by:

Re, = PU d/ My (4)

For example, the drag coefficients for spheres, disks, and cylinders can
be found in Perry (10) and are shown in Figure 1. In order to calculate
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the terminal velocity, one has to resort to trial and error using Figure 1.
However, one can simplify Equation 3 and replace Ut with Ret, thus obtaining:

CDRei = 4/3 [d3/olg(f§ -{01)4/&2 ] =(4/3)Ga, for spheres (5)

where Ga is the Galileo number and can be evaluatsd solely from known
quantities. Since C. is a function of Re , C_ Re " can be expressed
analytically or grapgically as a function of Ke E The resulting graphical
relationship based on Figure 1 is shown in Figure 2 for all three shapes,
and therefore the Reynolds number, Ret, and hence terminal velocity, Ut’
can be derived.

Terminal velocity measurements were made by dropping single HDS-2A
(American Cyanamid) catalyst extrudates in various fluids. Since the
catalyst is porous in nature, it was thoroughly soaked in the particular
fluid studied before testing. The soaked catalyst density was then
determined by simple volume displacement and weighing methods. The
results are summarized in Table I1I. Experimentally, the catalyst was
observed to fall with its axis horizontal, even in cases where it was
released from the vertical position. The following methods were used to
correlate the data,

Method A--The pellet diameter, d, was used as the charactﬁristic length.
Here, a similar relationship can be derived between CDRet and the Galileo
number; namelv:

¢ Ret2 = (TT/2)Ga , for cylinders (6)

D
The experimental data are plotted in Figure 3, where the data exhibited
good agreement with the infinite cylinder CD vs. Ret relationship.

Method B=~For this calculation of the dimensionless groups (Re_, Ga), the
equivalent particle diameter, d_, (defined as the diameter of a sphere
having the same volume) is used. For a cylindrical pellet:

a, = (3algr2)t/? %)

The results shown in Figure 4 indicate that the data lie significantly below
the sphere relationship; hence, it is concluded that d_ is not a suitable
dimension to be used. Note that this is the characteristic diameter used
by Vasalos et al (12) and their proposed correlation is also shown in

Pigure 4 for comparison. It is not surprising that the Vasalos et al
correlation fit the data in this form quite well because d_was used to
calculate these data points, 8

Method C--Heywood (7) suggested using the projected diameter, d. , equal
to the diameter of the circle, having an area equal to the projhcted area
of the particle when placed in the most stable position, In the present

case, dh is given by:

4 = (mﬂlhr)l’2 (8)
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The terminal velocity data reduced by Heywood's approach are presented
in Figure 5. The agreement with the sphere CD vs Ret relation is poor.

Method D--In packed column studies, the usual mean particle diameter, dm’
(see Bird, et al, 1960) is given by:

4 = 6/av (9

where the specific surface, a_, is the ratio of particle surface area to
particle volume. It can easiYy be shown that d_ is related to d_ via

m s
sphericity, ¢s ; L.e,:

dm = ¢§ds (10)
where the sphericity is defined as:

¢. = (surface area of sphere/surface area of particle,
both of the same volume)

and hence for a cylindrical-shaped particle
g, = /2 203 [ + at) (11)

The terminal velocity data using d_ as the characteristic length are
shown in Iigure 6. As a whole, the drag relationship for a sphere corre-
lates the data very well at Reynolds numbers less than 100, but tends to
overestimate the terminal velocity at higher Reynolds numbers.

Among the four methods tried, the best correlation is obtained by using
the pellet diameter as the characteristic length in conjunction with the
C. vs Re relationship for infinite cylinders. This analysis demonstrates
that the drag coeff icient for finite cylinders of $£/d equal to 3
approaches closely to that for infinite cylinders.

Bed Expansion

According to the Richardson-Zaki correlation, bed expansion data can be

reduced on a plot of log j., versus log ¢€,. A straight line can be drawn
. 1 1

through the data:

log jl = log Ut + n log el (12)

The intercept at €, = 1 yields log U_ and the slope of the line gives the
value for n., All %he available data were reduced in this fashion, Liquid
holdup was evaluated based on the expanded bed height. In the case of

H-Coal AU~77H data (11), the kerosene/coal fines slurry holdup was obtained
from bed height measurements using a travelling gamma-ray densitometer. All
of the results are summarized in Table III, and the corresponding Richardson-
Zaki plots can be found 1n Appendix A. As a whole, the data were found

to be well correlated by a straight line on these plots, thus confirming

the validity of the form of the correlation proposed by Richardson and Zaki.



