AICHE €

On Bubbles Rising Through
Suspensions of Solid Particles

Lisa A. Mondy, Charles Retallack, Kyle Thompson, Jeremy Barney, and Anne Grillet

Sandia National Laboratories, Albuquerque, NM 87185

Alan L. Graham
Los Alamos National Laboratory, Los Alamos, NM 87145

DOI 10.1002/aic.11440
Published online February 21, 2008 in Wiley InterScience (www.interscience.wiley.com).

Individual bubbles rising through suspensions of spherical particles neutrally buoy-
ant in viscous Newtonian liquids are tracked with real time radiography. The effects of
the containing cylinder, suspended particle, and bubble sizes are reported for particle
volume fractions ranging from 0.20 to 0.50. In the most concentrated suspensions, the
effect of the bottom surface is felt by the bubble much farther into the suspension than
would be true for a single-phase Newtonian liquid. Corrected for wall effects, the
apparent viscosity felt by the bubbles is independent of the relative size of the bubble
to the particle over a wide range of parameters, and is approximately linear with the
suspended particle volume fraction, in contrast to the exponential dependence derived
in conventional rheometry. Finally, in the most concentrated suspensions, the bubble
deforms to a prolate spheroidal shape despite the lack of significant inertial effects or
a viscoelastic suspending liquid. © 2008 American Institute of Chemical Engineers* AIChE
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Introduction

The characterization of the behavior of single bubbles ris-
ing in suspensions of solid particles is important to applica-
tions ranging from design of slurry bubble column reactors
to flotation separation in minerals processing to degassing of
filled polymers or ceramic precursors. Also because of the
increasing interest in multiphase materials in micro fluidics
applications, there is a need to understand the behavior of
bubbles and suspended particles interacting with each other
and walls when the distance between walls is only a few
times larger than the characteristic dimension of the bubbles
or particles. Bubble rise behavior has been extensively stud-
ied in Newtonian fluids'? and in non-Newtonian fluids.?

*This is a U.S. Government work and, as such, is in the public domain in the
United States of America.
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Sokolichin et al. have reviewed more recently drag correla-
tions for air bubbles rising in water.* The drag on a bubble
rising through a suspension of solid particles has been
reported less often. Bubble—particle interactions, where the
bubble is much larger than the solid particles, have been
studied for the mining industry, with focus on the capturing
of these particles by the bubble through collision and adhe-
sion.”” The rise of bubbles through suspended particles has
also been studied for applications in gas-liquid-solid fluidiza-
tion systems.”® Darton and Harrison collected the rise veloc-
ities of spherical cap bubbles (5-25 mm in diameter) in fluid-
ized beds of either 500-um or 1-mm diameter sand particles.9
They determined an effective bed viscosity that varied with
particle size and bed expansion. Tsuchiya et al. pointed out
problems in the concept of a small bubble experiencing a
single effective viscosity of an assumed homogeneous bed,
but showed that this concept of a Newtonian analogy could
apply for larger 12- to 17-mm diameter bubbles in a bed of
0.55-mm diameter particles.'™'! This effective media anal-
ogy has been used by many in modeling gas-liquid-solid flu-
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idization systems (e.g., Li and Prakash,12 Zhang et al.,13 Buwa
and Ranade'*). Kenny and McLaughlin looked at the rise ve-
locity of smaller bubbles (0.6-9 mm in diameter) in a fluid-
ized bed of particles of a similar size (0.8 mm in diameter)
over a wide range of solid volume fractions (0.15-0.52)."%
They determined that a semiempirical correlation treating the
fluidized bed as an effective Newtonian media was an accu-
rate representation for solid volume fractions up to 0.45.

The notion that a particle might experience a suspension
of similarly sized particles as an effective Newtonian con-
tinum was also explored earlier using a single falling sphere,
rather than a rising bubble. Mondy et al. showed that neu-
trally buoyant suspensions subjected to falling ball viscome-
try yielded an effective Newtonian viscosity, with concomi-
tant wall effects, if the falling ball was at least as large as
the suspended particles and the volume fraction of solids was
under 0.30.'® At larger volume fractions, wall effects were
seen to be larger than expected for a Newtonian single phase
fluid. Poletto and Joseph determined an effective drag law
for a test sphere in a fluidized bed using an effective density
(the mass average density of the mixture) that was accurate
as long as the test sphere was again at least the size of the
suspended particles.'’

