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Flow patterns in agitated vessels are influenced by geometry, particularly impeller diameter and impeller off-bottom
clearance. Large impellers and/or high off-bottom clearances lead to reversed flow in which the flow at the base of the
vessel is radially-inward as opposed to radially-outward as expected with axial-flow impellers. Reversed flow is detri-
mental in solids suspension agitation because inordinately high torque and power are required to achieve suspension.
This work experimentally characterizes the effect of flow reversal on solids suspension performance, including guide-
lines for avoiding flow reversal with straight-blade turbines, pitched-blade turbines, and high-efficiency impellers.

Les profils d’écoulement dans les réservoirs agités sont influencés par la géométrie, en particulier par le diamétre de
la turbine et le dégagement par rapport au fond de Ia cuve. Les turbines de grandes dimensions et ayant un dégagement
important induisent un écoulement inverse dans lequel ’écoulement & la base du réservoir est centripéte, contrairement
a I’écoulement centrifuges rencontrés avec les turbines & écoulement axial. L’écoulement inverse n’est pas souhaitable
dans I’agitation de suspensions de solides car il faut un couple et une puissance démesurés pour obtenir la mise en sus-
pension. Ce travail expérimental décrit I’effet de Iinversion d’écoulement sur la performance des suspensions de solides
et donne des indications pouv éviter I’inversion d’écoulement avec les turbines & pales droites, les turbines  pales

inclinées et les turbines a haute efficacité.
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t has become apparent that flow patterns in agitated ves-

sels are not invariant; rather, they are time-dependent and
are influenced by Reynolds number (Wang et al., 1995) and
geometry. Knowledge of the effect of flow pattern varia-
tions can be critical to the success of agitator designs. This
paper details the influence of geometric parameters, includ-
ing impeller type, size, and off-bottom clearance, on flow
patterns and agitator performance in turbulent solids sus-
pension applications. These specific solids suspension results
indicate the importance of understanding flow pattern
effects in this particular application and point to the need to
develop a better general understanding of flow pattern
effects in agitated systems.

Background

Solids suspension is typically achieved with axial-flow
impellers whose discharge flow is directed at the base of the
vessel. As the discharge flow impinges on the vessel base,
it is redirected in the outward radial direction which leads to
suspension of the solid particles at the periphery of the vessel.
However, it has been found that if an axial-flow impeller is
sufficiently far from the vessel base, its discharge flow will
impinge on the vessel wall rather than the base (Jaworski
et al., 1991). This leads to two flow loops in the vessel. The
primary flow loop heads up the wall, then returns to the
impeller at or above the impeller plane. The secondary flow
loop is characterized by low-velocity, radially-inward flow at
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the base of the vessel which returns to the impeller via upflow
at the center of the vessel. This flow pattern, which will be
referred to as reversed flow, is not well-suited to the suspen-
sion of solids because of the high torque and power levels
required to achieve acceptable performance. Bakker et al.
(1994) have recently demonstrated that computational fluid
mixing models do predict flow reversal in agitated vessels.
Figure 1 illustrates the change in flow pattern as impeller
off-bottom clearance is increased. These time-averaged tur-
bulent velocity fields were obtained using digital particle
image velocimetry (DPIV) (Ward, 1995). The data were
taken with a 0.10 m diameter P-4 (pitched-blade) impeller in
a 0.29 m (D/T = 0.34) diameter flat-bottomed vessel at off-
bottom clearances equal to thirty-three and forty-six percent
of the vessel diameter (C/T = 0.33 and 0.46). As shown in
Figure 1, at the lower clearance (C/T = 0.33) the typical
axial-flow pattern with some upflow directly below the
impeller is observed. When the impeller off-bottom clear-
ance is increased (C/T = 0.46), reverse flow occurs and the
velocities at the base of the vessel are dramatically reduced
(to illustrate the direction of flow, the vector arrowheads are
of uniform size in Figure 1, and the length of the vectors
reflect the velocity magnitude). It is this reduction in veloc-
ity that makes reverse flow undesirable for solids suspen-
sion agitation. The flow fields of Figure 1 are slightly
asymmetric because the plane of study is displaced approxi-
mately 0.01 m from the centerline of the vessel. This is nec-
essary so the agitator shaft will not interfere with the laser
light sheet used in the DPIV technique. The details of the
DPIV technique will not be discussed here, but are treated in
detail by Ward (1995) and Willert and Gharib (1991).
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for pitched-blade turbines operating in flat-bottomed vessels
(C/T = 0.37 in dished-bottomed vessels). He found that this
transition was independent of the impeller diameter for the
range considered (D/T < 0.35). Other investigations that
have noted the importance of flow pattern on solids suspen-
sion performance include those of Nienow and Miles
(1978), Conti et al. (1981), and Tiljander and Theliander
(1993). :

For successful design, it is important to realize that the
transition from the anticipated axial-flow pattern to reversed
flow with radially-inward flow at the base of the vessel is
influenced by both the impeller size (expressed as D/T) and
off-bottom clearance (expressed as C/T). Knowledge of this
flow transition can be critical as designers are encouraged to
reduce solids suspension power requirements through the use
of larger impeller diameter to tank diameter ratios (Oldshue,
1969; Obot, 1993; Shaw, 1992). Large diameter impellers are
also becoming increasingly necessary to provide the required
torque and power to achieve suspension with increased solids
loadings (slurries with higher solids content).

As impeller diameter is increased, leading to a corre-
sponding increase in impeller mass, the critical speed of the
agitator is decreased. To overcome critical speed limita-
tions, it is often necessary to shorten the shaft which leads to
higher impeller off-bottom clearance. As will be shown in
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enced by air entrainment. Hicks et al. (1993) have demon-
strated that liquid level does not affect the just-suspended
speed when the solids mass is constant. Further, there were
no indications that the tall batch used in these experiments
influenced the flow patterns in the vessel, and power num-
bers measured in the tall batch were essentially identical to
those measured with square-batch geometry (Z/T = 1).

The vessel was made of clear acrylic and an angled mir-
ror was used to view the bottom of the vessel. All impeller
types were studied at diameters ranging from 0.089 to
0.20 m (3.5 to 8.0 in). This corresponds to impeller diame-
ter to tank diameter ratios of 0.26 < D/T < 0.60. Power
numbers of some impellers (specifically D/T = 0.41) were
measured using a calibrated strain gauge reaction torque
sensor which yields power numbers with less than five per-
cent error. A hand-held tachometer was used to measure
just-suspended speeds and a zero-velocity magnetic pick-up
was used to measure impeller speeds during power measure-
ment. Both of the instruments were capable of determining
the impeller speed with less than one percent error.

Three impeller types commonly used for solids suspen-
sion were investigated (all impellers were supplied by
Chemineer, Inc., Dayton, OH). These were Chemineer’s
high-efficiency HE-3 impeller, a pitched-blade turbine (des-
ignated as P-4), and a straight-blade turbine (designated as
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