
To the Editor: 
A recent study of "gulf stream" cir- 

culation in bubble columns (Rice and 
Geary, 1990) uses experimental data de- 
scribed in an early paper of mine (Hills, 
1974), but it points out the need to es- 
timate a bubble size since details were 
not given in my paper. 

In fact, the bubble size was not meas- 
ured, but it can be deduced from meas- 
urements given in the 1974 paper, subject 
to a number of assumptions. Voidage 
distribution was measured by an imped- 
ance probe, and the output from that 
probe, squared by a trigger circuit, ac- 
tivated two counters, one of which 
counted the number of 10 kHz pulses 
passing during the time the probe tip was 
in air (which led to a point voidage) while 
the other counted the number of times 
the probe tip entered a bubble (which led 
to a point value of bubble frequency). 
Both voidage and frequency data are 
plotted in the figures of the 1974 paper. 

The ratio of (voidage)/(frequency) 
clearly represents the average time spent 
by the probe tip within a bubble at the 
point of measurement, and it is this 
quantity that can be manipulated to yield 
an average bubble size. 

Gas rate, mm.s-'  
Bubble dia., mm 

Measured (This Work) 

and Geary, 1990) 
Estimated (Rice 

Theory 
Assume that the bubbles are all spher- 

ical, are of uniform radius R, and rise 
vertically, totally unaffected by the tip 
of the impedance probe, which thus 
traces a vertical chord through the bub- 
ble. The distribution of these chords hor- 
izontally in space should be uniform if 
the bubbles rise at random, so that a 
fraction f ( r ) d r  of them lies between r 
and ( r +  dr) from the center of the bubble 
where 
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3.8 5.8 7.6 6.5 5.55 - - 

(1) 
2nr.dr Zr-dr d ( r 2 )  

?rR2 R2 R2 
f ( r ) d r =  - - 

A chord at a distance r from the center 
of the bubble will have a height c given 
by: 

so that the distribution of chord lengths 
is given by: 

(3) 
d ( ~ / 2 ) ~  c 

f( C)dC = ___ = - 
R2 2R2dc 

The average chord height, T ,  is then given 
by: 

2Rc2dc 4 2R 

C =  so cf (c)dc= lo z = j R  (4) 

If the bubble rise velocity, urn, is con- 
stant at any position, the mean time taken 
for a bubble to pass the probe tip is given 
by ?/urn, so, from the above, 

T 4 R  e 
urn 3 urn v 

- - 

or 

4 v  
3 E  

urn=- -R 

Now, averaged over the whole column, 
urn is the gas velocity U&, so, assuming 

that R does not vary with radial position, 
we have: 

or 

Thus, by averaging E and the ratio 
E / V  across the column, we can estimate 
the mean bubble size. 

Results 
Table 1 shows the result of these cal- 

culations for the seven runs on plate B, 
which was a sieve plate distributor with 
61 uniformly spaced 0.4-mm-diameter 
holes. The mean bubble diameter lies be- 
tween 2 and 3 mm at the lowest gas rates, 
rising to nearly 6 mm at the highest rate; 
however, at this high rate, considerable 
coalescence was seen to occur, and the 
assumptions behind Eq. 6 are unlikely to 
hold in this region. 

Rice and Geary (1990) used an esti- 
mation technique to obtain the bubble 
sizes they needed to apply their theory 
to the data for plate B, and their esti- 
mates are also given in Table 1. For gas 
rates up to 38 mm-s- '  their predictions 
are some 80% larger than the measured 
values, and they correspond more closely 
with the expected size of 4-6 mm in tap 
water. 

Table 1. Calculated Bubble Diameters 
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vorably with wide-ranging literature 
data. In fact, it is a coincidence that the 
Figure 10 in this article was generated to  
predict bubble sizes for Hills’ column B, 
the subject of this correspondence. 

The strategy given in the new theory 
is this: bubble size follows the formation 
dynamics for increasing gas rate up to  
the point where it intersects the mono- 
tonically decreasing size described by a 
bubble breakage curve. 

Now, Hills’ measurements will yield 
the shortest length scale (2 X a) for bub- 
bles shaped roughly as oblate spheroids, 

I 

hence volume V= 4’3 a b2tI, where b is 
the major semiaxis length and a is the 
minor semiaxis distance. Thus, if the ma- 
jor to  minor lengths are, as we observe, 
around 2, then the relatiomhip between 
Hills’ diameter and the equivalent di- 
ameter of a sphere ( d )  is simply: 

d’ =d/41’3 =0.63 d (1) 

so that the actual bubble sizes are sig- 
nificantly larger than those computed 
from resistance probe measurements. We 

i 
I 

I P 
Figure 1. Theoretical distribution 

function based on Eq. 3. 