The effects of container walls and bottom on the fall of
solid spheres through single-phase liquids have been exam-
ined extensively,lgf22 as have the effects of walls on the rise
of bubbles.>*** Clift et al.' and Chhabra® gave excellent
overviews of such work. More recently, the effects of the
container walls and ends on the velocity of a single sphere
falling in a suspension of similarly sized, neutrally buoyant
spheres, has also been examined. Kaiser et al. found that
wall effects, experienced by the falling ball in a cylinder
containing a suspension, begin to deviate from Newtonian
behavior both when the suspension becomes highly concen-
trated and when the falling ball has an eccentric path of
descent within the test column.? The end effects experienced
by falling balls in suspensions have been studied by Reardon
et al.>**’ For a Newtonian liquid in a cylindrical column,
end effects generally exist only within one cylinder diameter
of the top and bottom of the column. However, falling balls
in highly concentrated suspensions experience end effects as
many as 13 cylinder diameters from the bottom of a cylindri-
cal column.

Less is known about how a bubble interacts with the ends
of the column as it rises through a stationary suspension. The
goal here is to address Newtonian and non-Newtonian behav-
ior previously observed in falling ball experiments in suspen-
sions as they apply to similar experiments using rising bub-
bles as test spheres. We also expand on the experiments of
Kenny and McLaughlin' to examine the effects of the sus-
pended particle size to rising bubble size ratio dy/dy, the sus-
pended particle size to column diameter ratio dy/D, and the
suspended particle volume fraction ¢.

As will be described in this article, we see enhanced end
effects in concentrated suspensions (¢ = 0.30 and 0.50),
manifested as an extended length of time for the bubble to
accelerate to a steady-state velocity in the suspension as
opposed to that in a Newtonian single-phase liquid. The sus-
pensions consist of uniformly sized spherical particles neu-
trally buoyant in an incompressible, viscous, nonpolar, New-
tonian liquid. Bubbles (nominal diameter of 5 mm) are

AIChE Journal April 2008 Vol. 54, No. 4

Published on behalf of the AIChE

injected along the center line of a cylindrical column and
allowed to rise freely through the suspensions. Little, if any
effects, of surface-active surfaces are expected in these nona-
queous systems. Parameters that were varied include the sus-
pended particle size (0.5-3.175 mm) and column diameter
(12.7-44.2 mm). Suspension concentration was also varied to
obtain data for dilute, moderate, and highly concentrated sus-
pensions. Bubble size variation was limited by the bubble
injection apparatus, and was thus only varied minimally
throughout the experiments.

Our preliminary work was described by Mondy et al.*®
There, we were limited to timing the bubbles’ rise through
transparent suspensions created by matching the index of
refraction of the suspended particles to the suspending liquid.
Only suspensions of relatively large particles (with relatively
few scattering interfaces) yielded suspensions of sufficient
transparency for the experiments to be successful.

In this article, we use real-time radiography and, hence,
we are able to track the position of the bubbles and calculate
the bubble rise velocity along the length of the test column
even when filled with opaque suspensions. We are also better
able to examine the shape of the bubble. We find that the
bubbles remain spherical in suspensions of low to moderate
concentration, but become oblong (stretched in the direction
of gravity) in the highly concentrated suspensions. Bubble
deformation has been discussed in earlier work in systems
with significant inertial or confinement effects or in non-
Newtonian fluids.'?%%-3

In the following section, we describe the experimental
materials, technique, and procedure. The method of data
analysis is detailed in the third section. The fourth section
reports the results. Finally, conclusions are presented.

Materials and Methods
Suspensions

Experiments were carried out by introducing a single bub-
ble into a suspension of neutrally buoyant spheres through
the base of the containing cylinder (Figure 1). The bubble
was then tracked along the vertical length of the cylinder
using real-time radiography. The velocity profile of each
bubble was then extracted from the X-ray data set.

Suspensions used in the experiments consisted of a dis-
perse phase of spheres and a continuous phase of a Newto-
nian liquid. Table 1 lists the type of particles used, their
nominal density, and nominal diameter. Polystyrene or poly-
methyl methacrylate (PMMA) spheres were sieved to obtain
a nominal average diameter d; = 500 um or dy = 750 um,
respectively. Larger, individually ground, spheres were also
used. Manufacturers’ tolerances for the diameter of the
PMMA spheres used in the earlier study by Mondy et al.”®
are 1588 = 15 microns, and for even larger polystyrene
spheres used here are 3175 £ 51 microns.

Suspensions with disperse phase volume fractions of ¢ =
0.30 and 0.50 were made with the polystyrene suspended
particles (ds = 500 and 3175 um) in Ucon 50-HB-5100
lubricant (Union Carbide). The temperature of the experiment
was adjusted (to about 37°C) until no flotation or settling
was detected over several days. An additional suspension
(¢ = 0.50) was used, consisting of the PMMA spheres
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Figure 1. Schematic of experimental apparatus.

