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ABSTRACT 
Bubble-turbulence interaction in a two dimensional 

free shear layer is analyzed experimentally, investigating 
the influence of the large coherent structures present in 
the mixing region. A dilute, dispersed system of micro- 
bubbles is added to one side of a horizontal two stream 
water tunnel. Phase Doppler anemometry and other 
optical flow diagnostics were used to provide size and 
velocity information which was conditionally averaged 
with respect to the Kelvin-Helmholtz rollers in the shear 
layer. Measurement of the kinetic energy budget asso- 
ciated with these large scales of the underlying flowfield 
show it to be significantly inhomogeneous (ranging from 
KE generation to destruction) near the region of max- 
imum velocity RMS. Issues associated with the use of 
optical flow diagnostics applied to such a flowfield are 
discussed. 

INTRODUCTION 
Understanding bubble-fluid interaction in turbulent 

flows is a keystone in the development of models re- 
lated to a wide variety of applications. Whether the 
bubbles arise within the flowfield intentionally - as in 
chemical reactors - or inadvertently - as in naval, nuclear 
reactor or oceanographic systems (Thorpe, 1982) - of- 
ten such interaction occurs with clouds of microbubbles 
(much smaller than typical flow lengthscales) due to the 
rapid rise of larger bubbles. Due to the highly complex 
nature of the interface between the phases, transfer laws 
for mass, momentum and energy are difficult to define, 
models require the use of empirically based closure as- 

sumptions that may be difficult to justify. A more com- 
plete understanding of the fundamental interactions oc- 
curring in prototypical bubbly turbulent flows (includ- 
ing detailed experimental characterizations of such flow- 
fields) is important for further evolution of such models. 

Numerous studies of turbulent, two-dimensional, free 
shear flows over the past two decades have stressed 
the importance of large scale, spanwise, coherent, vor- 
tical structures in the evolution of the layer (Brown and 
Roshko, 1974; Winant and Browand, 1974). Since such 
flowfields are relatively well understood in the single- 
phase case and display fundamental characteristics of an 
anisotropic, inhomogeneous turbulent flow, the interac- 
tion of the bubbles with such large scale structures forms 
the basis of this study. A significant amount of theor- 
etical and numerical work has been done regarding the 
one-way coupling (i.e. dispersion) of buoyant and heavy 
particles in free shear layers (Ti0 et al., 1993; Ruetscli 
and Meiburg, 1993), indicating that the presence of the 
large scale structures will not only dominate the dis- 
persion of bubbles throughout the shear layer, but due 
to the possible creation of large local void fractions the 
underlying flowfield itself may be influenced. Detailed 
experimental work regarding the one-way (LBzaro and 
Lasheras, 1992) and weak two-way (Kiger and Lasheras, 
1995) coupling of water droplets in air, has also been 
carried out. Previous research (Lance and Bataille, 
1991) has noted an effect of the dispersed phase on the 
slope of the turbulence spectrum at high wavenumbers, 
though the bubble size in that case was on the order of 
the Taylor microscale. 



In this paper we present some results from a de- 
tailed experimental characterization of a bubbly free 
shear layer. Emphasized will be the energy budget of 
the floideld resulting from the interaction of the bubble 
cloud with the large-scale structures known to dominate 
the mixing region. The impact of the accuracy of the 
optical flow diagnostics on these measurements will be 
discussed briefly. 

WEAK TWO-WAY COUPLING 
In the limit of a dilute, dispersed system of micro- 

bubbles in an unsteady, nonuniform carrier phase, the 
equation of motion of the dispersed phase can be written 
as (Maxey and Riley, 1983; Auton et al., 1988) 

1 Du dV + G T ~ , U F ( U  - V) + -mF - - - 
2 ( D t  dt ) ' (l)  

assuming the density of the particle to be zero relative 
to that of the carrier phase, and m~ = $7W3pF is the 
displaced mass of carrier phase fluid. This expression 
assumes (1) negligible unsteady vorticity diffusion (i.e. 
the Basset history term) - a spectral analysis of this 
equation (Hjelmfelt and Mockros, 19%) suggests that, 
at the turbulent wavenunibers present in this study, this 
simplification does not lead to large errors, (2) no lift 
force results from carrier phase vorticity (Auton et al., 
1988) - due to debate over the accuracy of current mod- 
els (Sridhar and Katz, 1993), and (3) that the quasi- 
steady drag force is that for rigid, spherical particles - 
due to accumulation of surfactants, such small bubbles 
will behave as rigid spheres (Detsch, 1991). 