~-308

Viscosity

For pure liquids such as kerosene and mineral oil, the liquid viscosity,

M,» can be easily measured or obtained from physical property tables,
However, for the kerosene/coal fines slurry employed in the H-Coal modeling
study, the mixture (effective) viscosity, M , is dependent on the solid
content, In general, it was found (6) that the relative viscosity (M Aﬁ%)

is a function of the solid volume fraction., The mixture viscosity data (11)
for kerosene slurry were so reduced, as shown in Figure 7, and a best linear
fit was found:

Mo =M (1 + 26.8 es) (13)

The dimensionless numbers in Table III for the kerosene/coal fines slurry
fluidization data were all evaluated using Equation 13 for the viscosity
values,

Terminal Velocity

The terminal velocity data extrapolated using the Richardson-Zaki method
were plotted as terminal velocity Reynolds number versus the Galileo
number. Figure 8 shows that on a plot of Re_ versus Ga using d as the
characteristic length, the terminal velocity data can be well correlated
by the drag coefficient relationship for infinite cylinders. However,

the mineral oil data from the H-Coal AU-77H unit were found to lie
significantly lower than other data in Figure 8, One possible explanation
is that the catalyst was not completely soaked before the mineral oil
experiments were conducted. Table IV compares the predicted terminal
velocities with the experimental terminal velocities from Richardson-

Zaki plots. The overall mean ratio of predicted value to observed value
is 0.967, although the mean ratio for mineral oil data is only 0.737.

This analysis demonstrates that the terminal velocities for cylindrical
pellets in a fluidized bed can be predicted using the C_ vs Re_ relationship
for infinite cylinders with the characteristic dimension given by the
pellet diameter,

Correlation of Index, n

Richardson and Zaki found the index, n, to be a function of the particle
Reynolds number as follows:

Re € 0.2 n = 4,65
0.2<Re <1 n=4.,35Re 003
-0.1 (14)
1< Re <500 n = 4.45 Re *
500 < Re n=2,39

However, this relationship was obtained for spherical particles only.
Values of n for the present data are plotted in Figure 9 as a function

of Galileo number. Since a unique relationship exists between Reynolds
number and Galileo number for spherical particles, Equation 14 can easily
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be transformed to yield n as a function of Ga. The resulting curve as

shown in Figure 9 is seen to slightly overpredict the value of n. Values

of n are also presented as a function of particle Reynolds number as shown

in Figure 10. The original Richardson~Zaki correlation for n (Equation 14)
is seen to correlate the data slightly better in terms of Reynolds number.,
However, more data are needed to confirm the validity of this correlation
“for cylindrical particles, particularly in the laminar (Re € 1) and turbulent
(Re > 1000) regimes.

Richardson and Jeronimo (9) have also recently investigated methods of
estimating n. One method that appears quite promising is to assume
Equation 1 to be valid at both the minimum fluidization point and the
fully expanded bed of voidage unity., The minimum fluidization velocity,
U ., was estimated using the Ergun equation (2) for packed beds., The
vgiue of n is hence given by:

log L /Ut (15)
loge

n =

where € £ is the voidage at minimum f luidization. Their results indicate
that values of n calculated using Equation 15 and the Ergun equation are
considerably higher than the original Richardson-Zaki values, i.e.,
Equation 14, Richardson and Jeronimo attributed the discrepancy to the
validity of using Ergun's equation for a fluidized bed and the un:ertainty
of choosing the value for € .. We feel that the Richardson-zaki correlation
(Equation 1) does not apply near the minimum fluidization point and the
original experimental data of Richardson and Zaki tend to support this
observation. Richardson and Jeronimo's data alsoc show that the Richardson-
Zaki approach does not apply at the minimum fluidization point, which
resulted in the larger values of n being obtained. Thus, Equation 15

is not recommended as a method for evaluation of n. Equation 14 is the
best available at the present time.

CONCL.USIONS

1) The Richardson-Zaki type correlation can be used to analyze bed
expansion data of cylindrical-shaped particles in both pure liquid
and coal slurry fluidization.

2) The terminal velocity values obtained from both single cylindrical
catalyst drop experiments and liquid fluidized bed experiments can
be adequately correlated using the Cp versus Rey relationship for
infinite cylinders with the characteristic dimension given by the
pellet diameter. Three other characteristic dimensions were tried
in attempting to correlate the single pellet terminal velocity data,
but none was found to be satisfactory.

3) The Richardson-Zaki index, n, obtained from data used in this study
is presented both as a function of the Galileo number and the Reynolds
number. The original Richardson-2Zaki correlation for index n ies founé
to correlate present data better in terms of Reynolds number. More
data are required, however, to confirm the validity of this correlation
at both low and high Reynolds number.
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Figure 7

SLURRY VISCOSITY CORRELATION
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APPENDIX

RICHARDSON-ZAKI PLOTS OF BED EXPANSION DATA

The Richardson-Zaki plots for the bed expansion data are presented
in this appendix.
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