(ds = 750 pm) suspended in a three-component fluid that is
density matched to the PMMA at 23°C. This three-compo-
nent fluid consisted of 15.1% tetrabromoethane (Eastman
Kodak), 29.6% Ucon 75-H-90000 (Union Carbide), and
55.3% Triton X-100 (J.T. Baker) by weight.

The suspending liquids have been tested in the past and
have shown Newtonian rheology at the low shear rates
encountered in these experiments.’'* The Ucon 50-HB 5100
has a viscosity of 0.994 Pa s at 37°C. The three-component
fluid has a viscosity of 0.827 Pa s at 23°C. Particles were
thoroughly mixed into the liquid and allowed to degas at
least 24 h prior to experimentation.

Apparatus

Figure 1 is a sketch of the experimental equipment. Four
separate test section sizes were used in the experiments. Two
test sections had equal diameters of 4.4 cm but varied in
height of the material they contained (52.0 and 86.0 cm).
The remaining test sections had diameters of 1.3 and 2.2 cm
with heights of 25.4 and 48.4 cm, respectively. A computer-
activated solenoid valve allowed for a programmable time

interval of bubble generation and injection along the axis of
the inner cylinder just above the flat bottom surface. Combi-
nations of bubble generation time and air supply pressure
were used to control bubble size.

Real-time radiography was used to track bubbles as they
traversed the test section. Advantages of this technique include
the ability to test opaque suspensions and the elimination of
optical distortion that can occur with other imaging techniques.
The X-ray source used was an IRT model IXRS160 accompa-
nied by an image intensifier to convert the X-ray projection
into an image suitable for optical recording. The X-rays were
generated at a nominal power of 80 kV and 1.74 mA for
experiments carried out in the 4.4-cm diameter test sections.
For both the 2.2- and 1.3-cm diameter columns, the X-ray
power generation was modulated to 90 kV and 100 pA.

A computer controlled three-axis stage was used to posi-
tion the bubble column apparatus relative the X-ray source.
The position history of a bubble was recorded using the radi-
ography system along with image capture software. To get
adequate spatial resolution to determine the bubble size and
shape, only part of the test section was visible at one time
when the longer test section was used.

Table 1. Suspended Spheres

Size Distribution Range, dg (um)

Material Density (g/cm®) Top Sieve Bottom Sieve Nominal Diameter Used in Text
Polystyrene 1.05 425 500
PMMA 1.18 710 750
PMMA (Mondy et al., 2004) 1.17 1588
Polystyrene 1.05 3175
864 DOI 10.1002/aic Published on behalf of the AIChE April 2008 Vol. 54, No. 4 AIChE Journal



Figure 2. Reconstructed path of the centroid of a bub-
ble traveling through a suspension of 50% of
500 um diameter particles.

The bubble-like ghost part way up the image is actually an
artifact of the background subtraction and not the bubble
being tracked. [Color figure can be viewed in the online
issue, which is available at www.interscience.wiley.com.]

Procedure

Suspensions were poured into the inner column of the bub-
ble cylinder apparatus and allowed to sit for several hours
until the temperature, as measured with a probe, was uniform
throughout the inner column to +0.2°C. Bubbles were then
injected into the column on a slow, but continuous, basis and
allowed to rise freely through the suspension. The bubbles
were generated at sufficiently large time intervals to allow
enough distance between bubbles to avoid any bubble to
bubble interactions. Image sequences were captured of one
or two bubbles, and the suspension was stirred to allow dif-
ferent microstructures to be sampled, but not so vigorous as
to introduce air bubbles into the suspension. A discussion of
the need for this can be found in Abbott et al.** The temper-
ature of the suspension was monitored between trials to limit
errors in measurement due to temperature fluctuation.

The path of each bubble meandered, presumably highly
influenced by the presence of the suspended particles, as dis-
cussed in the context of falling ball rheometry by Abbott
et al.? Figure 2 shows a reconstructed path from the image
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processing described in the next subsection. This is a projec-
tion into two dimensions of a three-dimensional trajectory
because, unfortunately, we could not use multiple X-ray
images to reconstruct the full three-dimensional reality. Never-
theless, the shape and size of this projection could be meas-
ured, and the deformation of the bubble could be monitored.