Decomposing the flow around the bubble (as was done 
to find the equation of motion above (Maxey and Riley, 
1983)) as the sum of that due to the undisturbed carrier 
phase and the disturbance flow caused by the relative 
motion of the bubble, i i (x , t )  = u ( x , t )  + u' (x , t ) ,  the 
forces acting on the bubble can be determined as an 
integral of the stress tensor (T) over the surface or as 
a volume integral of VT. In the limit of weak two-way 
coupling (Maxey et al., 1994), where the undisturbed 
carrier phase momentum equation in the vicinity of a 
bubble can be approximately described by pDu/Dt = 
VT+pg, integrating over the microbubble volume gives 

(2) F = m F  (Du/Dt - g) , 
and F' = -F since, for massless particles (bubbles), 
@ = 0 = F + F'. It is important to note that the terms 
neglected in writing (1) all derive from the disturbance 
flow of the bubble and therefore would appear as addi- 
tional terms in an expression for F' . 

Since the force due to the ambient flowfield (F) 
already exists in the momentum equation, the equation 
of motion of the carrier phase must be, within the limit 
of this analysis, 

pDu/Dt = -Vp + pV2u + pg - F'. (3) 

Taking the inner product of this equation with u gives 
an equation for the kinetic energy evolution of the carrier 
phase. The interpretation of this energy coupling term, 

- F' - U  = F - U  = m F  (Du/Dt - g) T U ,  (4) 

is the redistribution of potential to kinetic energy within 
the carrier phase, since the dispersed phase can possess 
no energy. 

EX P E R I M ENTAL FAC I L I TY 
The experimental facility consists of a horizontally 

oriented, two-stream water channel discussed in de- 
tail elsewhere (Ftightley, 1995; Rightley and Lasheras, 
1994). Though each of the streams is independently 
supplied and controllable, care is taken to eliminate in- 
dex of refraction differences within the mixing region. 
n e e  surfaces exist at the channel's supply points and 
along the test section. A modified audio speaker and 
a bellows provide a small sinusoidal pressure perturba- 
tion to the flow - enhancing the growth rate of the most 
unstable wavelength in the shear layer. Figure 1 shows 
the definition of the coordinate axes. 

Figure 1: Coordinate System 

The bubble cloud is generated in the lower, faster 
moving layer well upstream of the test section. Water, 
saturated with CO2 at high pressure by a water carbon- 
ator, is stored in a large reservoir. It is then expanded 
as a jet through small holes drilled into a grid of brass 
tubes. The resulting negative pressure step causes ho- 
mogeneous nucleation to occur, and the rapid mixing 
with non-carbonated water present in the stream limits 
the bubble growth, producing a polydispersed cloud of 
microbubbles. 



FLOW DIAGNOSTICS 
In order to estimate the interphasic kinetic energy in- 

teractions, knowledge of the bubble and carrier phase 
velocity fields as well as void fraction distribution aver- 
aged in phase with the passing Kelvin-Helmholtz billows 
is required. This is very difficult to accomplish, espe- 
cially due to the dissimilarity of the properties of the two 
phases present. Several optical flow diagnostics were 
selected to provide the required data. These included 
phase Doppler anemometry, far-field (Franhaufer) laser 
diffraction, and line-of-sight laser attenuation. 

The laser attenuation measurements used a photo- 
diode to measure the unscattered intensity of a low 
power He-Ne laser propagating along the spanwise ex- 
tent of the test section with and without the bubble 
cloud present. Mie scattering theory for dilute systems 
of spherical particles (neglecting secondary scattering) 
can be used to relate the ratio of intensities with and 
without the bubbles present to the spanwise-averaged 
void fraction and the bubble volume-size pdf (LQzaro, 
1989) through -In ( T / l o )  = ~ L E J ,  (pdf(D)/D)dD. 
By conditionally averaging based on the phase of the 
signal driving the forcing bellows, an ensemble average 
of local void fraction can be generated over many large 
scale billows at any downstream location, provided the 
conditionally-averaged bubble volume-size pdf’s are also 
known. 

An Aerometrics phase Doppler system (PDPA) was 
used to provide bubble sizes and velocities in a 6 3 O  for- 
ward scatter arrangement with the dominant reflective 
mode for sizing. It has been suggested (Hardalupas 
et al., 1995) that using an angle greater than 60° ensures 
a nearly linear, monotonic phase-diameter relationship 
and minimizes multi-mode scattering. However, high 
scattering angles result in reduced signal intensity and 
shallower phase-diameter slopes. Though the PDPA’s 
redundant sizing (using three receivers) should elimin- 
ate validations in the nonlinear region, a bias against 
certain sizes (those more prone to multi-mode scatter- 
ing) may result, Their results suggest that these consid- 
erations may become significant for bubble sizes some- 
what larger than those in this study. 

In order to provide reliable statistics for the velocity of 
the carrier phase, the water was seeded with neutrally 
buoyant, hollow glass microspheres. These faithfully 
follow the velocity fluctuations within the carrier phase, 
are distinguishable from the bubbles on the basis of size, 
and have optical scattering characteristics appropriate 
for measurements when bubbles are present. 

