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Spherical bubble motion in a turbulent boundary layer
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Monodisperse dilute suspensions of spherical air bubbles in a tap-water turbulent vertical boundary
layer were experimentally studied to note their motion and distribution. Bubbles with diameters of
0.37-1.2 mm were injected at various transverse wall-positions for free-stream velocities between
0.4 and 0.9 m/s. The bubbles were released from a single injector at very low frequencies such that
two-way coupling and bubble—bubble interaction were negligible. The experimental diagnostics
included ensemble-averaged planar laser intensity profiles for bubble concentration distribution, as
well as Cinematic Particle Image Velocimetry with bubble tracking for bubble hydrodynamic forces.

A variety of void distributions within the boundary layer were found. For example, there was a
tendency for bubbles to collect along the wall for higher Stokes number conditions, while the lower
Stokes number conditions produced Gaussian-type profiles throughout the boundary layer. In
addition, three types of bubble trajectories were observed—sliding bubbles, bouncing bubbles, and
free-dispersion bubbles. Instantaneous liquid forces acting on individual bubbles in the turbulent
flow were also obtained to provide the drag and lift coefficiefwgth notable experimental
uncertainty. These results indicate that drag coefficient decreases with increasing Reynolds number
as is conventionally expected but variations were observed. In general, the instantaneous drag
coefficient(for constant bubble Reynolds numpé&nded to be reduced as the turbulence intensity
increased. The averaged lift coefficient is higher than that given by inviscid tlf@odysometimes

even that of creeping flow thegrand tends to decrease with increasing bubble Reynolds number.
© 2001 American Institute of Physic§DOI: 10.1063/1.1388051

I. INTRODUCTION exact cause of wall-peaking, i.e., whether it is a product of
the turbulence gradients, bubble lift forces, weak pressure
Understanding the mechanisms that drive turbulengradients, bubble sizes, eddy dynamics, or a combination of
bubble motion can lead to better predictions of two-phasehese factors. This debate is complicated by the fact that
flow fields and is the motivation for the present study. How-most experiments have included deformable bubblés (
ever, there is a lack of knowledge as to how turbulence in~1.3mm), significant polydispersion of bubble size, and
wall-bounded flows controls spherical bubble trajectoriespondilute conditiongi.e., a>1%) where significant bubble-
void fraction («) distributions, and bubble forces. Studying pubble interaction and turbulence modulation can occur. The
these aspects for the specific case of a vertical turbulergtudy by Sekoguchét al? is the only dilute study for ellip-

boundary layer is the objective of this study. soidal bubbly pipe flows that was found in the open litera-
ture, while no equivalent dilute-flow spherical bubble studies
A. Previous studies of bubble distribution were found.
The initial work in bubble distribution focused on docu- ~ To allow more direct insight into the bubble motion in

menting the steady-state conditions, e.qg., studies reported byall-bounded turbulence, researchers have recently shifted
Serizawaet al! and Herringe and Davison the lateral dis- attention to the flat plate boundary-layer where the presence
tribution of ellipsoidal bubbles in nondilute pipe flows. More of a nonturbulent far-field can simplify the underlying inter-
recent studies have allowed documentation of a number dgictions. Experimental investigations for nonspherical
flow conditions. Investigators of upward-flowing, pipe flows bubbles (iz>1.3) include Moursalet al,'® Lanceet al,"*
have observed three types of void fraction profiles: “Coring” and Tran-Conggt al." These studies explored void fraction
(Nakoryakov et al,> Van Der Welle? Beyerlein etal®,  distribution, wall interaction, and diffusion mechanisms for
“wall-peaking” (Serizawa etal,! Beyerlein etal,® deformable bubbles in a vertical turbulent boundary layer.
Michiyosi et al.® Wanget al.” Liu et al®) and “saddle” pro- ~ Similar issues are explored in the present study for spherical
files (Sekoguchiet al.® Wang et al.” Liu etal®). Coring  bubbles. One of the few void fraction distributions studies
void profiles are associated with a high percentage ofor a mono-disperse bubbly flow is that of Moursatial., '
bubbles along the pipe centerline, while wall peaking profileswhere they introduced bubbles with a mean diameter of 3.5
have a predominance of bubbles along the pipe wall. Saddlem near the leading edge of the flat plate. The void fraction
profiles have a nearly equal quantity of bubbles along thevas approximately 1.5%, constituting a nearly dilute flow.
wall and pipe centerline. There is substantial debate as to thehe results showed significant wall-peaking of the void frac-
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tion profile, where the peak tends to occur at a transverse D=(%)CppLSs|Vye|Vras @
position somewhat greater than the bubble rad¥ig {/dg z rell T rel»
~0.65). Tran-Conget al'? performed a similar study for a L=(3CLpLSs|Vrel2(VyeX 0p)! |VieX o, 5)