Despite the meandering nature of the bubble trajectories,
the column was not long enough for a single bubble to sam-
ple a statistically significant number of particle spatial
arrangements. Thus, a single bubble could not be used to
determine an accurate average apparent viscosity of the sus-
pension. Therefore, several tests were performed and com-
bined in a manner similar to that described by Abbott et al.*>
However, the velocities of the bubbles did not appear to vary
as much as those of solid balls dropped into similar suspen-
sions. Typically five bubbles were tracked for each suspen-
sion along the full length of the test column.

For the suspending liquid and suspensions with concentra-
tion ¢ = 0.20 and 0.30, the shorter length test section col-
umn was used for experiments. For these suspensions, the
shorter column was of sufficient length for a test bubble to
overcome column end effects and reach a steady-state veloc-
ity, as will be shown in the next section. The shorter column
was found to be of insufficient length for highly concentrated
suspensions ¢ = 0.50, as test bubbles failed to reach a
steady terminal velocity within the test section. Test sections
of greater length were made to accommodate the larger end
effect in the highly concentrated suspensions. The larger test
section allowed the bubble to reach a steady terminal veloc-
ity as required; however, only part of the test section was
visible at one time. Therefore, several bubbles were recorded
in one part of the column, the stage moved, and then another
set of different bubbles was recorded in the newly visible
part of the column. We will discuss the implications of this
in a following subsection.

Analysis

Raw bubble data were collected as a series of X-ray images,
each time stamped in order to obtain a temporal reference.
Temporal resolution for most suspensions was limited to
66 us, corresponding to a frame rate of 15 fps. System mem-
ory limitations required lower frame rates of 7.5 and 5 fps to
be used for highly viscous suspensions in order to reduce the
amount of raw data. The reduction in temporal resolution was
not a serious concern in this case, because the bubbles rose
relatively slowly in the highly viscous suspensions.

Spatial calibration was achieved through the use of X-ray
images of a perforated steel grid with 0.635-cm diameter
holes. The grid was imaged in plane with the center line of
the test cylinders. Using the calibration grid, distortion in the
X-ray image was found to be less than 2% between any two
positions in the image. Spatial resolution was limited by
pixel size to 200 um.

An image sequence of each bubble trial was reconstructed
using a commercial image analysis software package, Image-
Pro Plus™ (MediaCybernetics). Using automatic tracking
features of Image-Pro Plus, the centroid of each bubble was
tracked as the bubble traversed the length of the column.
The velocity of the bubble was then determined based on the
position and time intervals found during the tracking process
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at position intervals much larger than the diameter of the sus-
pended spheres.

Bubble size measurements were taken directly from the
raw data images. Bubble diameters were determined using
the measurement tools of the image analysis software by
averaging several measurements of the bubble at a discrete
point along the cylinder. This process was repeated as the
bubble traversed the cylinder to observe any variation in
shape or size due to changes in microstructure or pressure
head. For low to moderate suspension concentrations, bub-
bles were found to be spherical based on the definition that
the ratio of major to minor axis must be within 10% of
unity.! Highly concentrated suspension caused bubbles to be
elongated in the direction of gravity as displayed in Figure 3.
For purposes of analysis, the bubbles were either approxi-
mated as solid spheres (in the case of the low to moderate
suspension concentrations) or as prolate spheroids (for highly
concentrated suspensions).

Stokes’ equation for the velocity of a freefalling solid
sphere in the creeping flow regime was used to determine the
apparent viscosity of the suspensions based on the velocity of
the rising bubble, as if the suspension could be modeled as a
hypothetical one-phase Newtonian liquid. Because our experi-
ments use bubbles and not solid test spheres the Stokes’ equa-
tion was modified based on the Hadamard—Rybczynski solu-
tion that assumes a mobile test sphere boundary.'

_ L dis(p,—pa)
12 VKwall ’

where d; is the bubble diameter, p, is the density of the sus-
pension, p, is the density of the test bubble, v is the bubble
rise velocity, and K,y is the correction factor for containing
cylinder wall effects. This equation is valid for Reynolds
number <1." For our experiments, the average Reynolds num-

Figure 3. X-ray image of a bubble rising in a suspen-
sion with 50% of solid spheres by volume.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

ber (based on the bubble diameter) was Re = 0.035 with a
maximum of Re = 0.097. Known values of density and gravi-
tational acceleration g were used along with the measured
bubble diameter and velocity to find the apparent viscosity at
each location along the axis of the containing cylinder. This
allowed comparison among data taken with slightly different
bubble sizes. The wall correction factor used to modify
Stokes’ equation is given by Haberman and Sayre for a circu-
lating sphere traversing the length of a cylinder along the axis
of the cylinder':

1+2.2757(H)/15

243K

Kwall =

where 4 = d/D and D is the cylinder diameter. For a gas bub-
ble in a viscous liquid, k = 0. This equation was found to be
valid for low Reynolds number flows up to 4 = 0.6. For our
experiments, A was limited to 0.41.

