Hydrodynamics of a Lamella Electrosettler

Using the principles of conservation of mass and momentum for each
phase, a theory is developed for describing quantitatively the sedimen-
tation of colloidal particles in vessels having electrodes that are
inclined to the vertical.

As a limiting case, a kinematic settling formula was derived that
describes the motion of settling fronts of colloidal alumina particles sus-
pended in tetralin as a function of angle of inclination and strength of
applied electric field in terms of electrophoretic mobilities. A hydrody-
namic computer model shows the flow patterns and settling behavior of
such tamella settlers with and without an applied electric field. The pre-
dicted motions of the settling fronts and the thicknesses of the clear
boundary layers above the upper wall of the inclined vessels globally
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agreed with the experimental observations.

Introduction

Lamella settlers are commonly used industrially for clarifica-
tion of aqueous and nonaqueous slurries (Forsell and Hedstrom,
1973). Acrivos and Herbolzheimer (1979) present a theory of
their operation from a hydrodynamic point of view. They
extended the work of Hill et al. (1977) by considering the limit,
in which the ratio of the sedimentation Grashof number to the
sedimentation Reynolds number becomes asymptotically large.
Herbolzheimer and Acrivos (1981) present analytical deriva-
tions of laminar profiles in inclined channels for both batch and
continuous settling.

Davis and Acrivos (1985) further extend this theory to opera-
tion at low Reynolds numbers, while Leung and Probstein
(1983) and Probstein et al. (1981) emphasize the design of more
efficient settlers.

However, lamella settlers cannot be used to remove particles
from colloidal suspensions. Such suspensions are formed in non-
aqueous liquids containing asphaltenes. These asphaltenes ad-
sorb on the fine particles present in various liquids of interest in
the production of synthetic fuels from coal, oil shale and tar
sands, as well as in some oil refining operations. Since the
asphaltenes carry a surface charge, a nearly stable colloidal sus-
pension is formed in the presence of a sufficiently high concen-
tration of asphaltenes. Although several approaches can be used
to separate these particles, we had previously shown (Lee et al,,
1979; Lo et al., 1983) that an effective means to remove such
particles is to apply a high-voltage electric field. Previously we
had used a cross-flow electrofilter. However, such a device is too
expensive to be used in the production of reasonably priced fuels
and does not produce a sufficiently concentrated slurry.

714 May 1989 Vol. 35,No. 5

A lamella settler, two of whose walls are turned into elec-
trodes, is a much less expensive device and can produce a
clarified liquid and a concentrated slurry when operated contin-
uously. In this paper we describe the operation and the hydrody-
namic theory of a batch lamella settler with an applied electric
field which we call a “lamella electrosettler.” This device was
tested with a tetralin slurry containing fine alumina particles
stabilized with a commercial surfactant, Aerosol OT. Such a
system is a model for removal of particles from coal liquids or
tar sand extracts, where the surfactant Aerosol OT replaces
asphaltenes. This similarity was recently shown in sedimenta-
tion tests in cylindrical columns with and without an applied
electric field in liquids containing high concentrations of asphal-
tenes (Shih et al., 1986; Shih, 1986).

The migration of charged particles through aqueous liquids
under the influence of an electric field is well known. Shirato et
al. (1979) studied the settling rates and consolidation mecha-
nisms of thickened Gairome clay slurries under the influence of
a direct electric field. Yukawa et al. (1979) studied an electroos-
motic dehydration process of aqueous calcium carbonate and
clay suspensions. Stotz (1977), Kuo and Osterle (1967), and
Kitahara et al. (1971) also investigated the movement and
charge density of particles in very dilute suspensions.

Work on the electrophoretic sedimentation of concentrated
nonaqueous systems is quite limited. Lee, Gidaspow and Wasan
(1979) conducted test-tube-type electrophoretic sedimentation
experiments to separate particles from a-alumina-xylene sus-
pensions. Matsumoto et al. (1981, 1982) experimentally and
theoretically studied the electrophoretic sedimentation of fine
positively charged oxidized aluminum and iron particles from
waste kerosene. Recently, Shih et al. (1987) conducted X-ray-
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equipped sedimentation column electrosettling experiments of
fine illite particles in toluene with various asphaltene concentra-
tions. This suspension was a model system for some commercial
tar sand extracts. They showed that electrosettling was a fea-
sible process for separating fine particles in such nonaqueous
media.

