Power Characteristics and Cavity Formation in Aerated Agitations

Among much of the experimental works concerning aerated
agitation operation, so called ““cavity concept” proposed by Bruijn
et al. (1974) and Van't Riet et al. (1973, 1976) presents a way to
analyze the nature of the gas dispersion around the impeller blade.
The concept is quite relevant in view of the momentum transfer
from impeller to fluid which was solved experimentally for sin-
gle-phase agitation (Nagase et al., 1974, 1977).

The purpose of this paper is to confirm and to give reasonable
prediction of the cavity structures in relation to the power char-
acteristics through the wide range of the experimental conditions.
It is also to confirm dependency of the power and cavity charac-
teristics of operating factors. Aeration number N, = Q,/nd?, for
example, has been believed to be an unique parameter in the aer-
ated agitations in most of the previous works. But it can be unre-
liable that Q, and n must cause similar effects in gas dispersion as
well as power consumption.

EXPERIMENTAL

The vessel was 0.4 m in diameter and equipped with four vertical baffles
at vessel wall, 0.04 m in width. Gas-free liquid depth was equal to the vessel
diameter. Air was introduced through a ring sparger. The number of
sparger holes and hole diameter were varied depending on the air flow rate
to be a constant gas velocity through the hole. Four disc turbine impellers
of different size and of number of blades were used, Table 1. The impeller
position was one-third of the vessel diameter above the vessel bottom. The
impeller rotational speed has been controlled within a region where air was
not entrained from the liquid surface.

Photographic observations to record the gas dispersion were made
through the bottom view but slightly inclined to observe the phenomena

stereoscopically. Details of equipment construction are given by Ismail
(1981).

EXPERIMENAL RESULTS AND DISCUSSION

Cavity Structure

To analyze air dispersion process in an aerated agitation, it is
convenient to arrange the data on power measurements as a
function of the impeller rotational velocity at constant air flow rate
to a given impeller, Figure 1. The figure shows rather drastic
variation of the relative power with the rotation speed and is
classified, in general, into following four states: Flooding, Unstable
Large Cavity, Large and Clinging Cavity, and Vortex Cavity.

Flooding. At very low impeller speeds, the air stream formed
large bubbles at the sparger holes or on the lower surface of the
impeller disc, but was not dispersed by the impeller blades. Large
bubbles, thus formed, passed radially between the blades and left
the disc from its edge. The situation corresponds to the flooding
condition defined by Rushton and Bimbinet (1968) and Oldshue
(1969). A rigid definition of this region is shown on the lefthand
side of Figure 1 as the first minimum along the AA’ line where the
rotational velocity, giving minimum P,/P, depended on the air
inlet rate.
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At the rotational speed slightly over the first minimum, some
of the bubbles entered into the rear part of the inner edge of the
impeller blade. With this, the relative power consumption P,/P,
increased abruptly up to the first maximum along the BB’s line.
As sparging progressed, almost all the bubbles entered the rear part
of the impeller blades at n = n,;. Sparging and initial dispersion
caused abrupt increases in gas holdup in the vessel, Figure 2. Dotted
line shows the observed n; in the power measurement. Thus, a
convenient definition for the flooding region is obtained from the
holdup measurements to be n < n. for a given air inlet rate.

TABLE 1. IMPELLER DIMENSIONS
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Figure 1. Power consumption as a multiple function of impeller speed; impeller
No. 3.
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Figure 2. Holdup at constant air inlet rate; impeller No. 2.
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Figure 3. Correlation of critical rotation velocity with four impellers.

Unstable Large Cavity. Significant dispersion of gas took place
at the impeller speeds larger than n.,. Sparged gas at the rear of
the impeller blade was extended radially along the blade over the
whole of the blade width. For some blades, the gas film was pro-
duced from the inside blade edge to the blade tip and was then
elongated into the liquid to be dispersed into smaller bubbles. The
phenomenon is quite similar to that of the large cavity (Bruijn et
al., 1974). Large cavities were not observed on other blades at this
time. The cluster of bubbles left the blades at a midway point be-
tween the tip and the inner edge of the blade. The situation was
not steady since the large cavity and cluster type cavity replaced
each other with time on the same blade. Large cavities were ob-
served for almost all the blades at n = n,,, which is indicated as CC’
line in Figure 1.

The relative power consumption in this region decreased with
increasing the impeller rotational speed. The reduction was in
conformity with the rate of large cavity formation and directly
related the power consumption to the mixture density of gas and
liquid around the blade.

Large and Clinging Cavity. It is to be noted that the large cavity
formation, of course cluster type, indicated that the power input

was still not enough to produce well-dispersed bubbles at given gas

flow rate. As pointed ouit by Nagase et al. (1974), if the blade action
is similar to a turbine-type impeller in single-phase liquid agitation,
almost half of the fluid enters the impeller region stream over the
edge to the rear of the blade and is discharged from it with more
or less rigid rotation (Nagase et al., 1977). Therefore, if the blade
agitated enough of the liquid even in a gas-liquid system, the gas
film mentioned above would not occur and a clinging cavity should
be produced (definitions by Bruijn et al, 1974).

. Therefore, the next state, following the unstable large cavity
region specified, was a competition between large and clinging
cavities which corresponds to the region between CC’ and DI’ lines
in Figure 1. The clinging cavities were predominantly observed
with increasing the rotation velocity accompanying an increase
in the relative power consumption in this region.