As mentioned above, for highly concentrated suspensions of
¢ = 0.50, the test bubbles assumed a prolate spheroid shape,
as displayed in the X-ray image Figure 3. To correct for this
deviation in spherocity Stokes’ equation was further modified.

— labg(ps B pa)
3 VKwallehape ’

where a is the polar bubble radius, b is the equatorial bubble
radius, and Kp,pe is the correction to Stokes’ equation for a
spheroidal shaped falling body. In addition to the wall correc-
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1 0.7017 (3532) 4+ 2.0865 (72) 2° + 05689 (33) 2° — 0.72603 (12) 2°

tion factor given by Haberman and Sayre, this second correc-
tion factor was used to correct for the change in shape of the
test bubble.”

3

Kshape = [_

-1
2 13— 1[(tg+ 1) coth™" 79 — 10]}

-1/2

where 19 = [1 — (2)2] / .

This correction factor accounts for the increased drag felt by a

prolate spheroid moving parallel to its major axis relative to
the drag felt by a sphere of equal equatorial radius.

For purposes of comparison, the apparent viscosities of

each suspension had to be normalized to remove viscosity

variances due to suspending fluid type and temperature. To
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Figure 4. Ucon 50-HB-5100 bubble-measured viscosity
compared with manufacture’s published vis-
cosity.

do this, first we obtained the pure fluid (¢ = 0) viscosity
using the same rising bubble technique at various tempera-
tures covering the full range of temperatures experienced by
the suspensions in our experiments. The subsequently meas-
ured suspension viscosities were then normalized based on
the pure suspending fluid viscosity at the corresponding tem-
perature, as

w="e
T /,lo’

where u, is the relative viscosity, u is the apparent suspen-
sion viscosity, and g, is the viscosity of the suspending fluid
at the conditions of the experiment.

The results from individual bubbles in the same suspension
were combined and averaged to find a mean “instantaneous”
apparent viscosity as a function of the position in the cylin-
der. In each trial, the region in the cylinder characterized by
essentially no change in the mean apparent viscosity (and
hence, free from end effects) was identified. In this region,
the “instantaneous” viscosities were averaged to obtain a sin-
gle mean steady-state apparent viscosity for a particular sus-
pension.

Validation of experimental method

The viscosity of each pure suspending fluid was deter-
mined through multiple bubble test trials. The viscosity was
calculated using the terminal velocity of the bubbles based
on the Hadamard-Rybczynski solution for a spherical fluid
particle in creeping flow as described in the previous subsec-
tion. Viscosities were found for Ucon 50-HB-5100 at multi-
ple temperatures based on this method. Figure 4 shows that
the results are in good agreement with the manufacture’s
published data. Thus the equation for mobile surfaces was
found to be consistent with the data unlike that for a fixed
boundary, giving more evidence that surface-active agents
that could reduce mobility were not present.

To ensure that bubbles injected into the suspensions were
not altering the microstructure in such a way that would
cause a change in the velocity profiles of subsequent bubbles,
the velocities of multiple bubbles were found without stirring
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the suspensions. After an initial stirring of the test suspen-
sion, a bubble would be injected and its velocity tracked.
Then, after many other bubbles had been injected at the reg-
ular interval chosen for the bubble generator, another bubble
would be tracked to see if the continuous stream of bubbles
significantly altered the velocity of the final bubble from that
of the first. Figure 5 shows typical examples of the compari-
son of velocities of an initial and a subsequent bubble in the
first imaging section (closest to the bottom), subject to the
conditions above in both the suspending fluid and suspen-
sions. Qualitative examination of the results shown in Figure
5a leads one to conclude that the two bubbles essentially
experienced the same initial acceleration and had similar
velocity profiles.

We expected that the bubble passage could possibly rear-
range small particles more easily than larger ones, affecting
the apparent viscosity felt by subsequent bubbles. However,
Figure 5b shows that variations in the suspensions of the
largest particles are more pronounced. This perhaps should
not be surprising considering the natural variations expected
in such complex systems, where slight differences in initial
conditions can eventually lead to large differences in the
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Figure 5. a) Bubble velocity repeatability during contin-
uous stream of bubbles through the single-
phase suspending liquid and a suspension of
50% of 500 um diameter particles. b) Bubble
velocity repeatability during continuous
stream of bubbles through a suspension of
50% of 3175 um diameter particles.
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trajectories. Because we could not eliminate the possible
effects of velocity changing with time, and because we were
interested in the average end effects, we alternated taking
measurements first at the bottom of the cylinder and travers-
ing the measurement zone upward and starting at the top
section and traversing the zone downward.