Lamella Electrosettling Experiments

Our lamella electrosettler is shown in Figure 1. It is made of
7-mm-thick plexiglas and is in a shape of a rectangular paralle-
piped. The settler is 60 cm long, has a width of 6 cm and a depth
of 8.5 cm. Two 1-mm-thick aluminum electrodes are connected
to a high-voltage power supply unit which can generate up to 25
kV of DC voltage and indicate the corresponding current. The
electrosettler was mounted on a fixed steel frame at desired
inclined angles.

Electrosettling experiments were conducted with a-alumina-
tetralin-aerosol OT (dioctyl sodium sulfosuccinate) suspensions.
The alumina particles were obtained from a vendor, Agsco Cor-
poration, with a size distribution from 1 to 22 pm. Sufficient
aerosol OT was added to the suspension to stabilize the system.
Based on the streaming potential measurements and Romm'’s
(1979) interpretation, Chowdiah et al. (1983) estimated the
zeta potential for this particular system to be +27.6 mV at 20
mmol/dm® aerosol OT concentration. The particles are posi-
tively charged. An average particle size of 15 um and a zeta
potential of +30 mV were used for modeling, which are repre-
sentative values for experiments done over a period of several
months. The precise particle size is unimportant, since the elec-
trophoretic mobility is not a strong function of particle size
{Mukherjee, 1987). Figure 2 shows typical data reported in
Mukherjee's PhD thesis on a liquid similar to tetralin.

Other related electrokinetic parameters, such as the double
layer thickness, dielectric constant, and the electrical conductiv-
ity of tetralin, were also given by Chowdiah et al. (1981). They
are summarized in Table 1 along with the system properties.
The initial particle concentration was 1% wt.

The suspension is perfectly stable and settling occurs only
when the electric field is applied, whereupon a top sharp inter-

HIGH VOLTAGE DC
POWER SUPPLY

Figure 1. Lamella electrosettler.
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Figure 2. Electrophoretic mobility of particles in xylene.

face between the suspension and the particle-free liquid forms
almost immediately. A clear visible boundary develops almost
instantaneously relative to the settling time beneath the down-
wards facing electrode, and reaches a steady-state thickness
very quickly. Typical photographs of the settling process are
shown in Figure 3. The height of the interface was visually
obtained as a function of time. The observed behavior was very
similar to that of settling of larger particles in a lamella settler
under the influence of gravity only, as described by Acrivos and
Herbholzheimer (1979). In the case of colloidal particies, how-
ever, the driving force is the electric field which is perpendicular
to the inclined electrodes. The electric force causes the forma-
tion of the thin boundary layer along the face of the top inclined
electrode. Gravity and circulation are responsible for the pres-
ence of the horizontal interface.

Experiments were done at various applied electric fields, 250
V/cm to 1,000 V/cm, and at various inclined angles, 40 to 70
degrees (Bouillard, 1986). Typical results are shown in Figure 4,
where the dimensionless height, H/H, is plotted against time. At
angles below 40°, no clear interface was observed. In general a
higher electric field strength increases the sedimentation rate.
For example, at an electric field of 250 V /cm and 50° angle, the
settling time was about one hour, whereas at 1,000 V/cm and
70° angle the settling time required only 6 minutes. The settling
velocity is shown in Figure 5. For all cases the recorded elec-
trical current requirements were in the range of milliamperes.
The power consumption is very small.

Electrokinetic Parameters and System Properties of
Alumina-Tetralin-Aerosol OT Suspension

Table 1.

