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Abstract—The suspension of settling solids with gassed impellers has been studied taking into account the
influence of cavity formation behind the impeller blades in gassed systems. It is shown that the increase of
stirrer speed that is required to maintain complete suspension under gassed conditions correlates strongly
with the power drop that results from cavity formation. Many different impellers have been compared, both
at low and high solids concentrations. Downward pumping types can be used only at very low and stable
gassing rates. In most cases a disc turbine will operate satisfactorily at a bottom clearance of about 0.25
tank diameter especially when used in a vessel with a dished bottom. Although the ungassed stirrer speed
for complete suspension depends among other things on the particle concentration, the increase with
gassing rate is practically independent of the solid phase because the whole process is dominated by the
gas-liquid impeller hydrodynamics. Scale up correlations for the just-suspended power consumption are

given.

1. INTRODUCTION

Both gas dispersion and solids suspension in mixing
vessels are research areas that are still incomplete.
Nevertheless in recent years surveys have started on
three-phase (gas-liquid-solid) mixing. This field is far
from academic: Shah (1979) lists well over 100 in-
dustrial three-phase processes with continuous liquid
phase and dispersed gas and solid phases, ranging
from catalytic oxygenation and hydrogenation to
microbial coal desulfurization and immobilized fer-
mentation broths. The role of the particles may vary
from reactant or product to catalyst, biocatalyst or
support particle. Although attention is generally lim-
ited to settling suspensions, there have also been some
studies of gassed reactors with floating solids (Bakker
and Frijlink, 1989).

This paper considers the hydrodynamic problems
associated with the demands of simultaneous gas
dispersion and solids suspension with one single im-
peller. The formation of ventilated cavities behind the
impelier blades and the associated decrease of shaft
power and pumping capacity play a dominant role in
these systems and can lead to partial settling out of
the solids with both disc impellers and open (“inclined
blade”) impellers. As a consequence, increased impel-
ler speeds are required in order to maintain suspen-
sion in gassed systems. At very high gassing rates,
flooding can lead to complete loss of liquid pumping
and gas dispersion with consequent settling out of the
solids.

In this work the “just-suspended” criterion
(Zwietering, 1958) is used in both gassed and ungassed
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systems, and the associated stirrer speed is denoted
Nj,. Gassed and ungassed speeds are distinguished
with N, and Ny, respectively, where necessary. The
effect of particles on gas-liquid mass transfer in vari-
ous types of equipment will be published separately
by Frijlink and Smith (in preparation).

1.1. Previous work
Kiirten and Zehner (1979) compared some types of
suspension reactors, including a stirred vessel with a
single disc turbine (see Fig. 1). The power required to
maintain complete suspension increased with the
superficial gas velocity to the power 0.3. They suggest
that the gassed power drop of the impeller can explain
these results; however, their data apply mainly to high
gassing rates, far beyond the decreasing power range.
The authors drew straight lines in the original graphs.
In Fig. 1 modified curves are sketched through their
data points. The two regimes, not recognized by the
authors, are discussed in the following sections.
About 1978 extensive studies with single impeller
systems were started by Wiedmann (1982) and
Chapman (1981). Both workers covered a wide area.
Chapman (1981) and Chapman et al (1981,
1983a-c) compared a large number of impellers in
solid-liquid, gas-liquid and three-phase systems in
vessels of up to 1.8 m diameter. Using disc turbines
the increase of Nj, on gassing showed a propor-
tionality with the gas flow rate only and was found to
be independent of the solids type and concentration
for low gassing rates. They also found that downward
pumping impellers require the least energy at low gas
flow rates but exhibit unstable behaviour at high gas
flow rates. Therefore it is advantageous to use upward
pumping impellers at high gas flow rates because
these do not show this unstable behaviour.
Wiedmann concentrated on power characteristics,
gas hold-up and flooding in similar vessels (0.2 and
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Fig. 1. Data from Kiirten and Zehner (1979). The zone of gassed power drop is to the left, the zone with
large cavities to the right.
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Fig. 2. Vessel and impeller configurations.

0.45 m diameter) with propellers and disc impellers.
Neither author discussed the interaction between cav-
ity formation and suspension behaviour of the impel-
lers used.

Warmoeskerken et al. (1984a) showed that cavity
formation with disc turbines in suspensions does not
deviate from that in water, at least with less than 5
mass % of solids. Frijlink et al. (1984) discussed the
suspension of solids with aereated, downwards
pumping pitched blade turbines. They showed the
existence of a strong interaction between the gassed
impeller characteristics and the suspension per-
formance.