Results
Effect of height of contained suspension

Figure 6 shows the results for bubbles rising in two New-
tonian suspending liquids, either Ucon 50-HB-5100 or the
three-component system, with no suspended particles present.
The liquids are held in a cylinder with diameter D = 4.4 cm
and height L = 52 cm. These measured viscosities as a func-
tion of the distance Z from the bottom of the cylinder are
derived from the average of five bubbles and are compared
to the measurements taken by Mondy et al. of a similar three
component fluid held in a cylinder with D = 3.7 cm and
L = 83.6 cm.”® To compare the viscosities found in these
experiments, each viscosity measurement is normalized by
the mean viscosity of that fluid obtained by averaging the
values obtained with 0.2 < Z/L < 0.7. The error bars shown
on the figure are the 95% confidence limits based on Stu-
dent’s r-distribution and reflect the random experimental
error in bubble generation and measurements. The bubbles
achieve a steady-state velocity within a little over one cylin-
der diameter D in the earlier data and within the first mea-
surement zone of height 0.5D using the X-ray system. As
they come within about 2D of the top (4D for the earlier
data), they accelerate by about 10-20%. We do not expect
the end effects to be identical between the earlier data and
the present data, because the earlier data were taken at condi-
tions with a combination of Reynolds and Bond numbers
that puts them on the border of the ellipsoidal/spherical cap
regime.' High-speed video of the earlier experiments are not
available, so the shape could not be confirmed. The bubbles
in the current experiments are spherical.

In concentrated suspensions, the bubbles experienced
added resistance attributed to the presence of the cylinder
bottom, as has been seen in earlier falling ball experiments
and the earlier bubble rise experiments.zf”28 Figure 7 shows
that in the suspension with a volume fraction of particles of
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0.50, a bubble does not reach a steady velocity until about
14D. As the volume fraction of solid particles decreases, the
end effects become less dramatic, and bubbles achieved
steady state within 4D when ¢ = 0.30. Here, each set of
experiments tested 500 um suspensions in 4.4-cm diameter
cylinders. Again the points indicate averages over measure-
ments for five bubbles. The measured viscosity has been nor-
malized by the steady-state viscosity for each suspension to
emphasize the end effects. The actual measured viscosity
varies dramatically with ¢, as will be discussed in a follow-
ing subsection. Notice also that the distribution of velocities
as reflected in the 95% confidence limits is smaller in the
less concentrated suspensions. This has also been observed
with falling balls.*

Because of the enhanced effect of the bottom observed in
these suspensions, any measurements designed to determine
the viscosity of a suspension as an effective Newtonian
media must be taken in sufficiently long cylinders. In the
following studies, the most concentrated suspensions were
always held in a cylinder with an L/D of at least 20.

Effect of the size of the suspended spheres
on the end effects

Figure 8 shows the measured viscosities averaged over
five bubble trajectories along the axis of the containing cylin-
ders (D = 4.4 cm) for two suspensions with ¢ = 0.50, either
made up of 500- or 3175-um diameter spheres. Within the
confidence limits of the data, the end effects are not signifi-
cantly affected by the relative size of the suspended spheres
to the bubble. However, the measured viscosity of the sus-
pension of large particles is lower than that measured in the
suspension of small particles. Therefore, the viscosities are
plotted normalized by the steady-state viscosity (the average
of the measurements at Z/D > 15). We will discuss how the
absolute viscosity varies in the next subsection. Two moder-
ately concentrated suspensions of ¢ = 0.30, varying only by
the size of the suspended particles, also exhibited end effects
similar to within the limits of uncertainty.

W= 050
& =030

A=

w

Normalized Viscosity
%]
-

H
it ;...i.f iU RERER: biad

1] 5 10 15 20
Distance from Boltom of Cylinder (2/D)

Figure 7. Viscosity profiles normalized by the steady-
state viscosity for each suspension.

Suspensions contain 500 um polystyrene at various particle
concentrations and are tested in 4.4 cm-diameter cylinders.
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The confidence limits for the larger particle size (dashed
bars) are much longer than for the smaller particle size and
reflect the greater variation in velocities seen when the sus-
pended particles are comparable in size to the rising bubble.