Zeta Potential {=+30mV
Density of Tetralin pr=0.98 g/cm’
Viscosity of Tetralin B=2cp
Dielectric Constant of Tetralin €=27
Electrical Conductivity K=135%107% ——1—
ohmm
Mean Diameter of Particles d,=15um
Density of Particles p,=39g/cm?
Double Layer Thickness 1/k =12 um
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Figure 3. Alpha alumina particles (1 um) settling in a
lamella electrosettler after 1 mn (a), 4 mn (b),
and 13 mn (c) under 750 V/cm at an inclination
angle a = 50°.

Approximate settling formula

Acrivos and Herbolzheimer (1979) have discussed the kine-
matics of commercial-type lamella settlers which they call the
PNK theory, crediting Ponder, Nakamura and Kuroda (PNK)
for first deriving at an approximate settling formula. We apply
such a method to settling enhanced by the electric field. Follow-
ing Ponder’s idea (1925), we express the height of the interface
H(t) in terms of the electrophoretic velocity U, = Em - E, where
Em is the electrophoretic mobility and E is the strength of the
electric field equal to the voltage divided by the distance, and in
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Figure 4. Height of interface vs. time for the system of
Table 1 at an inclination angle a = 40° initial
height = 39.4 cm.

terms of the gravitational velocity U,. If we assume the motion
of the interface is governed by the motion of the particles at the
interface, the volume of clarified liquid produced per unit of
time is

d/dz_[ dV=f U, - ndS

V(e) S(1)

M

where u, is the slip velocity and is given by either U,or E,, - E. In
terms of the variables defined in Figure 6, the volume balance
given by Eq. 1 can be written as shown below.

+ %, - ndS =0
Ly

Noting that u, is identically zero at the walls, Eq. 2 integrated
over the top flat and thin electroboundary layer interfaces
gives:

b dH()
~ cos (a) dt

()

dH
e —(U, + sin () E,,E)
1 U, si + EE
(L G s BB
H, U,+sin(a)E E\b
where
— H
H=— H,=H att=90
H,

Observing the EE, /U, is of the order of 100, if « is not too
small, Eq. 3 reduces to a practical electrophoretic settling for-
mula given below.

H({) = — Tl;—sin () + (1 + Hisin (a)) exp(— E"‘bE’) 4)

The exponential dependence of H on ¢ is experimentally
observed. See Figure 4. From experimental data, the unknown
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Figure 6. Definition of the variables.

E,, was evaluated for different electric fields by a least square
technique, and Eq. 4 was plotted in Figure 4. Figure 7 shows
that our electrophoretic mobility compares well with that mea-
sured by Lee et al. (1979) at low electric fields using a Zeta
meter. Figure 7 shows that the electrophoretic mobility is an
increasing function of the electric field strength E. Stotz (1977)
found that for a system of polystyrene particles dispersed in
water with a chromium anthranilate type of additive his electro-
phoretic mobility increased with the electric field strength as
shown in Figure 7. He further explained that particles, at a high
electric field, separate from their double layer and therefore
exhibit a higher electrophoretic mobility Em at higher electric
field strengths. Hence, the electrophoretic mobility obtained
from curve fitting the experimental data gives reasonable val-
ues. Furthermore, the kinematic description of the lamella elec-
trosettler can be given by the simple settling formula analogous
to the PNK theory.

A Hydrodynamic Model for Lamella Settling
and Electrosettling

Hydrodynamic models of sedimentation use the principles of
conservation of mass and momentum for each phase. Kos
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Figure 7. Electrophoretic mobility vs. electric field
strength for the system of Table 1.

(1978), Dixon (1980), and Tiller (1981) used general multi-
phase flow theory to formulate their equations for batch settling.
Gidaspow (1986) has recently reviewed such models as they
apply to fluidization.

The model developed here for lamella settling or lamella elec-
trosettling is essentially an extension of the K-FIX algorithm
(Rivard and Torrey, 1977) developed for gas-liquid flow. The
K-FIX computer code was written in a modular form and has
been demonstrated to be adaptable to a variety of multiphase
problems (Ettehadieh, 1982; Syamlal, 1985). Syamlal (1985)
has developed a manual for its use. The K-FIX algorithm was
modified to simulate incompressible systems with an externally
applied electric force (Shih, 1986).

