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The behavior of small spherical bubbles immersed in a homogeneous isotropic turbulent carrier
flow of a heavier fluid has been experimentally studied. Air bubbles with diameters between 10 and
900 um were injected in the test section of a horizontal water channel and allowed to interact with
the turbulence induced by a grid located at the entrance to the test section. Point measurements of
the bubble diameter and convective and rise velocities were taken from light interferometry data,
together with flow visualizations that showed the instantaneous concentration field of bubbles in
the carrier flow. The effect of the turbulence on the bubbles was found to alter the concentration
field of bubbles leading to preferential accumulation at small scales, a phenomenon referred to as
clustering, and to a decrease in the rise velocity of bubbles in the flow below the value measured
and predicted for bubbles in a stationary fluid. These results are interpreted in terms of the different
forces acting on the bubble in an inhomogeneous flow and in particular as the effect of pressure
fluctuations that drive the bubbles preferentially to the core of vortices. © 2011 American Institute

of Physics. [doi:10.1063/1.3626404]

. INTRODUCTION

The motion of bubbles immersed in a turbulent carrier
flow is a basic problem in turbulent multiphase flows. An
improved understanding of the dynamics of bubbles in turbu-
lent flows as well as of the effect of their presence in the dy-
namics of the turbulence will lead to key advances in the
fundamental modeling and predictive capabilities of multi-
phase systems. The design of heterogeneous chemical reac-
tors where a reactant in the gas phase is bubbled through
another in the liquid phase or the modelling of gas exchange
between the ocean and the atmosphere are just two examples
where a quantitative understanding of the physical phenom-
ena that determines the interfacial surface area, slip velocity
between the two phases, and residence time of the bubbles in
the liquid is of fundamental importance. In these situations,
the behavior of the bubbles is greatly influenced by the char-
acteristics of the turbulence in the liquid phase. Thus, a well
controlled laboratory experiment can produce valuable infor-
mation on the effect of the underlying turbulence on the
behavior of very small bubbles and, from the results, the dif-
ferent effects can be isolated and modeled to help predict the
incidence of the various phenomena of interest in industrial
and environmental applications.

The equation of motion for a rigid sphere, in the limit of
zero particle Reynolds number, in a nonuniform flow has
been established for several decades.! The applicability of
this equation to bubbles in a turbulent liquid flow is, how-
ever, a matter of controversy. In common applications, such
as air bubbles in water, bubbles with Stokes number of order
one typically do not satisfy the conditions that the Reynolds
number and the ratio of the diameter to the Kolmogorov
length scale, #, are smaller than unity. The adequate treat-
ment of hydrodynamic forces acting on a gas bubble under
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realistic conditions of Reynolds number and diameter to Kol-
mogorov microscale ratio is presented in a recent review by
Magnaudet and Eames.” The adequate modeling of drag,
added mass, shear-induced lift, and Basset force are all of
importance in the trajectory of finite Reynolds number bub-
bles, where the relative magnitude of these forces needs to
be carefully assessed.

The behavior of bubbles in flows dominated by the pres-
ence of large vortices has been the subject of in depth analyt-
ical and numerical®® studies. These studies reported a
preferential accumulation of bubbles in regions of high vor-
ticity, confirming the intuition that microbubbles would be
subject to the same accumulation effect due to turbulence
that had been found for heavy particles.”® In contrast to
what happens with heavy particles, however, it was found
that bubbles have their rise velocity reduced by the turbu-
lence due to the increased residence time of the bubbles in
the downward side of the eddies, where there is a theoretical
static equilibrium point.® This is due to the fact that, instead
of being driven by inertia to the downward convergence
zones between eddies, they are driven to the eddies cores,
where pressure forces oppose the buoyant rise that would
take them away from these regions. A cartoon of this mecha-
nism is drawn in Figure 1. Spelt and Biesheuvel’ and
Maxey® found these effects in their simulations of homoge-
neous isotropic turbulence laden with bubbles. Direct numer-
ical simulations of bubbly turbulent flows have been
performed by Druzhinin and Elgobashi,” who found that
preferential accumulation is not significant for very small
bubbles in low Reynolds number homogeneous, isotropic,
decaying turbulence. Under these circumstances, the effect
of the bubbles is similar to stratification, enhancing the tur-
bulence decay for stable stratification and delaying it in the
unstable case. Mazzitelli'® reported the results of a DNS
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FIG. 1. (Color online) Rising bubbles interacting with a vortex pair. The bubble on the left is at the equilibrium point, where all forces are balanced resulting
in zero velocity and acceleration. The bubble on the right is at a location where the acceleration, associated with added mass, is the result of the imbalance
among buoyancy, drag, lift, and the term 3Du/Dt, which includes part of the added mass term and the pressure and viscous stresses on the surface of the bubble

due to the non uniform flow (not included in the drag force).