Effect of the size of the suspended spheres on the
bubble rise velocity

Figure 9 shows the measured viscosities along the axis of
the containing cylinders for four suspensions with ¢ = 0.50
of various sizes of suspended spheres, identified by the ratio
of suspended sphere diameter d to the diameter of the rising
bubble dr. Here, the measured velocities are normalized by
the suspending fluid viscosity to obtain relative viscosities,
not by the respective steady-state viscosities as in Figure 8.
In general, as the particle size goes up relative to the bubble
size, the steady-state viscosity goes down. This is consistent
with previously reported data using falling balls'® and rising
bubbles in fluidized beds.'' Although the viscosity profiles
are similar in shape for each suspension, it is not immedi-
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Figure 9. Apparent viscosity measured at different
heights in various cylinders containing sus-
pensions of solid volume fraction 0.50 of
spheres with various radii.
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ately apparent that a trend exists describing the variations in
the profiles.

It has been shown in falling ball experiments in highly
concentrated suspensions that the apparent relative viscosity
of a suspension is insensitive to changes in the diameter of
the falling ball when the ratio of sizes of the suspended
spheres and the falling ball (dy/ds) are in the range between
0.166 and 0.5.'%3*3% Here, the relative viscosity is also
insensitive to changes in cylinder diameter as long as the cyl-
inder diameter is at least 46 times larger than the diameter of
the suspended spheres. We will call this region where the
viscosity is insensitive to test sphere size the “Newtonian
plateau.” A decrease in relative viscosity has been observed
as the falling ball becomes small compared to the suspended
spheres; however, this particular region is outside of the pa-
rameters of the current study. However, falling ball experi-
ments in the region below the dy/d; limits above have been
found to result in an increase in the measured relative viscos-
ity over that of the Newtonian plateau value. This appears to
be an effect of the confining cylinder diameter.

To try to understand the effects that are important in Fig-
ure 9, we performed tests in additional cylinders of various
diameters. Figure 10 is a plot of the relative viscosity of
three separate concentrations of suspended particles both
within and below the limits of the Newtonian plateau found
in falling ball experiments. We have also included points
from the earlier data,28 where we estimate from the size and
speed that the bubble was spherical or prolate, with a mobile
surface, and we reanalyze these data as in our current study.

As seen in Figure 10, the relative viscosity of both the
¢ = 0.20 and ¢ = 0.30 suspensions is not affected signifi-
cantly by the variation in particle to rising bubble size ratio.
Conversely, the highly concentrated suspension ¢ = 0.50
exhibits a marked increase over the Newtonian relative vis-
cosity as the particles become small compared to the rising
bubble, as indicated by the lines drawn through the data in
Figure 10. These lines slope upward as the ratio dy/d;
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Figure 10. Effect of relative bubble size on relative vis-
cosity for various suspended particle con-
centrations.

Solid points represent ¢ = 0.50. Data for ¢ = 0.20 are
from Mondy et al. (2004) reanalyzed for bubbles with mo-
bile surfaces. Also from Mondy et al. (2004) (reanalyzed)
are points at dyJdy = 0.10 and dy/d; = 0.156 with ¢ =
0.50. Dotted lines through the ¢ = 0.50 data are to guide
the eye. [Color figure can be viewed in the online issue,
which is available at www.interscience.wiley.com.]
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Figure 11. Apparent viscosity felt by a bubble com-
pared to literature values.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.].

decreases from the Newtonian region. Although there is
insufficient data to make a quantitative assessment, the lower
limit of the Newtonian region is dependant on the rising bub-
ble to cylinder diameter ratio d¢/D. For d¢/D = 0.13 the
lower limit of the Newtonian plateau is below dy/dy = 0.25.
This lower limit increases to dyJ/d; ~ 0.5 or 0.6 as dy/D
increases 0.41. Sensitivity of the relative viscosity to d¢/D
has also been observed for falling ball experiments.”*>°
From Figure 10, we can determine the relative viscosity
that would be felt by a bubble (with the size within our
range), without the effects of the confining cylinder, as a
function of the suspended particle concentration. We average
the results for ¢ = 0.20 and for ¢ = 0.30, and for the points
within the Newtonian plateau for ¢ = 0.50. Figure 11 com-
pares these points to a fit of suspension viscosity measured
with conventional torsional rheometers.”” One can see that
the apparent viscosity felt by the bubbles is approximately
linear with ¢, increasing far less than the rheometer data.