larger range of diameters but focusing primarily on trajectory

distributions; they noted that the smaller ellipsoidal bubblegvhere Cp is the quasi-steady drag coefficier@, is the

are more likely to migrate toward the boundary-layer plateduasi-steady lift coefficienty,e is the bubble velocity rela-

and become trapped inside the boundary layer. tive to the surrounding fluid such th&te=Vg—Ve, wg is
Investigations ofphericalbubble diffusion in boundary —the local vorticity vector, ang is the bubble projected area

layers are less common. Merkle and DeutSchave con- (= 7ag).

ducted one of the few spherical bubble investigations for a

flat plate flow. They studied the drag-reduction effectivenes§- Previous studies of drag and lift of spherical

of introducing a high concentration of micro-bubbles along abubbles

horizontal plate. They noted that the micro-bubbles tended to  Limited information is available in the open literature

remain trapped inside the turbulent boundary layer, but theegarding forces that act on spherical bubbles as they move

information on bubble trajectories and diffusion was onlythrough a turbulent flow fiel®® Most of the previous inves-

qualitative. tigations have focused on the drag forces on rising bubbles in
_ _ _ a quiescent flow, e.g., Clifit al1® The results have generally
B. Bubble dynamic equation of motion shown that the drag force coefficient of small spherical

The equation of motion intended for spherical bubbles ofoubbles in quiescent tap water is comparable to that of rigid

high Reynolds number (Rpconsistent with the present flow SPheres. This is consistent with an approximate no-slip con-
conditions was described by Sridhar and K4fer studying dition resulting from contamination typically found in tap-
spherical bubbles in a laminar vortex. This is also the sam¥&/ater which serves to immobilize the bubble surface. Sridhar

4
equation used by Ford and Ldfrto study liquid forces act- and Kat2* found such results for 20Re;<85 for recent
ing on an ellipsoidal bubble in a turbulent free-shear flow.8xPeriments of bubbles in a laminar vortex flow, whereupon

The equation equates the acceleration of the bubble mass aHtf f°"°Wi”9 solid-particle drag expression was found to be
apparent mass with the buoyancy, fluid stress, drag, and ligatisfactory:

forces: Cp=(24/Rg)(1+0.15 R§®?, (6)
Volg(pg+ prCy)dVp/dt where Rg=|V ¢|dg/ve, and vg is the kinematic fluid vis-
=\0lg(pa— pe) g+ Volgpe[ (1+ Cy)DVe /Dt]+D+L, cosity. However, in turbulent flows the mean relative rise

velocity has been observed to differ significantly from that in
@ quiescent flow conditions with both increases and decreases

where pg and pg are bubble and fluid densitg,, is the observed®?! This result may stem in part from effects of
added mass coefficient=1/2 for a spherg Volg is the turbulence on the drag coefficient relationsttipe subject of
bubble volume= 7d3/6, dg is the bubble diamete¥/ is the  this study. To date, there have been no measurements of the
bubble velocityV is the fluid velocity,g is the gravitational instantaneou€p, as a function of Rgfor a spherical bubble
vector andbold indicates a vector. The added mass term isof fixed diameter in varying levels of turbulence.
based on the Autoret al’® inviscid flow assumption. As For the shear lift force on spherical bubbles agRe,
noted by Maxey and Riley? the stress gradient term result- there are some relevant theoretical and experimental results.
ing from fluid acceleration® V¢ /Dt) includes both pressure Auton et al'® have analytically studied the lift force based
and viscous stress gradients acting on the bubble. The Fax@h & potential flow model and found it is proportional to the
and Basset history terms are neglected in Hqg.for the local vorticity such that lift can be represented as
present flow conditions, consistent with relative force esti- __1
mations by Sridhar and Kafzand Ford and Loth® The L=~ zpeVolgViex wr. @)
formulation is also similar to that used by Spelt and This is substantially different than the creeping flow theory,
Biesheuvult’ which yields a lift in the same direction but of magnitude
The substantial derivatives along the bubble path and L=1.61p;V,od?(v;wp)Y2 ®)