study of microbubbles in homogeneous isotropic turbulence.
They focused the attention on the effect of lift force and
found that bubbles increase their residence time in the down-
ward side of the eddies, thus reducing the bubble mean rise
velocity. Large scale velocity fluctuations in the carrier fluid
are inhibited by the buoyancy, while energy is added at the
small scales of the turbulence, resulting in a net reduction of
the turbulence decay rate. Numerical simulation of small
bubbles dispersed in shear flows'"'* has shown that bubble
dispersion is dominated by the interaction of buoyancy with
the complex hydrodynamic forces that develop in the neigh-
borhood of large coherent vortices, including drag, added
mass, and lift. The presence of equilibrium points near the
vortex cores, a phenomenon that depends on the bubble
Stokes number, dominates the residence time of bubbles in
the vortical region of the ﬂow,“’13 as well as the two-way
coupling effect of bubbles on the vorticity field.'?

The experimental study of turbulent bubbly flows has
been mostly carried out with relatively large bubbles and vol-
ume fractions. In their seminal paper, Lance and Bataille'*
studied the turbulence characteristics of the continuous phase
in an upwards flowing water channel, where turbulence was
introduced both by a grid and by ellipsoidal bubbles with an
equivalent diameter of 5 mm, approximately equal to the
Taylor microscale of the single phase flow. As the bubble
void fraction was increased from 0% to 5%, they found that
the flow transitioned from a regime, where the hydrodynamic
interaction of the bubbles is negligible to one in which the
bubbles transfer a great amount of kinetic energy to the flow,
modifying the one dimensional spectra from the classical
— 5/3 power law to a — 8/3 dependency. More recently, the
problem of bubbles injected into an upward-moving, grid-
induced turbulent water flow was revisited, and the bubble
spatial distribution as well as the effect of the bubbles on the
underlying carrier flow turbulence were characterized.'> A
non uniform distribution of bubbles was found, with a peak
in the local void fraction located approximately halfway
between the channel wall and the centerline. An associated
peak in the streamwise velocity was also reported, presum-
ably induced by the stronger buoyancy of the bubbles at the

location of the void fraction peak. The reasons for the exis-
tence of these peaks and their location were not provided, and
several mechanisms, such as lift due to the interaction with
the mean shear'® or preferential accumulation by large
eddies,'” were suggested as possible causes. Because in these
experiments the bubbles were several millimeters in diameter
and the volume fraction was high (=5%), the effect of the
carrier flow on the dynamics of the bubbles was masked by
other stronger effects. Moreover, because the mean flow was
in the same direction as gravity, the rise velocity was not con-
sidered. Experiments to determine the forces acting on bub-
bles in the 500-800 um range due to nonuniform flow were
conducted by Sridhar and Katz.'"® They found drag coeffi-
cients that agreed well with steady state data and lift coeffi-
cients that did not agree with existing theoretical or
numerical models. In the course of their experiments, they
measured the trajectory of a bubble entrained by a laminar
vortex and were able to reproduce it with calculations using
the equation of motion described above” with adequate coef-
ficients. The dispersion of microbubbles in a free shear layer
has been studied using bubbles with diameters smaller than
100 ,um.17 In this case, the rise velocity of the bubbles was
negligible, but the experiment was able to characterize the
effect of the large coherent vortices present in a mixing layer
on bubble dispersion. The dispersion of larger, millimeter-
scale, bubbles in turbulent mixing layers is dominated by a
combination of buoyancy and hydrodynamic forces'*° with
a complex feedback mechanism, whereby the bubbles con-
tribute significantly to the velocity fluctuations and, therefore,
to the mixing spreading rate through pseudo-turbulence asso-
ciated with added mass and the relative high Reynolds num-
ber in their wakes. More recently, experimental evidence of a
decrease in the rise velocity of bubbles caused by homogene-
ous isotropic turbulence which is created by an active grid
has been reported.”’ These experiments have established
experimentally, for the first time, the predicted reduction in
the rise velocity of bubbles below the value measured in still
fluid, due to the effect of homogeneous isotropic turbulence.
In this paper, we present recent experimental evidence
of turbulence-induced reduction of the rise velocity of
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FIG. 2. Recirculating water channel.