A Malvern 2600 HSD was used for particle sizing 
measurements to provide a check for the PDPA’s siz- 
ing accuracy. This instrument works by recording the 
radial distribution of low angle light scattered from a 

w -  

Stream UFreestream RMS (%) 
Upper 5.2 cm/s 10.5 
Lower 28.4 cm/s 5.8 

spanwise propagating laser beam. This intensity distri- 
bution can be used to back out the volume-size pdf of 
bubbles within the beam using low angle Mie scatter- 
ing theory (F’ranhaufer diffraction). As opposed to the 
PDPA, this system provides only time- and spanwise- 
averaged pdf’s. 

Void Fraction 
N/A 

1 x 10-5 

EXPERIMENTAL CONDITIONS 

below and are illustrated in Figure 2. 
The conditions of this study are presented in the table 
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Figure 2: Velocity Profiles 

The Reynolds number based on integral momentum 
thickness grows from 91 at x = 2.5 cm to 1590 at x = 
20 cm and the forcing system introduced a single 2.0 Hz 
sinusoidal flow perturbation (subharmonic to the most 
amplified frequency). This, combined with the average 
convective velocity of 16.8 cm/s, gives an approximate 
lengthscale of the Kelvin-Helmholtz billows of 8.4 cm. 

The time-averaged freestream bubble volume-size 
distribution present in the lower layer, shown in Fig- 
ure 3 as the curve for the PDPA with probe volume 
correction (the differences between and the confidence 
in these various measured pdf’s will be discussed later), 
can be seen to be nearly log-normal with a Sauter mean 
diameter of approximately 42 pm. For this volume-size 
distribution and the flow conditions, the Weber number 
is always less than 0.05, ensuring that the bubbles re- 
main spherical throughout the flow, a requirement for 
our optical sizing methods. The ratio of the maximum 
bubble terminal rise velocity to the average convective 
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Figure 3: Freestream Bubble Size pdf’s 

flow velocity is O.G. The velocities induced by the pres- 
sure field of the flow, (Du/Dt), are an order of mag- 
nitude smaller (compare vector magnitudes in Figure 5 
to g). Therefore, neither are the bubbles purely con- 
vected with the flow, nor are they just settling under 
gravity. 

RESULTS 
As could be expected at such low freestream void 

fractions, very little change is seen in Figure 2 in the 
first and second moments of the carrier phase velo- 
city pdf’s with and without bubbles present. However, 
the ability to match initial conditions with or without 
bubble injection is of importance to future studies at 
higher void fractions investigating gross influences of the 
bubble cloud on the large scales in the carrier phase. 

Vital to the accuracy of the results of this study is the 
ability of the PDPA system to quantify bubble sizes as 
they pass through the probe volume. These measured 
sizes are used both to distinguish between fluid mark- 
ers and bubbles, and to determine the quantity of carrier 
phase fluid displaced by each bubble size class. In an at- 
tempt to determine the accuracy of sizing of the PDPA, 
several measured volume-size pdf’s are presented in 
Figure 3 and a summary of the moments of these pdf’s 
are presented in Table 1. Due to the correlation between 
effective probe volume and scatterer sizes, the measured 
PDPA volume-size pdf is expected to be weighted to the 
larger sizes. The true volume-size pdf can be estimated 
statistically - resulting in the corrected PDPA curve - 
but this analysis requires a number of assumptions that 
may not hold in this study and may not entirely cor- 
rect for the size disparity. A complete discussion of the 

Table 1: Moments of Volume-Size pdf’s 

relative accuracy of the PDPA and the Malvern is not 
possible here - see (Rightley, 1995). Briefly, though, 
the Malvern measurements presented in Figure 3 have 
uncertainties which accrue from imperfections in the 
test section sidewalls and imperfect index of refraction 
matching, primarily affecting the large sizes. Still, the 
two sets of measurements do provide some comparison 
of the ability of these two different instruments to size 
bubbles. Comparing 0 3 0  - fundamental in describing 
displaced volume - between the probe-volume-corrected 
PDPA pdf and the Malvern two-parameter model (log- 
normal), we see a discrepancy of only 11% (and only 8% 
when compared with the Malvern model-independent 
pdf). The integral relating attenuation and volumetric 
void fraction displays a 15% variation. 