fluid path in the above equation of motion are defined as o _ .
A limited number of direct lift force measurements have

E( ):ﬁJrV V() 2 been reported foffree spherical bubbles and particles for
dt at B ' high-Reynolds numbers. Nadticonducted one of the first
bubble lift force experiments for 20Re;<<120, by comput-
J . S .
)=—+Ve-V( ) ing the forces from the equilibrium position of bubbles
at within a rotating cylinder containing water. Tigy data sub-
stantially exceeded Autoat al® results and also showed a
za( )= (Vg—VEg)-V( ). (3 decrgase vyith incregging Reynolds number for a copstant
nondimensional vorticity gwr /V,e). For Reg of 10—-40, it
The lift and drag forces to be measured can be written irwas asserted that this reduction was proportional t@lﬁe
terms of their coefficients as similar to the trend for creeping flow theory. However, the

D
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. ) laser sheet with respect to field of view. The incoming béanifor the laser
FIG. 1. Schematic of closed-loop water tunnel used to create vertical turb“éheet projection is produced via a 5W Argon-lon la&r beam directing
lent boundary layer. mirror (3), focusing leng4), 24-sided scanning mirrg®), and collimating
lens (6). The turbulent boundary laydi) is established by the boundary
layer plate(8), and tripping mechanisrt®). The bubble injectof10) could
experimental uncertainty may have been too significant t@€ raversed horizontalljnormal to the boundary layer plate

guantitatively conclude the power relationship. Sridhar and
4 . . .
Katz** explored the lift forces acting on 500-8pan diam- bubble injection system, and Particle Image Velocimetry

eter spherical bubbles entrained in a laminar vortex. The)(PIV) system were installedFig. 2. Details of the set-up

found that the experimental lift force exceeded both themay be found in Feltof® The spanwise width and depth of

cree_pmg}[ fIIOW arlnd dthe_tlhn\:Lsm? thter? v atnd f":hthe'r cgfse Pihe test region are 30 cm each, providing sufficient spanwise
proximately scaled wi € tourth root ot the nonadimen- .4 yransverse distance to ensure negligible wall effects in

;lonall\lvortlc_lty IbUt %'.d t_not fmfdl.?t ;:onsst_enthcorreflanotn t\_N'th the test interrogation region. The flow field’s boundary layer
&. Numerical predictions ot IiTt forces in snear for station- produced as a result of the upward flowing wall-

ary particles and bubbles at finite Reynolds number, e.g., MeBounded liquid at velocities from 0.4 to 0.9 m/s, and the
a_nd KIausne%*" and Legendre and Magnag&“e_ge-nerallly resulting flow conditions are listed in Table I.
yield magnitudes equal to or less than the inviscid limit for In order to ensure a turbulent flow, the present boundary

Re;>40 and thus significantly underpredict the above ex'Iayer employed a tripping device, which consisted of a series

perimentally observed behavior. This is potentially due to theOf spanwise delta wings fixed to the plate and set at angle of

fa_ct that the nume rical partlcl_es are computatlonelly f'xedattack to the incoming flow. The resulting delta wings, at a
with respect to spin and velocity, i.e., they are not “free.

height of approximately 4 mm, were located 30 cm down-

stream of the leading edge. This streamwise location and
Il. EXPERIMENTAL METHODS tripping device height were selected to ensure that fully tur-

bulent flow conditions began immediately downstream of the
roughness location, per the method of Braslewal 2° This