Vortex Cavity. At DD line in Figure 1, which represents the
second maximum of power at n = n., large cavities were not ob-
served. A large number of small bubbles were produced from the
blades. After examining the data given Bruijn et al. (1974), we
concluded this region to be that of the vortex cavity type. Anim-
portant result for this region was that the relative power con-
sumptions for relatively small impellers were almost constant for
a given air flow rate and that P4/ P, with large impeller was slightly
reduced with increasing the impeller speed. This corroborates the
fact that the average density of gas-liquid mixture around the small
impeller was almost constant within experimental conditions but
density around the larger impeller was reduced with n due to the
increasing ratio of recirculating bubbles into the blades.
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With increasing gas inlet rate, the power curves decreased with
increasing rotation velocity and do not give the same n,g as well
as 1.1 and n,,. The situation can be understood since this is in the
direction of flooding over the whole experimental region of the
impeller rotational speeds studied.

Correlation of Critical Rotational Velocity

Figure 1 demonstrates that P,/ P, depends simply on V but not
on the impeller speed since multivalues of n correspond to a fixed
value of P,/P,. Hence, the power ratio is not a single value function
of the aeration number N,.

From above discussion, the power ratio depended mainly on the
density ratio of the two-phase fluid to the liquid and hence holdup,
¢, of the cavity region.

This holdup can be defined as Eq. 1.

Qa = Y$(d® — i%)bnyn (€)]
where 7 is volumetric correction factor.
Rearranging Eq. 1 gives Eq. 2.
o =y/y @)

where

¥ =(Qa/nd?)(d/nyb)(d?/(d? - i?))

¢ includes the aeration number. The parameter was useful for
experimental correlations of the boundary rotational speeds n,1,
T, and 1.2 because it included the impeller dimensions. Plots of
¥ vs. Froude number are shown in Figures 3. Line a in Figure 3(A)
was reproduced from n;; data given by Bruijn et al. (1974). The
difference between the two results is because of the difference in
definitions of the flooding. They defined the line a from the ob-
servation of the pictures, and present author, from the power
measurements. In Figure 3(B), our experimental data of n,, falls
reasonably well in the region between lines @ and b. Line b given
by Bruijn et al. (1974) was defined similar to n.o. This is reproduced
in Figure 3(C) to show its complete coincidence with present data
of n.e. The region n > n.s, estimated here, is the region of the
vortex cavity mentioned earlier.

Correlation of Power Consumption

Inclinations of the bounded lines in Figure 1 decrease from BB’
to DDY. Because of this, parameters as well as their functional
relations vary in every figure in Figure 3. As a result, theoretical
discription of the power ratio over wide range of operating con-
ditions can hardly be performed. A convenient but practical plot
is shown in Figure 4 in which only the data at n.; (blank mark), n,
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Figure 4. Power characteristics in each cavity region: black mark, at s1c2; halt
black mark, at n,,; and blank mark, at n¢4.

(half black mark) and n.e (black mark) are plotted, and the lines
illustrate where the data fall. Power ratios at n,; are scattered in
the figure because abscissa was chosen to be suitable for the power
correlation in the large and clinging cavity region on average. All
the data in this region, including those at n,, and n,, fall in a
narrow area while those in Figure 1 are distributed widely de-
pending on gas inlet rate. Data in the unstable large cavity region
for given operating conditions are almost parallel to one another
in the figure. The line with small inclination for the impeller No.
4 (o mark) in the vortex cavity region shows the recirculation effect
of the bubbles to the impeller. The other lines in this region are
almost parallel with the abscissa.

Power ratio in the large and clinging cavity region decreased
discontinuously, in general, with increasing the air flow rate at
constant impeller rotation as indicated by Bruijn et al. (1974). The
exact boundary of this region could not be estimated from the ex-
periments. Possible lower and higher boundaries for the region are
shown on a pair of the dotted lines in Figure 4. Previous studies
have used appropriate combinations of n and Q, and usually give
curves of Pg/P, vs. N;. Most of them cover from the vortex cavity
to the large and clinging cavity and, sometimes, to the unstable
large cavity region.

The procedure of power ratio estimation graphically for a given
Q, and n for a particular impeller as well as typical photographs
to characterize each cavity region are given elsewhere (Ismail,
1981).
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-NOTATION

b = impeller width

d = impeller diameter

D = tank diameter

Frci = Froude number at first critical speed = n.,%d/g
Frc; = Froude number at second critical speed = n2d/g
Frm = Froude number at minimum speed = n%d/g

-,
|

= inside diameter of impeller blade

n = impeller rotation velocity, rps

N, = aeration number = Q,/nd?

Tlcy = impeller rotational speed on BB’ line in Figure 1
Neo = impellet rotational speed on DD’ line in Figure 1
- = impeller rotational speed on CC’ line in Figure 1
np = number of impeller blades

Pg = power consumption under aeration

P, = power consumption without aeration

Q. = volumetric gas inlet rate

\Z = superficial gas velocity

Greek Letters

¢ = gas holdup

Y = nondimensional parameter defined in Eq. 2
‘l/cl = ll/ atng

‘;002 = l// atngg

¥Ym  =Vatng
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