Calculation of the interphase energy coupling, (4), 
requires not only the mass displacement of the bubbles 
(mF), but also the flowfields of both phases. Figure 4 
shows the conditionally-averaged velocities of the car- 
rier phase and bubbles of the 50 pm size class with the 
mean convective velocity subtracted. Moving with the 
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Figure 4: Conditionally-Averaged Velocities (Fluid and 
50 pm Bubbles Size Class) 



Kelvin-Helmholtz rollers, the velocity field in Figure 4 
displays several characteristic features - a free stagna- 
tion point at about + = 200°, rotation about the core at + = 350°, and sinusoidal perturbations to the stream- 
lines extending well beneath the mixing region. 

Detailed knowledge of the velocity fields of the carrier 
phase and various bubble size classes enables signific- 
ant study of interphase energy coupling. Not only can 
the carrier phase velocity field be differentiated (Figure 
5) to determine the component of energy redistribution 

Figure 5: Conditionally-Averaged Carrier Phase Fluid 
Acceleration, Du/Dt 

due to local fluid acceleration, but the knowledge of the 
conditionally-averaged relative velocities and the num- 
ber densities of the bubble size classes allows quantific- 
ation of the contribution of the quasi-steady drag term 
to the total energy redistribution. Subtracting gravity 
from the vectors in Figure 5 represents the interphase 
momentum coupling per unit displaced mass from (4). 
Notice that the maximum contribution from the local 
fluid acceleration is only about 10% of g. 

The distribution of displaced volume within the car- 
rier phase is represented by contours of void fraction 
as presented in Figure 6. Comparing this with Fig- 
ure 4 it is evident that entrainment of fluid from the 
high speed stream into the mixing layer in the upwelling 
region between 75O < + < 125O results in a tongue 
of relatively high void fraction separated by depleted 
streaks (Rightley and Lasheras, 1994). This dissimil- 
arity in mass of displaced carrier phase fluid between 
the upwelling and downwelling region in the developing 
region of the shear layer has a significant impact on the 
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Figure 6:  Normalized Conditionally-Averaged Void 
Aaction . 
balance between kinetic energy generation and destruc- 
tion associated with the two regions. 

The total interphase energy coupling combines the 
displaced mass of fluid ( m ~ )  with the inner product of 
gravity, modified by the acceleration of the local flow- 
field, and the local carrier phase velocity - Figure 7. 
Here the displaced mass of all size classes of bubbles is 
related to the volumetric void fraction. It is easily seen 
that the kinetic energy coupling is quite inhomogeneous 
as a result of the presence of the large-scale vortical 
structures within the mixing region. The kinetic energy 
production associated with each Kelvin-Helmholtz bil- 
low (positive values in Figure 7) occurs in the upwelling 
region downstream of the core, whereas the I<E destruc- 
tion is associated with the downwelling region upstream 
of the core. The KE budget is asymmetric in that the 
generation peak is both greater and occupies a larger 
portion of the flowfield. This asymmetry results from 
the constant sign of gravity (rising bubbles tend to in- 
crease upwelling velocities and decrease downwelling) , 
the preferential entrainment of fluid from the high speed 
stream up into the mixing region and the influence of 
the void fraction field. This influence, resulting from 
the relatively well populated region associated with up- 
welling and the, depleted streaks associated with down- 
welling, also results in a vertical separation between the 
maximum of kinetic energy generation and destruction. 

These results are important from the standpoint of 
modeling such a flow. Due to the competition between 
the distribution of displaced mass of carrier phase fluid 
(void fraction) and the magnitude of the vertical velo- 



this redistribution. 
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Figure 7: Total Energy Redistribution - All Size Classes 

cities (i.e. the dot product of the carrier phase velocity 
with gravity), the energy destruction region can be seen 
to remain relatively flat from above the center of the 
mixing layer well into the lower stream. This, coupled 
with the inhomogeneities in the center of the mixing re- 
gion, suggests that modeling such a flowfield assuming 
that the greatest contribution to ICE redistribution will 
be in the region of highest carrier phase velocity RMS 
(say, with a Reynolds-averaged model) might lead to 
significant errors. 

CONCLUSIONS 
Comparisons between PDPA and laser diffraction 

particle sizing provide some confidence in the PDPA’s 
ability to distinguish microbubbles based on size. The 
influence of the dispersed phase on the kinetic energy 
budget of the underlying flow was calculated by accur- 
ately measuring the carrier phase velocity field in the 
presence of bubbles and the distribution of bubbles (i.e. 
displaced mass of carrier phase) within the mixing re- 
gion. The energy redistribution due to the massless 
second phase is seen to be very inhomogeneous with 
asymmetric peaks associated with ICE generation and 
destruction resulting from the entrainment character- 
istics of fluid into the shear layer and the distribution of 
volumetric void fraction associated with the large scales. 
Future analysis will be able to determine the influence 
of the various size classes of bubbles to the overall redis- 
tribution of energy, and will use the detailed knowledge 
of the velocity fields of the bubbles and carrier phase to 
assess the magnitude of the quasi-steady drag term in 
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