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ABSTRACT

A modified sedimentation-dispersion model for solid phase behavior in a
three-phase slurry reactor is presented. The model incorporates a mass
balance of solids that is described by solids dispersion, hindered settling
and convection transport. The modified sedimentation-dispersion model
incorporates boundary conditions that provide for a closed form solution of
the axial solids distribution as a function of hindered settling and solids
dispersion and can account for the spatial distribution of particle size and
concentration in polydispersed systems. The application of the model to
indirect coal liquefaction processes is briefly discussed.

~ VASTER

To be presented at the Annual AIChE Meeling, San Francisco, California,
November 20-25, 1984 (Modeling of Coal Conversion Processes Session).
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INTRODUCTION

In the design of slurry bubble colmm_ reactors such as the ones used in
coal liquefaction processes, the hydrodynamic behavior of dispersed solids
must be considered especially if the Solid phase is catalytic, Several
investigations have been reported’ in the literature concerning the axial
solids concentration distribution for monodispersed particles [Cova 1966,
Kato et al. 1972,- Smith and Ruether 1984]. The solids distribution in a
slurry bubble ecolumn has been successfully described with a one-dimensional
sedimentation-dispersion model. This model has two parameters, hindered
settling veloeity and axial solids dispersion coefficient, which are
generally related to column geometry, flow rates, and particle and liguid

thermophysical properties through empirical correlations.

Up to now, the sedimentation-dispersion model has only been applied to
monodisper;sed narrow-sized fractions of solids. It is the purpose of this
conmmunication to de_velop the theory necessary to apply the sedimentation-
dispersion model to polydispersed solid systems consisting of particle size
or particle density éistributions. The modified sedimentation-dispersion
model also incorporates boundary conditions that allow for a closed form
solution for the prediction of solids concentration as a function of axial
position.  Experimental results obtained from a 10.8-cm diameter slurry
bubble column will be compared to the modified sedimentation-disper'sion
model for monodispersed as well as polydispersed solids systems. The effect
of gas and slurry velocities, particle size and density, .and distributor-
type on the hindered settling velocity and solids dispersion coefficient

Wwill be discussed.



EXPERIMENTAL

The description of the slurry bubble column apparatus has been reported
elsewhere [Smith and Ruether 1984, and Smith et al. 1984). & schematic of
the slurry bubble column apparatus is shown in Figure 1. Two types of dis-
tributor plates have been used in this study, 2 single bubble cap and a
multiple orifice plate. The gas, liquid, and solid phases employed in this
study were nitrogen, water and glass beads. The terperature and pressure
were constant for each experimental condition at approximately 303 K and
1.07 atmospheres, respectively. Four narrow-sized particles were used hav-
ing mean particle diameters of U48.5-, 81.0-, 96.5-, and 193.5 x 10-°m.
Three solids . densities of the glass beads were used: 2420-, 2990-, and
3990-Kg/m®. The gas and slurry velocities were varied from 0.03- to 0.20-

w/s and 0.007- to 0.02-m/s, respectively.

Slurry was sampled at six axial positions in equal intervals of 0.35-m
beginning 2t 0.05-m from the distributor plate. The solids concentrations
in the slurry was obtained from the slurry sample weignt, dried solids
wei.ght, and known 1liquid and solids densities. In addition to slurry
samples taken in the slurry bubble column, slurry samples were taken in the
slurry feed line and the solids concentration in the slurry feed was
obtained in the same way as in the column. The average solids concentration
in the slurry bubble column was obtained from the volume of slurry in the
column (obtained after sudden interruption of the gas and slurry flows), the
slurry feed concentration, and the known amount of solids and liquid
initially charged to’ the slurry bubble column apparatus. The gas holdup was

calculated from level differences of the gas-liquid-solid dispersion and



static slurry height. All slurry samples were taken at steady-state condi-
tions where the solids concentration did not change with time (experimental-
ly verified to be less than one hour for the entire range of experimental

conditions).

For the polydispersed solids systems studied, in addition to the
above-mentioned sampling procedure, the particle size distribution of each
sample of dried solids was determined from sonic screening and subseguent

weighing of the weight distribution on each screen.