A. Flow facility

The dynamics of millimetric air-bubbles inside a verti-
cal, wall-bounded liquid shear layer were experimentally in- , B
vestigated in this study. The experimental facility is locatedELE |- Summary of the flow field conditions.
in the UIUC Hydrosystems Laboratory and consi;ts of & case U, (m/9 5 (mm) Re,
closed loop water tunndFig. 1). The tunnel volume is ap-
proximately 4500 liters, with a passive bubble trap located at LR 8'2 gg 13 888
the top of the water tunnel to eliminate bubble recirculation. g 09 2 20000
In the water tunnel test section, a boundary layer plate
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experimental technique is commonly used for airfoil trip tion allowed significant diffusion to occur. In addition, the
strips in order to obtain a rapid transition from laminar flow wake of the thin 0.72 mm OD injector tube is expected to
to turbulent flow, since a very short transition length is ahave a negligible impact on the downstream boundary layer
favorable attribute for aerodynamic computational methodsdevelopment and structure.

The tripping technique is primarily based on the roughness

Reynolds number, whereby a value of 300 or more is sug€. Bubble distribution technique

gested, and a minimum value of 650 was used in the present
study. Details of the criteria and roughness features are giv
in Felton?®

Measurements of the bubble population concentration

&Nere obtained using a laser intensity methodof8dpy em-

. . . . ploying basically the same laser and lens PIV optics for illu-
, The tap water in the t_unnel was flltgr(a[ntlor to .seedmg mination but without the &m tracer particles and with long-

with PIV tracer$ through filter papers with a 2.5 micron pore exposure photography. The interrogation regifar bubble

size. This filtration was necessary to eliminate any particu'distribution and PIV was fixed over the stream-wise range
lates with diameter on the order of the seeding particle siz¢ v _ 140_147 cm and the bubble injection point wasat
of 8 microns. No other water treatment was employed, SUCRL 55 ., This method allows one to record individual

that the |mmob!l|zat|or_1 of the liquid—-gas mterche caused b_ybubbles as they move through the test interrogation region by
natura_l contam|“nants IS e>§pecte(1_ to be approximately COns'?Facking its location at every laser sweep. The tracking of
tent with other “tap water” experiments. several hundred bubbles over a long time period for each
condition yielded statistically sufficient bubble population
distribution measurements. This technique was accomplished
This bubble generation system consisted of a 0.005 litein three staged:1) Long-exposure photograph§) digitiza-
syringe tube, a hypodermic needle, a syringe pump, an EFfion, and(3) data reduction.
valve, and a compressed air tank based on the single-bubble The images of the bubble trajectories in the test interro-
injection technique of Parlet al?’ However, the present gation region were acquired using a 35 mm Canon T-90 cam-
set-up differs in that an additional pressure line was added tera equipped with a 100 mrf* 4.5 macro lens, 12 mm
the syringe to allow multiple injections without draining the extension tube, and a 60 second shutter spfieed sampling
water tunnel. The compressed air was delivered through vartime) for observing the bubble distribution. Twenty-five to
ous hypodermic needles with injection tip sizes of 22, 26, 28thirty photographs were recorded on Kodak TMAX-400
30, and 32 gauge used to produce monodisperse bubble ditack and white film for each test condition and processed
ameters of 370—120Qm inside the turbulent boundary. with the standard TMAX-400 guidelines. This yielded a total
A high precision Cole—Parmdmodel E 74900-00sy- sample time of 25—30 minutes per test run and the net ac-
ringe pump with a rated accuracy af0.5% was used to quisition of thousands of bubble images. This net acquisition
produce the air for the bubbles. A flow rate of 2 to 3 ml/hrtime was found to yield statistically stable and reproducable
was chosen for the measurements presented herein. This raiesults. The film negatives were digitized using the high-
was chosen to obtain very low mean void fractions3(  resolution Studio Scanner Il at 800 purther increases in
x107%) in the boundary layer test region to ensure negli-resolution yielded insignificant changes in the resulfs
gible bubble—bubble interactions and negligible turbulencescanned background photograptith no bubbles was sub-
modulation for all conditions. This rate was necessary betracted from each bubbly flow photograph, which were then
cause void fractions as low as 1Dfor some of the present thresholded.
wall-peaking conditions resulted in occasional bubble coa- The twenty-five to thirty resulting digital images for
lescence which invalidated the mono-disperse bubble distrieach test condition were then ensemble-averaged and then
bution needed for this study. row-averaged to determine the intensity along pixel columns
Bubble sizing for each test was conducted with a sepanormal to the boundary layer. Each row represented the
rate high-magnification camera, which was validated withtransverse bubble concentration for a discrete streamwise po-
spherical glass beadf.3—1.0 mm in the test section. For sition in the laser sheet. The resulting distribution was
quiescent flow, bubble diameters were consistent with thequated to the local bubble number concentration, which in
bubble release volume estimates of Oguz and Prosp&tettiturn is proportional to the void fraction distributicia,) for
but were reduced as the upward liquid velocity increasedmonodisperse bubbles. The intensity was then normalized by
The maximum diameter uncertainty was 3.6% and the maxithe peak value for each distribution. Generally, the void frac-
mum standard deviation for the diameter distributions wagion peak @/an,=1) was found to be reproducible to
+4.7%. within 5% of § (and within 2% ofs when the peak was near
The transversehorizonta) bubble injection location the wall. This image intensity method was independently
(Yinj/6) was varied over a range of 0.1-1.2, wheé¥es the  validated with a transverse bin method where all individual
field-of-view boundary layer thickness. The vertical injector bubble images were hand-counted to alternatively obtain the
exit position was located 80 cm upstream of the laser field ofnean bubble number distribution. The comparison indicated
view. Since air bubbles in water achieve their terminal ve-a void peak location uncertainty for the image intensity
locity in less than a centimeter, the injector location assurednethod of less than 5% &f The orientation of the horizon-
that the bubble motion in the field of view was essentiallytal bubble injector was found to have negligible influence. In
independent of their formation at the injector and the locaparticular, the peak void fraction exhibited a difference of