bubbles under a wide range of values of the controlling param-
eters. The bubble Stokes number, the bubble void fraction, and
the carrier flow turbulent intensity have been systematically
varied in the range of interest, namely dilute concentration of
bubbles and diameters smaller or equal than the Kolmogorov
microscale. We also extend the analysis of this phenomenon
with experimental evidence and quantitative measurements of
preferential concentration of microbubbles in homogeneous
isotropic turbulence. The structure of the paper is as follows:
the experimental setup is described in Sec. II, the measure-
ments of the bubble rise velocity, as a function of the bubble
diameter, void fraction, and turbulence intensity are reported
in Sec. III. The relevant bubble rise velocity in still fluid, used
for comparison with the measurements in a turbulent flow, as
well as the scaling of the rise velocity reduction found in the
experiments are analyzed in Sec. IV. Finally, the conclusions
reached in the study are summarized in Sec. V.

Il. EXPERIMENTAL METHODS
A. Experimental facility

The experiments were carried out in a recirculating water
channel with a capacity of roughly 5 cubic meters. The test
section is 2 m long and has a square cross section of 0.6
m x 0.6 m. The maximum free stream velocity in the test sec-
tion is 1 m/s. A sketch of the facility is shown in Figure 2.
The facility has a series of grids and honeycombs, followed
by a 3:1 area-ratio contraction, to ensure that fluctuations orig-
inating at the pump are damped out before the flow reaches
the test section. The underlying turbulent intensity in the origi-
nal channel flow is very low, less than 0.5%, and the homoge-
neous isotropic turbulence is generated by a grid located at the
entrance to the test section. The grid was formed by cylindri-
cal bars with a diameter of 0.3175 cm and a spacing of 2.54
cm, which gives a solidity ratio of 0.11. At different mean
velocities of the carrier flow, the grid induces different levels
of turbulent fluctuations, enabling us to study the behavior of
the bubbles under varying conditions of the turbulence. The
experimental conditions are shown in Table I.

The bubbles were introduced in the flow by an array of
thin hydrofoils located a small distance in front of the turbu-
lence-inducing grid. They were positioned horizontally and
arranged in a grid type structure, separated 10.16 cm from
each other and from the top and bottom of the channel, so
the perturbation due to the bubble injecting device was just a
small contribution to the overall turbulence. The injectors
were embedded in the hydrofoils to minimize their wakes.

Each injector consists of an aluminum NACA 0012 pro-
file with a longitudinal cavity machined along its leading
edge. The cavity is closed with a porous plate through which
compressed air, injected from the side of the hydrofoil, is
bubbled into the incoming flow. The experiments required
the injection of very small bubbles, d3y ~ 200 um, in very
large numbers so that the volume fraction would be signifi-
cant to study accumulation effects, ¢ ~ 10~ *. To reduce the
bubble size, ethanol micro-jets are directed at the porous
plate along the leading edge of the hydrofoil so that the con-
tact angle of the growing bubbles is increased, making it eas-
ier for bubbles to detach from the plate. Essentially, as the
volume to cross-sectional area ratio is decreased and since
drag depends on the area exposed to the incoming fluid, bub-
bles with smaller volume are formed. A schematic of the de-
vice and the mechanism of size reduction are shown in
Figure 3. The volume of alcohol injected during the experi-
ment was very small, approximately 1 ml/s, and so its effect
on the bulk properties of the carrier fluid was negligible.

B. Turbulence characterization

The turbulence was characterized with laser Doppler
velocimetry. A Phase Doppler Particle Analyzer (PDPA)
(TSI Inc., Lakeside, MN) was mounted on the water channel
and collected light scattered from the bubbles flowing
through the probe volume. A water-filled triangular prism
was placed on the free surface to provide a clean optical path
for the scattered light to reach the PDPA detector. The prism
was designed to use internal reflection, which gives the high-
est efficiency and resolution in the diameter measurements
(largest slope of phase-vs-diameter relationship), allowing

TABLE I. Experimental conditions in the water channel. Turbulence characteristics at the location of the measurements.