Discussion

Far from the cylinder ends, the apparent viscosity of a
moderately concentrated suspension (¢ = 0.30) as felt by a
rising bubble is insensitive to the relative sizes of the bubble
and the suspended particles. Also, wall effects developed for
spherical bubbles moving through single-phase Newtonian
fluids approximate well the wall effects in moderately con-
centrated suspensions over a range of particle and bubble
sizes, as shown by the ability of the rising bubble’s velocity
to predict the suspension viscosity measured with other rhe-
ometer types (Figure 11). However, in these suspensions
Newtonian end effects are not valid. The bubbles are influ-
enced by the bottom over a much greater distance than in the
suspending fluid alone, and this enhancement of the end
effects increases as the concentration of particles increases.

This increase in end effects is consistent with falling ball
studies reported recently, in which it was argued that the
enhanced end effects seen with solid falling balls could be
attributed to either (1) an effective hydrodynamic percolation
limit existing between the ball and the containing walls of
the cylinder and/or (2) small inertial effects leading to
restrictions in the recirculation of the suspension off the bot-
tom.?® In the former case, the suspended particles may form
effective chains connecting the nearest neighbors of the bub-
ble to the containing walls, including the bottom, and adding
resistance to the motion of the bubble. In the latter, it was
argued that recirculation of the suspension near the bottom
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of the cylinder was restricted by small, but finite, inertial
forces, and that larger balls could more easily push aside the
suspended spheres in their path leading to a smaller enhance-
ment of end effects than that experienced by the smaller
balls. In both arguments, bubbles would seem less likely
than solid falling balls to break the chains or push aside sus-
pended particles. However, the enhanced end effects remain
approximately the same as those measured with comparably
sized solid spheres. If the dominant effect is described by the
latter argument, it is possible that the small solid spheres
used by Reardon and coworkers were already below a critical
Stokes number to give a maximum in the end effects. How-
ever, the fact that the suspension imparted a similar effect on
the bubbles leads us to believe that the enhanced end effects
are more likely to be caused by a percolation limit that only
depends on the sizes of the suspended particles, containing
cylinder, and tracer particle (in this case a bubble). As stated
previously by Reardon and coworkers, these studies should
encourage the detailed examination of suspension microstruc-
ture, either numerically or experimentally, to determine the
true nature of the observed enhancement of end effects.

At higher concentrations of suspended particles (¢ =
0.50), other effects are present, also. First, the bubbles elon-
gate, which we believe to be due either to the non-Newto-
nian nature of the suspension or to a percolation effect that
essentially creates confining “walls” closer to the bubble
than are the actual cylinder walls. Elongation of bubbles con-
fined to narrow cylinders have been observed in both Newto-
nian and non-Newtonian fluids.”® Teardrop shaped bubbles
have been observed in viscoelastic fluids.***® Although the
suspensions here are created with Newtonian suspending
liquids, we expect them to exhibit normal forces at the high-
est concentrations.>” Although the bubbles here do not appear
to be teardrop shaped, the resolution of the X-ray images are
not good enough say for certain that there are no tails.

Newtonian cylinder wall effects are valid as long as d,/d;
> 0.4 and dyD > 0.13. Below these limits enhanced wall
effects may occur, resulting in higher apparent suspension
viscosities. Previous studies of solid balls falling through sus-
pensions have observed similar phenomena.'®?® However,
here the falling balls tend to push the suspended particles out
of the way. The “large ball effect,” where enhanced wall
effects occur, was thought to occur in situations where the
ball could no longer freely move the highly confined sus-
pended particles. This is consistent with the observation of
bubble deformation.

Finally, bubbles travel faster than would be predicted in
concentrated suspensions based on the expected suspension
apparent viscosity as reported in the literature.’’ Observa-
tions possible with the radiography showed us that, espe-
cially in the highly concentrated suspensions of the largest
particles, the passage of bubbles moved the suspended par-
ticles less than a similarly sized solid ball falling through the
suspension did. The bubbles deformed (occasionally grossly)
and could be seen to weave around the largest suspended
particles. This is consistent with the observation that the pas-
sage of many bubbles did not unduly increase the velocity of
the latter ones. Although the qualitative agreement with wall
effects is seen in falling ball rtheometry, the resulting appa-
rent viscosity of the highly concentrated suspensions seen
with the bubbles is far less. This could be because the
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bubbles deform the suspension microstructure less than
would a solid ball. However, the bubbles in the moderately
concentrated suspensions do remain spherical and, because
the particle spacing even at these lower concentrations is
smaller than the bubble size, the bubbles must deform the
suspension microstructure. Here, the apparent viscosities cal-
culated from the bubble velocities and those calculated from
the solid ball velocities are closer in value.
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