Governing equations

The lamella settling system considered in this study consists
of one incompressible fluid and one particulate phase. Solid par-
ticles are assumed to be uniform in size, density, and surface
charge. The model can be extended to include N particular
phases and granular stresses which have been neglected. The set
of governing equations for the lamella settler or the electro-
settler is given below.

Continuity Equations

Solid:

a
8_ (pses) + V. (e:psvs) =0 (5)
t
Fluid:
d
o (ore)) + v - (gpvr) = 0 (6)

Momentum Equations
Solid:

0
é—t (p:e.rv:) + V. (espsv.vvs) = ‘GJVP + &L + Gsvef

+ Bsf(vf - vs) + Vo e, VU + qu (7)
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Fluid:

d
;9—[ (pfefvf) + V. (Gfpfvaf) = -G}—VP + P8

+ Bﬁ.(v_\. — Uf) + V. éfﬂfvvj (8)
where

¢ = volume fraction
p = density
v = velocity vector
P = pressure
g, = surface charge of the particles per unit volume
E = strength of the electric field obtained from Maxwell’s
field equations with an electroneutrality approxima-
tion
G, = elastic modulus for solid phase arising from a force
that resists compression
B, B, = drag coefficient to represent the force exerted by the
fluid on the particulate solids
The inclined settler is considered to be a two-dimensional system
where both the gravitational force g and electrical force E are
vector quantities.

Drag law: fluid-particle interaction

There are many correlations in the literature for sedimenta-
tion or fluidization velocities of solid-fluid suspensions. For uni-
form-sized particles, equations suggested by Garside and Al-
Dibouni (1977), Barnea and Mizrahi (1973), Wen and Yu
(1966), and Richardson and Zaki (1954) were most commonly
referenced. In Gidaspow’s (1986) review of hydrodynamic mod-
eling of multiphase systems, a fluid-particle correlation was
derived from the Ergun equation and Wen and Yu’s (1966) for-
mula. This drag relation has been applied in many single- and
multiparticulate flowing systems (Gidaspow, 1986). This local
drag coefficient was adopted also in the modeling of lamella
settlers as follows:

150(1 — epespes 1‘75pf|vff v, e,

B,=B,- RS @) 0.2=¢=08
%C,)fflv—f(dlzj—)lﬂf(e,) 08<¢=1.0 )
where
fle) = 6]2'65, (10)
Cps = ;: (1 + 0.15Re>®")  Re, < 1,000
= 0.44, Re,= 1,000 (an
and

_ dplvf — Us|pfef
By

Re, (12)

Solid compressive stress

In a general formulation, the solid momentum equations
would contain solids stress terms that are a function of porosity,
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pressure and the displacement tensors of solids velocities, gas
velocity, and relative velocities. Such a general formulation with
proper values of material constants does not exist today (Gidas-
pow, 1986). From the granular flow theory, only the normal
component of the solids stress is retained in this study to prevent
the particies from reaching impossibly low values of the void
fraction and to provide forces for compression in the sludges. As
discussed by Gidaspow and Ettehadieh (1983), such a term is
also necessary to make the characteristics real and thereby to
make the problem well posed as an initial value problem. Kos
(1978) and Shirato et al. (1970) also obtained an empirical rela-
tion for the solid stress as a function of solids concentration to
use in their models of gravity thickening of sludges.

The solid compressive stress term considered in this model is
written in the following form with a stress modulus, G, (e/).

G, () Ve, (13)

where G, (¢ is the modulus of elasticity. This equation guaran-
tees the correct direction of solid flows, i.e., in the direction of
decreasing solids volume fraction. Shih (1986) obtained this
stress modulus by measuring the solid concentration profiles in a
sedimentation column at a steady state for a system similar to
the one used here. This was done by observing that when there is
no motion the solids stress is balanced by buoyancy in the sludge
region. (Gidaspow, 1986). The following expression was used
for numerical computations.
Gs(é) _ 710—10,5&9‘0 N/mz (14)
For the settling of dilute suspensions, this formula gives negli-
gible solid stresses near the clear interface.

