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The focus of this work is the experimental determination of cloud height (the height to which
solids are suspended) in an agitated slurry as a function of the agitation intensity, solid physical
properties, impeller type (pitched-blade or high efficiency), and system geometry. Cloud height
is not strongly dependent on impeller type or solid physical properties, except for extremely
rapidly-settling particles. However, it is dependent on the impeller diameter to tank diameter
ratio (D/T), impeller off-bottom clearance to tank diameter ratio (C/T), and solids loading. The
use of multiple impellers allows solids to be suspended to higher levels in tall batches. An
intermediate impeller separation leads to optimal performance in terms of the power require-
ment to achieve a desired cloud height. Lower impeller separations do not yield significant
performance improvements over a single impeller, while higher impeller separations lead to
poor performance caused by “zoning” between the impellers.
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INTRODUCTION AND MOTIVATION

Because of its design importance, the vast majority of studies of liquid-solid
agitation have focused on the just-suspended condition. However, for indus-
trial agitator installations there is a need to understand the complete range of
suspension levels. For instance, many storage tank applications require only
that all of the solids remain in motion, not that they be suspended. Thus, to
lower captial and operating costs, storage tanks are often designed at levels of
agitation below the just-suspended condition. Conversely, applications such
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as catalytic reactors and overflow feed to centrifuges require that the solids
be dispersed throughout the entire liquid volume.

Two important design parameters that are not often studied are the fillet
volume and cloud height. These parameters characterize the amount of
solid that remains unsuspended on the vessel base and the height to which
the particles are suspended in the slurry, respectively. Together they repre-
sent a qualitative measure of suspension performance.

A more quantitative measure of suspension performance is the detailed
distribution of solids throughout the system. Most phenomenological ap-
proaches to modeling the solids distribution in agitated slurries rely on the
sedimentation-dispersion model, typically applied in a simplified, one-di-
mensional (axial) form. Both deterministic (Barresi and Baldi, 1987) and
probabilistic (Kudrna et al., 1980) formulations of this model have been
used. However, the sedimentation-dispersion model has had only limited
success and has not achieved widespread acceptance.

As computational power has increased, modeling of agitated slurries has
been more closely linked to the system hydrodynamics. Recently, the network
of zones model has been extended to liquid—solid systems (McKee et al., 1994).
Accurate modeling of concentration profiles in agitated slurries has been found
to require detailed, three-dimensional models (Myers et al, 1995). Although
these computational models are promising, their very long current solution
times make their use impractical for all but the most critical applications.

Lacking the detailed information of the complete solids distribution in an
agitated slurry presents challenges for the design engineer. However, this
detailed information is not always required for design, and cloud height
often provides the necessary information for design purposes (Corpstein
et al., 1994). Previous work in this area has typically resulted in rules of
thumb such as those presented by Shaw (1992) that state that the speed
required for on-bottom solids motion is 0.69 times the just-suspended speed
while the speed required for uniform solids dispersion is 1.46 times the
just-suspended speed. This work focuses on a more quantitative characteriz-
ation of the cloud height in liquid—solid agitation, including its dependence
on solid physical properties, system geometry, and operating conditions.

EXPERIMENTAL APPARATUS AND PROCEDURE

The experimental apparatus consisted of a 0.289 m diameter, cylindrical,
flat-bottomed tank, and either pitched-blade turbines or high-efficiency
impellers, the primary impeller styles currently used for solids suspension
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applications. The specific impellers studied were four-bladed, 45° pitched-
blade turbines (referred to as P-4) or Chemineer high-efficiency impellers
(HE-3). The HE-3 impellers were of standard design while the P-4 impellers
had blade widths equal to twenty percent of the impeller diameter
(W/D = 0.20). v

The primary solid studied was an acrylic plastic. Its physical characteris-
tics and those of the other solids studied are summarized in Table I. These
materials were studied because they cover the spectrum of physical proper-
ties encountered industrially. For all but one experiment the solid was
suspended in water. To study an extremely slowly settling material, the
acrylic plastic was studied in salt water. The solids loading was usually 10
mass present (solids mass/slurry mass =0.10).

The typical experimental system geometry was as follows. The impeller
off-bottom clearance of the lowest impeller or of a single impeller was
twenty-five percent of the tank diameter (C/T =0.25), the impeller diameter
to tank diameter ratio was thirty-five percent (D/T=0.35), and the liquid
level to tank diameter ratio was equal to unity (Z/T=1). This system ge-
ometry was constant for all experiments except when it was desired to
determine the effect that a specific geometric parameter had on the suspen-
sion performance. For these experiments, the new system geometry will be
specified as needed.

For the dual-impeller experiments the liquid level to tank diameter ratio
(Z/T) was 1.75 to accommodate large impeller separations. The solids load-
ing was held at ten mass percent based upon a square batch geometry
(Z/T=1; meaning that the mass of solids in the dual-impeller experiments
was the same as in the single-impeller experiments). These experiments were
performed with both HE-3 and P-4 impellers, with impeller diameter to

TABLEI Solid Physical Properties

Material Shape Size Density Settling Velocity
(um) (kg/m?) (m/s)

Acrylic Plastic  Rectangular 2950 1179 0.00467

in Salt Water*  Cylinders

Ton Exchange  Spheres 780 1053 0.0132

Resin

Acrylic Plastic ~ Rectangular 2950 1179 . 0.0767
Cylinders

Sand Granules 600 2590 0.0904

Coarse Sand Granules 1850 2590 0.178

*The density of the salt water was 1160 kg/m>. All other studies were performed in
water.



conditions (N/N; =0.80) roughly correspond to complete on-bottom
motion of the solids (i.e., all solids move periodically even though they are
not all suspended off the vessel base). This value of the relative speed is
somewhat higher than the 0.69 found by Shaw (1992) to provide on-bottom
solids motion. As the speed is further increased, the relative fillet volume
slowly falls to zero at just-suspended conditions (N/N ;s=1). This data indi-
cates that substantial torque and power savings can be achieved if operation
below just-suspended conditions is acceptable. At low relative agitation
speeds when very few solids are suspended, the relative cloud height (CH/Z)
is low. As the speed is increased and more solids are suspended, the relative
cloud height slowly increases until the solids reach the liquid surface
















