U, (m/s) u' (m/s) Rey u' U (%) u' Iw' e(m?/s%) 7 (1073 s) 7 (10~ m) v (1073 m/s)
0.40 0.10 10000 25 1.10 0.005 14 120 8.4
0.63 0.16 15500 26 1.06 0.006 13 114 8.8
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FIG. 3. Sketch of the bubbler and the diameter
reduction mechanism.
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the detector to be focused on the probe volume at an angle of
63° for forward scattering collection.”? A sketch of the setup
is shown in Figure 4. This system, which has been described
at length elsewhere,”* uses the frequency and phase shift of
light reflected by the bubbles as they cross through the probe
volume to compute their velocity and diameter. Briefly, two
pairs of light beams with different wavelengths are projected
into the test section, perpendicular to each other, and inter-
sect at a certain point in the flow, materializing the probe

/
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FIG. 4. (Color online) Sketch of the mount used to take PDPA measure-
ments on the water channel. This view shows the cross section of the chan-
nel, perpendicular to the flow direction.
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volume. Because a small frequency shift has been introduced
in one of the beams in each pair, they create an interference
pattern, with fringes moving in two perpendicular directions
when the beams cross inside the probe volume. Every bubble
that crosses that volume reflects light modulated by the con-
structive-destructive interference in both wavelengths. The
system acquires and analyzes the reflected light, computing
the frequencies and phase shift introduced by the bubbles as
they cross the fringes. From that information, the system cal-
culates the diameter of the bubbles, based on Mie scattering
theory, and two components of the velocity associated with
the two directions of the fringe patterns, in this case the
streamwise and vertical components. Using the smallest bub-
bles as flow tracers, the carrier fluid velocity components in
two perpendicular directions, along the mean flow and along
the direction of gravity, were obtained from the PDPA meas-
urements by filtering out the data for bubbles larger than 50
um. From these measurements, the turbulence characteristic
length, time, and velocity scales were computed. The homo-
geneity and isotropy of the flow in planes perpendicular to
the mean flow were also confirmed.

C. Bubble diagnostics

Flow visualizations were used to obtain information on
the spatial distribution of the bubbles. This technique
allowed a large area of the flow to be sampled. While the
PDPA technique described above provided point



093301-5 Preferential concentration and rise velocity reduction
measurements that were analyzed over time to provide bub-
ble statistics, flow visualizations gave instantaneous informa-
tion on the distribution of bubbles in a large area in the flow.
To obtain an instantaneous visualization of the position of
the bubbles in the flow, a vertical slice of the flow was illu-
minated by a laser plane projected from the bottom of the
test section. The beam from an Ar " laser (Innova 70C-5W,
Coherent Inc., Santa Clara, CA) was redirected to a rotating
mirror located under the test section of the channel. The light
beam swept the flow at 4000 Hz, creating a vertical plane
inside the channel. The light reflected by the bubbles was
captured by a Kodak ES 1.0 digital high resolution
(1008 x 1008 pixels) charged coupled device (CCD) camera
with its focal axis located perpendicular to the laser plane.
Using NIH 1MAGES processing software, large sets of images
taken with this method were made binary and analyzed, fol-
lowing a procedure that has produced excellent results in the
past.”* Following this image processing technique, the loca-
tion of the bubble centroid was computed and stored. By
analyzing a large number of images taken under the same
conditions, statistics of the concentration field of the par-
ticles could be built and the influence of the turbulence stud-
ied. Information on the preferential accumulation of bubbles
obtained with this method is presented in Sec. III C.

lll. EXPERIMENTAL RESULTS

Four sets of experiments were conducted to study the
influence of the carrier flow turbulence on the rise velocity
and concentration field of the bubbles. The first one looked
at the rise velocity of relatively large bubbles, in the range
300-900 pum, using PDPA measurements. The second used a
point source of bubbles and measurements at different dis-
tances downstream and at different free stream velocities to
evaluate the rise velocity of small bubbles (200-400 pm)
with higher accuracy. The third one was similar to the first
set of experiments but used modified PDPA optics and signal
processing settings to look at the rise velocity of smaller bub-
bles, in the range 10-300 pum. Finally, flow visualizations
were used to study the bubble instantaneous concentration
fields under both conditions.