Surface charge of particles

To model the lamella electrosettler, we need to know the sur-
face charges of particles. The electric force acting on a particle
in an electrostatic field is the product of its charge and the
strength of the electric field applied, i.e., g, E where g, is the par-
ticle surface charge per unit volume of mixture, and E is the
externally applied DC field strength (V/cm) which is an experi-
mentally measured value.

Approximate analytical expressions of surface charge density
and double-layer potential distributions for a spherical fine par-
ticle can be derived by solving the Poisson-Boltzmann equation
(Overbeek, 1950; Loeb et al., 1961; Stiger, 1972; Bentz, 1981;
Oshima et al., 1982). The Overbeek’s (1950) model was adopted
in this study due to its simplicity.

His formula for the surface charge of a particle is

q, = dmaee,f(1 + ka,). (15)

Therefore,

3 & (16)

(No. of Particles) Jee, £ (1 + xa,)
q, = p =
ap

Unit Volume

For the Alumina-Tetralin-Aerosol OT suspension, the elec-
trokinetic parameters used to describe the surface charge of the
particles are listed in Table 1 of the experimental section.
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Initial and boundary conditions

A natural initial condition for the lamella settler is that of
fully dispersed state. In such a state, the concentration is uni-
form, and the solid and fluid velocities are zero. For a colloidal
suspension, this is exactly true until the electrid field is turned
on. The boundary conditions are as given below.

BC.1: aty=0; V,=V,=0 (17a)
B.C.2: aty=L; P =atmospheric. (17b)
B.C.3: atx=0; U, =U;=0. (17¢)
B.C. 4 atx=b;, U =U=0. (17d)

where L, represents the height of the interface between the sus-
pension and air, and b is the width of the lamella settler. The
boundary conditions indicate that no solids or fluid flow through
the settler boundaries and that the settler is open to the atmo-
sphere.

Numerical scheme

Governing Eqgs. 5 through 8 along with the constitutive equa-
tions shown above are solved for v, U, €, €&, and P using the ICE
method (Shih, 1986) The computations were carried out using a
mesh of finite difference cells fixed in a two-dimensional space
(Eulerian Mesh). The scalar variables are located at the cell
center and the vector variables at the cell boundaries.

The continuity equation is differenced fully implicitly, and
the flux terms in continuity and momentum equations are full
donor-cell-differenced. The donor cell differencing helps to pre-
vent a cell from getting drained completely giving negative vol-
ume fractions and also aids in computational stability. The
momentum equations are differenced over a staggered mesh of
computational cells.

Several modifications were made in this study to the numer-
ical algorithm to simulate the lamella settler with or without an
applied electric field. The fluid phase was modified as incom-
pressible, the extra electrical force was included, and the gravi-
tational force was also modified to include the effect of inclined
angle of the lamella settler. The pressure and the drag terms
remained implicitly differenced; however, the solids stress term
was modified to be finite-differenced explicitly to save computa-
tional time. Implicitly finite differencing the solids stress term
results in more inner loop iterations to meet the convergence cri-
terion. The finite difference equations are solved by a combina-
tion of point relaxation, Newton’s and Secant iteration method
for each computational cell, then by a sweep over the entire
settler.

Numerical simulations

Computations for lamella settlers using the numerical algo-
rithm presented in the previous section were carried out for two
different systems: for the usual lamella settler which uses grav-
ity as driving force and for the lamella electrosettler which also
uses the electrical force. Solid and fluid viscous dissipation
terms, vV - €u, Vo, and V - ¢u Vv, were assumed negligible in
all the computations reported here, except for case 2 in Figure
8.