Many of the assumptions involved 
in the derivation of Eq. 6 are open to  
question. Thus, Eq. 2 assumes that the 
bubbles are spherical, whereas the pho- 
tographic evidence of many authors is 
that they are ellipsoids with semiminor 
axis vertical so that the mean vertical 
chord height underestimates the equiv- 
alent diameter, which could explain the 
low values in Table 1. Again, it is un- 
certain how far the impedance probe 
truly “sees” random vertical chords. 
Rising bubbles tend to  oscillate from side 
to  side, so that not all chords will be 
vertical; also if a bubble strikes a glanc- 

ing bIow on the probe, it may be de- 
flected so that penetration will not occur 
and the expected short chord will not be 
recorded or surface tension may delay 
separation so that the chord appears too 
long. Both of these events would affect 
the expected chord length distribution 
function, f(c) of Eq. 3.  

Some experiments, not reported in the 
1974 paper, were performed t o  measure 
the distribution of time intervals spent 
by the impedance probe within a bubble 
(Hills, 1971). The experiments used an 
on-line computer to  sample the probe 
output, and a typical example of the dis- 
tribution is shown in Figure 1. Because 
of the primitive state of the art at the 
time, a mechanical relay was used, with 
a cycle time of 1.2 ms. This proved t o  
be too slow to pick up  some of the very 
short gaps between bubbles, so the com- 
puter was counting two bubbles close to- 
gether as one larger one, overestimating 
the voidage and underestimating the fre- 
quency by some 15% as compared with 
the countertimers used in the majority 
of the experiments. 

Figure 1 also shows a theoretical dis- 
tribution function, calculated from Eq. 
3 using the same mean time interval (5.7 
ms) as the experimental histogram. Com- 
parison of the measured and theoretical 
distributions yields a number of obser- 
vations: 

The peak in the measured distribu- 
tion occurs too soon (at about 4 ms com- 
pared with a theoretical 5.7 x 4/3 = 7.6 
ms). 

There is a significant “tail” of longer 
times than the peak with a maximum of 
15 ms. 

There are too many ,hart time in- 
tervals (below 4 ms) an I not enough 
longer ones (4 to  7 .6  ms) 

The long tail could be due to  the pres- 
ence of large (or slow) bubbles, but it 
may also be due to the dow response 
mentioned above which causes the com- 
puter to count two bubbles close together 
as a single large one. However, the slow 
response cannot explain an overrepre- 
sentation of short time intervals, which 
is most likely to  be due to  smaller satellite 
bubbles. It would not nerd many such 
smaller bubbles to  cause a significant re- 
duction in the mean bubble size, al- 
though their contribution to the overall 
voidage (and hence the driving force for 
gulf streaming) would be negligible. 

Notation 
c = length of vertical chord cut by probe 
r = radial distance from cebtre of bubble 
R = Bubble radius 

u, = rise velocity of bubble 
U, = superficial gas velocity 

E = fractional gas holdup, (‘r voidage 
v = bubble frequenq at prt be tip 
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Reply: 
It is interesting and timely that Hills 

brings forth his earlier data on measured 
bubble sizes (using the resistance probe 
method) at the same time as another ar- 
ticle of ours (Geary and Rice, 1991) on 
a new theory to  predict this quantity is 
ready to be published. This new theory, 
derived with small-holed spargers (such 
as Hills’) in mind, includes corrections 
for gas (injection) momentum effects and 
uses an intermediate drag law which was 
shown to be an improvement over that 
of Stokes. The new theory compared fa- 
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Table 1. Comparison of New Theory with Data of Hills (Column B) 

Superficial 
Gas Velocity 

(mm/s) 

Hills Raw Hills’ Data Geary-Rice 
(d’) Measured Corrected Formation 

Dia. (rnm) 0%. 1) d (mm) Size Theory (mm) 

5 
19 
38 
64 

2.35 
2.80 
4.02 
4.14 

3.73 
4.4 
6.38 
6.57 

3.6 
4.6 
5.6 
6.0 

compare Hills’ corrected data with our 
predictions based on the formation dy- 
namics in Table 1. When account is taken 
for probe penetration through the minor 
axis, the predictions from theory com- 
pare reasonably well. It is also clear that 
the turbulence length scale generated by 
an oblate spheroid will be proportional 
to the major scale b, and this perhaps 
explains why the approximate (oversize) 
bubble size calculated from the Rice- 
Howell (1987) theory allowed the cir- 
culation theory of Rice-Geary (1990) to 
track Hills’ liquid velocity measure- 
ments, so closely. 

Finally we take note of other errors 

existing in the resistance probe tech- 
nique, namely the finite time required for 
a liquid film to drain from (or reform 
on) the tip of such finite probes. This 
causes the output signals to be more 
rounded; as noted by Clark and co- 
workers (1990a,b), this leads to ambi- 
guities in the selection of threshold 
voltages (above this voltage, the signal 
represents a liquid, and below it, a gas 
bubble). Moreover, bubbles rising at odd 
angles will not be pierced at the center 
and this inaccuracy can only be corrected 
with a multipoint probe (Steinemann and 
Buchholz, 1984). 
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