MODEL DEVELOPMZNT

The solids concentration distribution in a cocurrent upward flow slurry
bubble column can be described by a one-dimensional sedimentation-dispersion
model for monodispersed particle systems ([Kato et al. 1972, and Smith and
Ruether 1984]. A differential mass balance for the solid phase considering
solids dispersion, hindered settling and copvection as the mechanisms of
sélid motion may be written for steady-state conditions and monodispersed

particles as follows:

-E_ d4C 3]
s S sL = _ f
L Tdx [(l-eg) - Y Upl € = U, Cy (1)

Up to now, the boundary condition for integration of Equation (1) has not
been identified on a theoretical basis. Cova [1965] suggests the solids
concentration at the top of the column is the same aS the slurry effluent or
feed concentration. Kato et al. [1972] and Smith and Ruether [1984] provide
empirical correlations for the solids concentration at the top of the

column.




The boundary cenditions choser in the present model development is
located at the top of the column. The concentration gradient, dCg/dx, is

given as follows:

G =C. —¢c.'ix=1 (2)

The flux of solids entering the bubble columr Oy hindered settling at
x = 1 is given as the product, ?LUpcsf. With these criteria established,
Equation (1) and Equation (2) may be combined to represent the boundary con-

dition at x = 1.

U

—s £ _eot —SL_~1_% £ _ £
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Upon rearrangement of Equation (3), the solids concentration at the top of
the column may be expressed in terms of the slurry feed or effluent solids

concentration.

¥
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c.! = [1

Integration of Equation (1) with the boundary condition given in

Equation (4) gives the following expression:
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For polydispersed particle systems, the solids concentration of the ith
particle size fraction is related to the total solids concentration by the

following expression:

c. = g Cg; (6)

where Cg; may be expressed as:

_E_.+¥ U_.L ¥ U_. —(¥,0_.~U_ )L(x-1)
c = [ si L pi ) L pi e £ exp [ L pi "sL

si E .+U0__L = si E_.
S sL . sL Sl
v.cf (7)
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?Lupi—UsL

For the theoretical prediction of axial solids concentration distribu-
tion, two parameters, Up and Eg, are needed. In the present investigation,
Up and Eg are obtained from a nonlinear regression analysis of Equation (5)
or Equation (7) with the best fit of measured solids concentration being
optimized with the parameters Up and Eg. The best fit is defined as the
minimum residual sum of squares between the observed and calculated solids
concentration. A search method described by Ahrendts and Baehr [1981] was

used to obtain the best fit of the otserved solids concentration.

RESULTS AND DISCUSSION

Empirical correlations have been developed for the hindered settling
velocity and solids dispersion coefficient obtained from the nonlinear least

squares optimization of observed solids concentration distribution and that

1)




predicted from Equation (5) or Equation (7). The effects of gas and slurry
velocity, particle size, density and concentration, and distributor type
were considered in developing the correlations for hindered settling

velocity and the solids dispersion coefficient.

The hindered settling velocity is dependent on the particle terminal
velocity, gas velocity, and liquid fraction in the slurry. The following

empirical correlation was obtained:

0.78 ] 0.23 ‘-F'L3-5 (8)

U, =1.44 U, 5

p

.where: 0.002 m/s < Uy < 0.025 m/s, 0.03 m/s < Og < 0.20 m/s, and 0.90 < ¥ <

t Wk o g,

0.98.

No effect of slurry velocity or distributor type was observed on the
hindered settling velocity. The absolute relative deviation of Equation (8)
from the observed hindered settling velocity is 9.6 percent for 128 experi-
mental conditions. .

For the solids dispersion coefficient, all of the operating variables
mentioned above had a significant effect. The following dimensionless

empirical correlation was obtained for the perforated plate distributor.

L N
Pe, = 6.7 (Frgs/Reg)o'lgs (1 + 0.06 Ar?) (9)

where: 0.3 < Pep < 1.2, 0.63 < Frg < 0.20, 2100 < Reg < 29000, 0.007 < Fr <

0.02, and 5 < Ar < 360.