Preliminary measurements with a Weissenberg rheogoniom-
eter indicate that the linear model involving the viscosity of the
solid is not an unreasonable approximation of how a solids stress
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Figure 8. Comparison of computed heights of interfaces
in lamella settler.

changes with the gradient of the solids velocity in the shear rate
range of 1.5 to 200 s™', despite the fact that a purely granular
flow model for the solids viscosity calls for a square dependence
on velocity gradient (Savage and Jeffrey, 1981). The measured
viscosity for the mixture was of the order of 25% higher than the
viscosity of tetralin. In view of the incompleteness of informa-
tion obtained so far, effects associated with the sliding of the
sludge along the electrodes are not considered here.

Lamella Settler Simulation

One of the typical enhanced settling experiments with lamella
settlers is Acrivos and Herbolzheimer’s (1979) study. Their
settler has a parallel-plate geometry. The length of the plate was
75 cm, and the spacing between the plates was 5 cm. The sus-
pending medium consisted of a mixture of Union Carbide
UCON oils and Monsanto HB40 hydrogenated terphenyl oil
which gave a Newtonian fluid with density of 0.992 g/mL and a
viscosity of 0.677 poises at the nominal temperature of the
experiments. The particles were close-sized spherical glass
beads with a mean diameter 137 um and a density of 2.42 g/
mL.

The particular experimental condition chosen for numerical
simulation of this study is for an initial height, of 40 cm, initial
solids concentration of 0.10, and for the inclined angle of 50
degrees. The lamella settler was finite differenced into 393 com-
putational cells. Each cell is 0.833 cm by 1 cm. Simulations were
carried out for 1,500 seconds with a time increment of 0.05 sec-
onds. Computations were conducted on supercomputer, CRAY-
1. Typical results of simulation are presented below. Shih
(1986) gives more detailed comparisons of simulations and
experiments.

Concentrations and velocities

The computed solid volume fractions were converted into a
series of density plots. The number of biack dots is proportional
to the volume fraction of solids. Figure 9 shows the concentra-
tions of glass beads at various settling times. Initially, the par-
ticles are uniformly dispersed in the settler. At 100 seconds of
settling time, the particles are distributed in several regions.
Near the top of the suspension, a region of particle-free fluid has
formed. A thin particle-free fluid layer beneath the downward-
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Time = 0 Sec. Time = 200 Sec.

Time = 100 Sec.

Time = 1000 Sec.

Time == 700 Sec.

Time = 500 Sec.

Figure 9. Concentrations of glass beads in a lamella
settler at various settling times.

facing surface can also be seen. The concentrated sediment
moves toward the bottom and has also formed in a thin layer
above the upward-facing plate. Figure 10 shows the motion of
the particles at two times. The arrows at the top of the lamella
settler show the velocities of the tracer particles left above the
interface. Fluid velocities have a similar pattern.

Time == 500 Sec.

Time == 200 Sec.

Figure 10. Solid velocity profiles in a lamella settier at
various settling times.
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Heights of interfaces

Figure 8 shows a comparison of computations to the data of
Acrivos and Herbolzheimer (1979). The height of the interface
in the simulations was taken to be the initial particle concentra-
tion given by the 10% contours. Although all the results reported
here are for the inviscid settling, Figure 8 shows the effect of
including reasonable estimates of viscosity in the simulations.
Although velocities at the wall surfaces are modified by viscosi-
ties of the liquid and granular solids sliding down the inclined
wall, Figure 8 demonstrates that the rate of settling is not mark-
edly affected.

Electrosettler simulation

Numerical computations for lamella electrosettling were
made for two different experiments presented in the previous
section for colloidal alumina particles stabilized with Aerosol
OT settling in tetralin. The conditions used for the first com-
puter run are as follows: initial height, A, = 19.1 cm; initial sol-
ids concentration, ¢, = 0.0025, equivalent to 1 wt. % of solids;
inclined angle, «, = 60 degrees; and electric field strength = 750
V/cm. The second run was made with an initial height of 26.8
cm, with an inclined angle of 50 degrees with an electric field
strength of 500 V/cm, and with the same initial solid concentra-
tion as the first case.