A. Large bubbles (d= 300 - 900 zm)

We measured the streamwise and vertical velocities of
the bubbles within a wide diameter range (d=300-900
um), as well as their size, at two different locations down-
stream from the grid, x/M = 24 and x/M = 30, and at different
mean velocities of the water channel. The rise velocity
obtained by averaging the vertical velocities of all bubbles
within each size range are plotted in Figure 5, as a function
of the average diameter of the bubbles for each size bin. To
measure in this large range of bubble diameters, there is a
trade off in the PDPA settings between accuracy in the rise
velocity measurements and sampling rate. Due to the low
PDPA data rate in this regime and the uncertainty in the
measurements of the vertical velocity, the smallest size class
was chosen to include all bubbles with diameters between 0
and 250 um. This wide range was necessary to ensure that a
large enough number of bubbles were used to compute the
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FIG. 5. (Color online) Measurements of the average vertical velocity of the
bubbles.

statistics of the velocity. It was critical to obtain reliable sta-
tistics of the smaller size class, as they were used to charac-
terize the turbulence, and more importantly, the mean
vertical velocity of the smallest size class was used to align
the laser beams to a horizontal axis. Misalignment between
the laser beams and the horizontal axis of the channel would
cause a small component of the streamwise velocity being
measured as part of the vertical velocity, contaminating the
data.® Thus, the laser beams were rotated in their mount until
the mean vertical velocity of the smallest class was found to
be zero within experimental error. This alignment of the
PDPA measuring axis results in a small underestimation of
the rise velocity of bubbles, associated with the assumption
that the smallest bubbles have zero vertical velocity. To cor-
rect for this, the rise velocity of bubbles between 0 and 250
um (within the smallest size range used in the PDPA) was
computed by an indirect method explained below and added
to the PDPA measurements. The resulting velocities have a
systematic error related to the cosine in the projection that is
proportional to o%/2, where o is the angle that the PDPA axis
forms with the horizontal, & = tan~!(V?/V,). In the experi-
ments, V? ~2.5 10‘2m/s and V, = 7.5 10~ ! m/s, so the
error is of the order of 1/1000 of the measurement, much
smaller than the intrinsic accuracy of the PDPA. Figure 6
shows the same data, made non dimensional with the root
mean square of the fluctuating velocity and plotted against
the Stokes number of the bubbles. It can be observed that the
data made non dimensional in this way show a consistent
behavior over different values of the turbulence intensity and
void fraction.

In order to improve the accuracy of the analysis, we
developed a new technique to obtain measurements of the
bubble rise velocity independent of the alignment of the
PDPA laser beams. Specifically, we used this method to
characterize the rise velocity of very small bubbles (50 — 250
um). A single bubble injector was used to introduce a point
source of bubbles in the flow. The size probability density
function of bubbles was measured at two different locations
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FIG. 6. (Color online) Normalized average rise velocity of the bubbles.

downstream (L), and a small distance above (H), from the
source, and the turbulence inducing grid. The evolution of
the bubble cloud under mean flow convection, turbulence
dispersion, and buoyant rise would make the size distribution
vary spatially, as sketched in Figure 7. Each class size of
bubbles in the cloud (d; <d < d; 1) will follow a parabolic
trajectory, on average, determined by their mean rise veloc-
ity and spreading due to turbulent dispersion. If one com-
pares two size probability density functions measured at
small distance apart, one would find that there is a bubble
size for which the number of bubbles per unit time passing
through the measurement point has not changed, whereas the
number of bubbles for all sizes larger than that decreases
(because they rise faster and the measurements are already in
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the tail of the distribution) and all sizes smaller than the
unchanged one will increase their number (because they rise
slower and they have not yet reached the maximum in the
distribution). The size class that is going through the maxi-
mum at the location of the measurements has an average rise
velocity that can be computed from geometrical considera-
tions as V.,=U,, - H/L. The result from this calculation is
shown in Figure 8. From these measurements, we obtained a
value of the rise velocity, independent of the laser alignment,
that was used to correct the data plotted in Figure 5, thus
canceling the subtraction of the rise velocity of the smallest
bubbles introduced by the PDPA beam alignment method.

B. Small bubbles (d=10-400 um)

To study the rise velocity of smaller bubbles, selecting a
narrower diameter range allowed for better accuracy in the
velocity measurements and higher sampling rate. Modifica-
tions to the laser optics as well as to the data acquisition set-
tings were introduced to greatly increase the resolution with
which the bubble vertical velocity could be measured by the
PDPA. The rise velocity of the smallest bubbles was directly
measured with a resolution better than 5 x 10~ 3 m/s, and the
results are shown in Figure 9 for two values of the turbulent
intensity. For comparison, the values of the rise velocity in
still fluid predicted by three different correlations available
in the literature are plotted in the same figure. The values of
the rise velocity predicted for triply distilled water doped
with a high concentration of a surfactant,”> and for tap and
sea water,”® agree quite well. The uppermost curve is given
by a simple Stokes law, without corrections for finite Reyn-
olds number. It is important to point out that, even though
the smallest bubbles in previous experiments>>*® were larger
than the ones reported here, they found the behavior of the
bubbles to be very close to the rigid bubble with no internal
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FIG. 7. Schematic of the vertical velocity measurement based on the evolution of the bubble size distribution.
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FIG. 8. (Color online) Indirect measurements of the average rise velocity
for the smallest bubbles.