B. Bubble generation system
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less than 0.04 for the injector pointed towards the wall vs Computing the circulation over adjoining vectors, the liquid
pointed in the spanwise direction. This indicates that anyorticity could also be calculated. The velocity uncertainty
initial horizontal bubble velocity was not important to the analysis took into account finite film and CCD resolution,

downstream test section void distribution. uncertainty of the scanning mirror speed, and the temporal
variation of laser sweeps for a given particle sweep-wise
D. Cinematic particle image velocimetry system velocity (Oakleyet al?). This analysis revealed a maximum

nstantaneous liquid velocity uncertainty within the boundary

For the PIV images, the water tunnel was seeded wit )
g r?ayer of less than 2% dfl5 (freestream spe¢dnd a maxi-

15-20 ml of 8 wm diameter clear glass spheres ) . . 0
(specific gravity=1.1) manufactured by Potters Industries. mum instantaneous vorticity uncertainty of less than 30% of

The particle concentration was approximately 0.002 gramspolg, (where IS the boundary layer thicknessThis cin-
liter which is enough to “contaminate” the water but an or- ematic PIV techmque.w'as used both to documgnt the single-
der of magnitude below the minimum value which denoteéohase flow characterlstlcs and also to determine the bubble
“grossly contaminated” systeni.Thus, the seed addition is forces(as described below
not expected to have a significant effect on the level of con—E Bubble force measurements
tamination beyond that already given by the natural contami-—
nants. As evidence of this, the terminal rise velocity of both ~ The bubble force technique is similar to that given by
ellipsoidal and spherical gas bubbles in the tap water wer€ord and Loth® and will be described briefly below. Once
measured with and without the seed particles, with no sigthe velocity vector maps were obtained from the PIV inter-
nificant difference found in either case. Notably, the viscosityrogations, the locations of the bubbles were individually se-
of the tap water which was filtered and seeded was 1.07 cP &cted by examining sequences of the movie film for high-
18.3°C as compared to 1.05 cP for pure distilled wéaed  clarity trajectories. All bubbles selected were at least ten
1.09 cP for the unfiltered unseeded tap water bubble diameters from their nearest neighb@nsgeneral,
The PIV optics and camera are comprised of a Spectraenly one bubble was in the field of view at a timéhe
Physics 5W Argon-lon Laser, 24-sided Lincoln Laser rotat-positions of the bubble images were obtained by using the
ing mirror, and various lens and mirrors designed to steer andame CCD camera and monitor used in the PIV interroga-
focus the laser beafi. The rotating mirror has a variable tions. Using a Unidex motion controller with micron move-
frequency range of 5-50 Hz, and it is coated with an Al-SiOment allows for precise location of these points. The coordi-
reflective coating with a surface flatness of 1/4 wavelengthnates for the bubbles in the boundary layer were then plotted
Precise machining, and assembly ensured that the mirror suas functions of timéx andy vst) using seventh-order poly-
faces are parallel to the rotating axis, which is critical tonomial curve fits. Then, these curve-fits were differentiated
produce identical laser scanning sheets. The rotating mirrdo give thex andy components of bubble velocitywg) and
frequency was set to produce four sweeps for each filnacceleration{Vg/dt). The uncertainty in the bubble veloc-