The lamella electrosettler was finite-differenced into 335
computational cells as shown in Figure 11. Each cell is 0.6 cm by
1 ¢cm. Simulations were carried out for 5 minutes with a time
increment of 0.001 second. Computations were conducted on
supercomputers, CRAY-1 and CRAY 2.

Concentrations and velocities

The computed solid volume fractions were again converted
into series of density and contour plots. Figure 12 shows the con-
centrations of alumina particles at various settling times for an
angle of 50° and an electric field of 500 V/cm. Figure 13 shows
the solid concentration contours at angle of 60° and for an elec-
tric field of 750 V/cm at various settling times. Initially, the
particles are uniformly dispersed in the settler. During the pro-

Figure 11. Computational cells in a lamella electroset-
tler.

AIChE Journal



Time == 0 Mign. Time == 1 Min, Time wa 3 Min.

Time = 5 Min.

Time = 3 Min. Time == 4 Min.

Figure 12. Solid volume fractions in a lamella electro-
settier at various times: @ = 50° and E < 500
V/cm,

cess of electrosettling, several regions can be seen in the settler.
They are a particle-free fluid region near the top of settler, a thin
particle-free fluid layer beneath the downward-facing surface,
concentrated sediments near the bottom and suspensions with
varying solids concentrations. The contour plots clearly show the
thin boundary layer and indicate that there is a variation of solid
concentrations in the suspension and sediments. Although there
were no experimentally measured concentration profiles to ver-
ify the variations, our pictures of electrosettling did show the
diluteness near the top of the suspension. In the sediment layer,
we used our X-ray technique to measure concentration profiles
(Shih, 1986). Convective solids circulations in the settler and
crude discretization in numerical computations required by ne-
cessity of reasonable computer time may both contribute to this
phenomenon.

Solid and fluid flow patterns for the lamella electrosettler
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Figure 14. Horizontal component of solid velocities
across a lamella electrosettler at different
operating conditions.

were similar to those already shown for the lamella settler.
There was a somewhat greater circulation in the core of the elec-
trosettler (Shih, 1986). Typical components of the solid veloci-
ties at the locations indicated in Figure 11 are shown in Figures
14 and 15. Both the fluid and the solid velocities are upward
near the positive electrode and downward near the negative elec-
trode, caused by the sliding of the solids along the bottom elec-
trode. The velocities in the center of the cell are small compared
with those at the faces of the electrodes.

Heights of interfaces

From the solid concentration profiles, the heights of “particle-
free” interfaces were plotted in Figures 16 and 17 to compare
with the experimental observations. The computed interfaces
were represented by 0.08% contours. Reasonable agreement was
obtained for both runs. At the initial stage of settling, the model
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Figure 13. Solid concentration contours in a lamella elec- Figure 15. Vertical component of solid velocities across
trosettler at various times: « = 60°, E = 750V / a lamella electrosettler at different operating
cm. conditions.
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Figure 16. Settling curves of an alumina-tetralin-AOT sys-

tem: theory vs. experiment, « = 60° and £ =
750 V/cm.

predicted slower settling rates and at the later stage, the com-
puted settling rate was slightly higher.

Boundary layer thickness

The thickness of the clear fluid layer beneath the downward-
facing plate observed in experiments, for 50° inclination and 500
V/cm, was compared with the 0.05% and 0.1% contours com-
puted by the model for lamella electrosettling. Figure 3 was
eniarged to measure the particle-free boundary layer thickness.
At half of the vertical height, the measured thickness was about
0.11 cm. There were no significant variations at various settling
times. The computed distances from the surface of the down-
ward-facing plate to the interfaces of the 0.05% and 0.1% con-
tours at half-height of the suspension were 0.12 cmand 0.19 cm,
respectively. Similar to the analysis for lamella settling, these
distances were obtained by interpolation to the nearest compu-
tational cell. The boundary layer thickness observed in experi-
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Figure 17. Settling curves of an alumina-tetralin-AOT sys-
tem: theory vs. experiment, « ~ 50° and F -
500V/cm.
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ments was approximately the calculated distance between the
downward-facing plate and the 0.5% contour.