circulation.”” Thus, for the bubbles in this range (10-300
um), the clean, stress-free surface with internal circulation
condition is considered irrelevant in water and other polar
liquids (but would not be in non-polar carrier fluids) and
only the correlations obtained for rigid bubbles loaded with
surfactants have been considered. The measurements are still
subject to the alignment problem, and so the system was
again aligned until the smallest class size, in this case 5-50
um, was found to have zero vertical velocity. It is important
to note that, unlike in the previous case, the expected rise ve-
locity of these bubbles is only a few millimeters per second,
and thus the error introduced by the alignment method is
smaller than the intrinsic accuracy of the measurements. The
results agree well with the indirect measurements taken by
the evolution of the size distribution, detailed above, and
complement the measurements of the rise velocity of large
bubbles explained in Sec. III A.

C. Bubble concentration field

The instantaneous concentration field of bubbles in the
flow was investigated by analyzing visualizations of vertical
slices of the flow illuminated by a laser plane. There are mul-
tiple methods that have been used to characterize the devia-
tion of the instantaneous concentration of bubbles from
randomness. We found that the method that provided the
best results was the comparison of the actual statistics of
bubbles locations in the flow, with the theoretical probability
density function expected if the bubbles were randomly dis-
tributed by the turbulence.’® The position of the bubbles
was obtained by processing the images of the light scattered
at 90° by the bubbles in the flow. The image plane was di-
vided in square windows of a certain size and the number of
bubbles in each window counted. The probability density
function of the bubble concentration was computed by
counting the number of bubbles per window, for all the win-
dows of a certain size in all the images taken under the same
flow conditions. This probability distribution was then com-
pared to a Poisson distribution, which is the probability dis-
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FIG. 9. (Color online) Direct measurements of the rise velocity for small
bubbles (V). Comparison with three different estimates of the rise velocity
of small bubbles in still fluid. Vg, is the theoretical rise velocity for a spheri-
cal gas bubble with Cp=24/Re, V.06 is the value obtained from experi-
mental measurements in triply distilled water,”> and Vpersengo 18 the value
from experimental measurements in tap and salt water.

tribution corresponding to a random field of bubbles. To
obtain a quantitative measure of the deviation from random-
ness, we used two parameters that have been widely used in
the literature on preferential accumulation.™®® The first
method compared the experimental and theoretical pdfs
point by point (P — Pp,;ss0n) and calculates a mean square
distance between the two. In the second method, only the
standard deviation of both experimental and theoretical pdfs
is compared (0 — Opoisson) and made non dimensional with
the mean value for the pdf (x) that is common to both. If this
algorithm is applied for varying sizes of the windows, the
evolution of these parameters quantify the extend to which
clustering occurs in this flow. The distributions obtained
from very small windows, comparable to the smallest flow
scales, must be very similar to the random distribution: since
the process becomes binary, there is zero or one bubble in
each window. For very large windows, larger than the inte-
gral length scale of the turbulence, the process again
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FIG. 10. (Color online) Preferential concentration of bubbles. Characteristic
length scale. U=0.25 m/s, =8 x 10~ *.

resembles a random distribution, as each window contains
regions of high concentration and regions devoid of bubbles
and the process of counting the bubbles integrates the concen-
tration field, smearing the clusters. The results from this pro-
cess can be seen in Figure 10, for a particular value of
experimental settings. All experimental conditions were
tested, and the results were consistent among all of them. As
predicted by the theory, the deviation from randomness pa-
rameters showed the tendency to zero for both very large and
very small window sizes, although the largest windows were
not large enough to reach a zero value. At the intermediate
scales, however, preferential accumulation of bubbles was
present in every case, and it was maximum for windows with
a size corresponding to about 20 times the Kolmogorov
length scale. This is about twice the characteristic size of the
particle clusters found in other experiments,® where the Reyn-
olds number in the flow was lower (10° vs 6 x 10°). This is
consistent with the idea that clusters are formed by small
scale vorticity and the peak of the dissipation spectrum
moves to larger scales (lower wavenumbers) for larger Reyn-
olds number flows.