The solids Peclet number, Pep, has been used to correlate the observed
solids dispersion coefficient in a similar manner as given by Riquarts
[1981] for the liquid dispersion coefficient in a bubble columm. The effect
of column diameter was not examined in this study .und caution should be'used
in employing Equation (9) for other column diameters. The average absoiube
relative deviation of Equation (9) from the observed solids Peclet number is

18.3 percent for 62 experimental conditions.

The solids dispersion coefficient for a bubble cap distributor has been
reported elsewhere [Smith and Ruether 1984].

0.114 1.1

6 .
P =9, + 0.019 R 0
ep 9.6 (Frg /Reg) 0 ep (10)

The absolute relative deviation of Equation (10) from the observed
solids Peclet number was 15.7 percent for 66 experimental conditions. In

comparing the solids dispersion coefficient obtained from the bubble cap and

perforated plate d7stributor, the solids dispersion coefficient for the-

bubble cap distributor has less dependency on gas velocity than that for the
perforated plate distributor. The solids mixing is slightly greater for the
perforated plate as compared to the bubble cap distributor for small
particles at low slurfy velocities. At high slurry velocities,lthe solids
mixing is slightly less for the perforated plate as compared to the bubble

cap distributor.

A comparison of the observed and predicted axial solids concentration
distribution as a function of operating variables is shown in Figures 2

through 5. Figure 2 illustrates the effect of particle density on the axial




solids concentration distribution for a perforated plate distributor.
Increasing particle density increases the variance ¢f the solids distribu-
tion. Figure 3 illustrates that increasing particle diameter increases the
variance of the axial solids concentration distribution. Figure 4 shows a
relatively small effect of superficial gas velocity on the axial solids con-
centration profile. Increasing the gas velocity slightly decreases the
variance of the axial solids concentration distribution. Figure 5
illustrates that the modified sedimentation dispersion model ean accurately
predict the particle size and solids concentrations distribution in poly-

dispersed solids systems.

The model presented here should be useful in the design of Fischer-
Tropsch slurry reactor. The models for F-T slurry reactor presented so far
do not consider the effect of axial variations in particle distribution on
the conversions of CO and H; and in particular, selectivity éf the product
distribution. The solid distribution model presented in this paper will

allow better simulation of F-T slurry bubble column reactors.
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NOMENCLATURE

Archimedes number, (g dp® ps (pgoL)/u?)
solids concentration if slurry, kg/m?
solids concentration is slurry feed, kg/m?
solids concentration at top of column, kg/m?
column diameter, m

particle diameter, m

solids dispersion coefficient, m2/s

Froude number of gas phase, (Ug/(gD)i)
gravitational acceleration, m/s?

column length, m

solids Peclet number, (UgD/Eg)

Re&nolds number of gas phase, (Ug D DL/UL)
Reynolds number of partiecle, (Uy dp pr/ur)
actual linear velocity, m/s

superficial velocity, m/s

hindered settling velocity, m/s

terminal particle velocity, m/s

dimensionless axial position from bottom of column, (z/L)

axial position from bottom of column, m

Greek Symbols

€g
pL
Ps
¥

ML

gas holdup

liquid density, kg/m?

solids density, kg/m?

average fraction of liquid in slurry

liquid viscosity, kg/m-s



A ey Ll

iz

ith particle size or density fraction

Superscripts

i =

-4 = gas phase
sL = slurry phase

10
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Symbol Particle Density
A ———@® 2420 kg/m3
——8 2990 kg/m3
—-—8 3990 kq/m3

gg = 0.09 m/s
UsL = 0.02 m/s
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X

Figure 2- Effect of particle density on axial
solids concentration distribution.
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350 UsL = 0.007 m/s ]
\\ pp =2420kg/m3
300~ = ~
.\ |
\
s =
< \
2 200} \ —
- \
N 150 \ .
\
| AN
50 = \\ -
\\
-
1 ! | L=
0] 02 04 06 0.8 1.0
X

Figure 3- Effect of particle diameter
on axial solids concentration
distribution.
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500 X T T ]
\ Symbol Gas Velocity
*\ ———@ 0.034m/s
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Figure 4 - Effect of gos velocity on axial sclids
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Figure 5-Axial solids concentration distribution
for polydispersed solids system.
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