Asymptotic Electroboundary Layer

The stretched variable asymptotic technique of Acrivos and
Herbolzheimer (1979) was applied to the case of electrosettling
for obtaining the particle free layer below the top electrode. The
same assumptions were made. The major difference is in the
boundary condition two, BC-2 in Table 2. This boundary condi-
tion replaces the boundary condition given by Eqs. 3 and 4b of
Acrivos and Herbolzheimer (1979). Bouillard (1986) shows

Table 2. Hydrodynamic Model for Boundary Layer Analysis

Continuity Equation
i o
é_li + = - 0
ax oy

Momentum Equation

dit Sp Pr P 7]
R— = -~ VP - Al—————|g + Vi
ai (ca(p, - pf))g
Reduced Momentum Equations

K] 1 9P % _ab
s LTV PRA St
FrE R T (“a;;+ ”ap)
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aP
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X

Boundary Conditions

BC-1 i=9=0 at X=0

3% _8b U,sine + EE <
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a ap Y,
D -
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%
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that the electroboundary layer thickness becomes:

3 =( 3 (U,, sin (@) + EmE) x)l/s .

cos (a) U, + ELE

After dropping the gravitational velocity u, terms compared
with the electrophoretic velocity EmE, 8 can be written as fol-
lows:

3E,E 1/3
= (—————”——) e (19)
¢, cos alp, — pg

We found a good agreement with the predicted electroboundary
layer thickness of 1.2 mm at 500 V/cm and the experimental
thickness of 1.1 mm. For very high electric field strengths, the
assumptions made in the asymptotic solution may not apply any
longer (Bouillard, 1986).

Conclusions

o A new and useful device for separating colloidal particles
suspended in nonaqueous media was developed and illustrated
with a system that is a model for separating particles from coal-
liquefaction slurries.

e A kinematic-type settling formula was developed for this
device, called the lamella electrosettler, which predicts settling
rates in terms of an electrophoretic mobility of the colloidal par-
ticles.

e A computer hydrodynamic model was developed for a
lamella settler which predicts settling behavior and flow pat-
terns. The input into the model involves only the standard drag
law relations for spherical particles and flow in porous media
and powder stress moduli in the sludge regions of the settler.

o The hydrodynamic computer model was shown to describe
the flow and settling behavior in the lamella electrosettler. The
additional input into the model involves the electrophoretic
mobility of the particles in the nonaqueous medium or their zeta
potentials which much be measured separately.
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Notation

a, = solid particle radius
B = local mean drag coefficient
b = space between inclined plates
Cp = drag coefficient
¢ = initial volume fraction of solids
d, ~ solid particle diameter
E = externally applied electric field strength
E,, = electrophoretic mobility
f = function defined by Eq. 10
G, = solids compressive stress modulus
G = sedimentation Grashof number
g = gravitational acceleration
H (1) = height of the clear interface
_ H, = initial interface height
H = (H/H,) = interface height
K = liquid electric conductivity, mho/m
n = outward drawn normal
P = system Pressure

AIChE Journal

D = pressure
g, = surface charge of a particle
4, = surface charge per unit volume of mixture
R = sedimentation Reynolds number
R, = Reynolds number
S = surface
t = time
U, = velocity component of solid in the x direction
Uy = velocity component of fluid in the x direction
U, = electrophoretic velocity
U, = gravitational velocity
u, = slip velocity
V = volume
V; = velocity component of fluid in the y direction
¥V, = velocity component of solid in the y direction
v = phase velocity
v, = settling velocity at zero degree inclined angle
x = lateral coordinate
y = vertical coordinate

Greek letters

a = inclined angle
& = boundary layer thickness
¢ = volume fraction
i = viscosity
¢ = shape factor of solids
p = density
A = G/R = ratio of sedimentation Gr to sedimentation Re num-
bers
{ = zeta potential
¢ = dielectric constant of the liquid
€, = permittivity of vacuum
x = inverse of double layer thickness

Subscripts

f = fluid phase
o = initial status
s = solid phase, unless indicated othcrwise
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