IV. ANALYSIS

The effect of turbulence on the dynamics of bubbles is a
problem rich in physics that is governed by at least four non
dimensional parameters: the Stokes number (St = 1,/t;) is the
ratio of the bubble viscous response time to the Kolmogorov
turn over time and characterizes the influence of the bubble
inertia, as it accelerates the surrounding fluid it displaces in its
trajectory. The terminal velocity ratio (V,/V}) is the ratio of the
bubble rise velocity in still fluid to the Kolmogorov velocity,
and it represents that influence of the crossing trajectories
effect, due to the vertical velocity breaking the symmetry of
the interaction of the bubbles with the turbulent fluctuations,
on the bubble dynamics. The geometrical ratio of the bubble
diameter to the Kolmogorov length scale (d/y) also influences
the scale at which the bubbles sample the velocity fluctuations
in the turbulence and the resulting shear. These three parame-
ters do not vary independently of each other for a certain turbu-
lent carrier flow and a certain gravity field. As such, only one
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of the values can be changed independently. For this analysis,
we have chosen to evaluate the physics of the bubble-turbu-
lence interactions in terms of the Stokes number, as the leading
order effect in the bubble trajectories. The ratio of bubble di-
ameter to Kolmogorov scale is of order one (0.2 <d/n < 2),
which makes the results directly comparable to most DNS
study, where the equation of motion used for the bubbles
require this ratio to be smaller than one. The terminal velocity
ratio can also be directly linked to the Stokes number for a
given fluid and turbulence intensity (V,/V; = 1,gtv3/*/€!/4)
and is also of order one for all the experiments presented here.
The fourth non dimensional parameter of importance is the
bubble void fraction. The range of void fraction under study is
limited, from 4 x 1074 - 8x 10 4, and no definite conclu-
sions have been reached on its effect in these experiments. The
results are, however, tagged with the value of ¢ so as to pro-
vide a reference for further studies of the mechanism by which
the void fraction affects the bubble-turbulence dynamics.

To establish the effect of the turbulence on the rise ve-
locity of the bubbles, one needs to compare the measured
rise velocities with the values that those same bubbles would
have in a stationary fluid. This is not a simple task, as the
rise velocity of a bubble in still fluid is not simply deter-
mined by its diameter and relative density, as is the case
with the settling of a spherical particle. There are different
regimes depending on the surface tension between the fluids
and the shape of the bubble. Bubble behavior can evolve
continuously between that of a rigid sphere with no internal
circulation and that of a fluid sphere with a free-stress bound-
ary,” depending on the values of surface tension and the vis-
cosity. They also go through different regimes: sphere,
ellipsoid, and spherical cap as the size and Reynolds number
increases.”” The bubbles in these experiments keep their
spherical shape, but it was not clear which was the right drag
coefficient to use in the rise velocity computation, consider-
ing that the bubbles in the experiment accumulated a fair
amount of surfactants and the Reynolds number of the bub-
bles ranged over two decades (1-100). Two different veloc-
ities were computed for comparison, corresponding to the
contaminated surface with a no slip boundary condition and
to the clean surface with a stress-free interface with internal
circulation cases. The rise velocity for these two limiting
conditions® are given in Eqgs. (1) and (2), respectively.
These values were used for comparison with the rise velocity
of the large bubbles, in the size range of the original experi-
ments from which they were developed

24 1
Cd="" (1 + —Rem),

Re 8
2 ey
V.= - g,
T18 -y (14 LRe0T?) §
11.1
Cd = ——-Re "%,
Re

V.

*T 3331 Re OB

The non dimensional difference between the rise veloc-
ity of the bubbles in the turbulent flow and the velocity pre-
dicted for contaminated rigid bubbles in still fluid, Eq. (1), is
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FIG. 11. (Color online) Rise velocity reduction for bubbles in the 400-1000
um range.

shown in Figure 11. One can observe the presence of a mini-
mum for values of Stokes number close to unity. The com-
parison of the turbulent bubble rise velocity with the two
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limiting cases of the drag coefficient is shown in Figure 12.
In the lower curve, the rise velocity of bubbles is compared
to the one predicted in still fluid for a clean, fully recirculat-
ing sphere that has the lowest drag coefficient, Eq. (2). In the
upper one, the measurements are again compared against the
velocity predicted for a bubble with a contaminated interface
that behaves as a solid sphere due to the surfactants inhibi-
ting any internal circulation, and has a higher drag coeffi-
cient, Eq. (1). It is worth noting that the conditions in the
present experiment were closer to the fully contaminated,
rigid surface than to the clean, recirculating sphere, and thus
a very large reduction was obtained when the measurements
were compared to the maximum rise velocity obtained for
the clean spherical bubble. However, as both curves present
negative values, one can claim unequivocally that there is a
reduction of the rise velocity of the bubbles due to the turbu-
lence, regardless of the uncertainty on the concentration of
surfactants in the experiment.