Greaves and Loh (1984) reported power measure-
ments in a 0.20m diameter vessel with a dished
bottom. A non-Newtonian behaviour was found at
high solids concentrations. Some of their results sug-
gested an increased size of the ventilated cavities
behind the stirrer blades under these circumstances.

Nienow et al. (1986) and Bujalski et al. (1988)
continued the previous work by Chapman. They gave
several design correlations for three-phase systems,

for upward pumping as well as for downward
pumping impellers. They also suggested an optimum
geometry and sparger design. All their experiments
were carried out in flat bottomed vessels only.

2. EXPERIMENTAL METHODS

2.1. Vessel geometries and instrumentation

The vessel geometries are drawn schematically in
Fig. 2. A 0.44 m vessel with a dished bottom was used
for most of these suspension experiments. Some com-
parative data were obtained in a 0.44 m vessel with a
flat bottom. The latter was also used in scale-up
studies because at larger scale only a flat bottomed
vessel (T'= 1.20 m) was available. Liquid height H
equalled tank diameter T throughout the work. The
width of the four baffles was 0.17 with a 0.01T
separation from the wall. Impeller bottom clearance
was varied over a wide range. With downwards _
pumping open turbines the separation S between ring
sparger and impeller was also varied.

In the two 0.44 m vessels torque was measured by
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D6CC Idem, with increased curvature of the
blades, R = D/10.

90°/6 Open turbine with six flat blades, radial
pumping.

60°| 6 (4) Open turbine, downwards mode with six
(four) flat blades.

45° 16 (4) Blade angle to the horizontal 60°, 45°,
30°, respectively.

60°16 (4) Idem, pumping upwards.

2.3. Materials used

In all experimental work reported here tap water
and air were used. The solid materials were glass
beads and sand, both with narrow size distributions
around 0.12 mm. Solid density was 2500 kg/m?.

2.4. Suspension criteria

Zwietering (1958) proposed that complete suspen-
sion is achieved if no particles remain motionless on
the vessel bottom for more than 1s. This situation
(stirrer speed N, just-suspended state and speed)
differs considerably from the state of homogeneous
suspension, except when the particles are very small
or of nearly neutral density. However, in most cases a
homogeneous suspension is not required and would
be very difficult to realize with rapidly settling par-
ticles. The accessibility of all of the surface area of the
solid phase and the elimination of the danger of hot
spots, etc. has made the just-suspended condition the
most useful parameter characterizing suspension
operations. It must be noted, however, that the ver-
tical concentration profile c(z) still depends on the
nature of the particles if the 1-s criterion is used.
Einenkel (1980), who frequently used a 90% bed
height criterion, found that relations for stirrer speed
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clearances in Fig. 4. A persistent spot of particles in
the centre of the bottom (with a dished bottom) or
behind the baffles (with a flat bottom) is often only
suspended after a redoubling of impeller speed, which
is not always possible in industrial equipment. The
interaction between clearance and impeller diameter
on the one hand and liquid circulation and suspension
performance on the other has already been discussed
by Nienow (1968) for flat bottomed vessels equipped
with a disc turbine.

The geometry problem is further illustrated by the
following comment made by Chapman et al. (1983c)
on work by Wiedmann et al. (1980): “their absolute
data values imply particle suspension was achieved at
speeds 50% lower than this work or that of
Zwietering or Nienow would predict and must there-
fore be regarded as slightly suspect”. It can easily be
shown, however, that the differences are associated
with the geometry. Chapman et al. used only flat
bottomed vessels that are known to be unfavourable
for solid suspension. Wiedmann et al. used dished
bottoms with the gas pipe to the ring sparger entering
in the centre of the bottom, just where a stagnant spot
of particles might occur. Bottom geometries like this
that eliminate the danger of solids build up are rel-
atively favourable: many vessels used for suspension
have some kind of cone in the centre of the bottom
(Bourne and Sharma, 1974). From this point of view
the difference cited above is by no way surprising.
Similar results were found in this study [see, for
example, Fig. 14(a) and (b)].

3. EFFECT OF SOLIDS ON GAS DISPERSION
PERFORMANCE
3.1. General approach
In a stirred multiphase system the hydrodynamic
condition of the impeller is of major importance. In a










