For the case of the smallest bubbles, the experimental
data from Detsch®® were used for comparison. These were
obtained for very small bubbles, using distilled, tap, and sea
water. The values for tap and sea water were found to be
almost identical and were used as a good approximation to
the conditions in our experiments. In that paper, the values
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FIG. 12. (Color online) Rise velocity reduction as a function of the bubble Stokes number. Stress free, clean surface and internal circulation (Eq. (2)), and

slip-free, contaminated surface with no internal circulation (Eq. (1)).

Downloaded 15 Sep 2011 to 205.175.121.34. Redistribution subject to AIP license or copyright; see http://pof.aip.org/about/rights_and_permissions



093301-10 A. Aliseda and J. C. Lasheras

-0.15

—_— ReM:15500
—_— - HeM=1 0000
0.2

-0.25
o | WA
-0.35 ‘L \\
~N
~

I\

(VZ -VDe!sch91)/ u'
—

-0.4

-0.45

N

-0.55

0 0.1 0.2 03 0.4 0.5
Stokes number

FIG. 13. (Color online) Rise velocity reduction for bubbles in the 50-400
{m range.

of rise velocity obtained for tap and sea water were fitted by
a three term empirical law given in Eq. (3),

V.=—4711073 +1.1210> - d + 1.4210* - &>,  (3)

where the velocity is given in meters per second and d is the
bubble diameter in meters.

The values of the reduction in rise velocity of the
smaller bubbles can be seen in Figure 13 and were found to
be significant. When the reduction is non-dimensionalized
with the root mean square of the fluctuating velocity of the
carrier fluid, the results seem to collapse, in good agreement
with the hypothesis that the rise velocity reduction is caused
by the interaction of the bubbles with the turbulent structures
and u’ is a measure of the level of turbulent kinetic energy
present in this flow.

V. CONCLUSIONS

We have performed a series of experiments under well
controlled conditions to understand the behavior of small air
bubbles in a turbulent flow. Homogeneous isotropic decay-
ing turbulent flow was created by a grid located at the en-
trance of the test section of a high Reynolds number
horizontal water channel. The bubbles injected into the tur-
bulent flow were allowed to interact with the turbulence for a
large number of viscous relaxation times to ensure that the
memory of the initial conditions was lost and their behavior
was only a function of their diameter and the characteristics
of the turbulence.

We used two different correlations found in the litera-
ture to compare our measurements of the vertical velocity of
the bubbles against the rise velocity of bubbles of equal size
in still fluid. The values from Detsch®® were used for the
smallest bubbles (50 — 400 um), while the values from Max-
worthy et al.>> were used for the larger ones. The two corre-
lations were found to give consistent values in the overlap
region of validity.

The rise velocity of bubbles in a nearly homogeneous
and isotropic turbulent flow is reduced with respect to the

Phys. Fluids 23, 093301 (2011)

values measured in still fluid. This reduction was very signif-
icant, even for very small bubbles (in the 50 — 400 um). The
reduction in the rise velocity was maximum for bubbles with
Stokes number of order unity. The Stokes number was com-
puted using the Kolmogorov time scale of the turbulence, a
choice consistent with previous studies in the literature. The
r.m.s. of the turbulent velocity fluctuations was used to make
the reduction of the rise velocity non dimensional. Thus, the
curves obtained for different turbulence intensities were
found to collapse to a certain extent.

The interaction of the bubbles with the turbulence in the
carrier fluid leads to the formation of large inhomogeneities in
the concentration field of the bubbles, in good agreement with
previous numerical simulations.* Although this phenomenon
has been described in heavy inertial particles,™** the scaling
for preferential concentration behaviour in bubbles had previ-
ously not been studied and experimentally confirmed. We
found that the scale at which this accumulation due to the tur-
bulent structures is more efficient is equal to 20 times the Kol-
mogorov scale of the turbulence. This is larger, although of
the same order of magnitude, than the result in heavy par-
ticles. The difference in the value of the Reynolds numbers of
the carrier flows, 10° vs. 6 x 10° , was hypothesized to lead to
a larger scale for the maximum of the turbulent dissipation
spectrum where vorticity is most intense and therefore to be
responsible for the increase in the bubble clusters.
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