frame. The use of multiple sweeps effectively increases théy was estimated to be less than 5% of the terminal velocity
particle seeding density and signal to noise ratio of theof the bubble. The coordinates of the instantaneous bubble
particle-displacement peaksFollowing the rotating mirror  position were also used to obtain the surrounding liquid ve-
is a 145 mm diameter collimating lens with a 250 mm focallocity by interpolation of the values from the surrounding
length. It is designed to produce a beam sweep of 122 mm. four velocity vectors(spaced at about two-six times the
measurement and estimate of the beam thickness shows afibble diameter The acceleration of the liquidd{/g /dt) is
mm thick beam is projected into the interrogation region. then evaluated at discrete times for each frame again using
The multiple-pulse images of the seed particles andhe seventh-order curve fits. ThH&(Vg) term contains the
bubbles were then recorded with a movie camera at 30 fps tepatial gradients of the liquid velocity calculated from cen-
allow temporal resolution. The Mitchell 35 mm variable- tral differences on the surrounding grid points, and then in-
speed movie camera was equipped with double-pin registetsrpolated at the bubble location. Note that the resulting er-
for high film stability, and a 60 mm Nikor macro lens for rors in liquid acceleration interpolated to the bubble location
high resolutiont® Velocity interrogations for the turbulent are significant, e.g., 25%.
boundary layer were performed using a TSI Model 6000 PIV ~ Once the time-varying liquid velocity and vorticity
Analysis System (version 3.6. A single-frame auto- fields, the bubble diameter, and the history of the bubble
correlation techniqgue was applied to square interrogatiomosition, velocity and acceleration were obtained, @gcan
spots on the film, which producing a physical vector spacinde solved directly for instantaneous forces of dtBgy and
of 2.2 mm, using 50% overlap. The vector spacing was abouift (L) by using Egs(4) and(5). The total uncertainty of the
2.2 mm, which on average corresponds to about 8%.0of resulting force coefficients is briefly described in the follow-
This spacing is coarse with respect to the bubble éilze  ing, and is similar to that discussed in Ford and L&th.
diameter ranges from 1% to 5% 6éf and especially with the For buoyancy-dominated conditions, the measured drag
mean Kolmogorov scaléwvhich is approximately 1% o8), coefficient is proportional tchg/(er,) based on Eqs(1)
but the vector spacing is approximately consistent with theand(4). The uncertainty foV is simply obtained by com-
Taylor microscaléwhich is estimated to be about 10%&f  bining the uncertainty o¥/g andVg. The total error based
A matrix of 21 (transversgby 31 (streamwisgliquid veloc-  on pixel resolution fol is the sum of the bias error and the
ity vectors (Vg) was thus obtained for each movie frame. random error, where the latter dominates for the present con-
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ditions and is highest for the velocities close to the wall. At 127
these conditions the minimum pixel displacement is about 22
pixels, and when combined with the pixel accuracy of 0.2
mm and a laser sweep speed of 120 Hz, yields an uncertaint

Lof . @ ®ofo®® 00
of 1.1 mm/s for the lowest speed flow. However, one must -
consider the error associated with linearly interpolating the oo™
velocity (measured at a pointo the velocity at the bubble s .
location, which is a maximum interpolated transverse dis- 08r g ©
tance AY,,) of 1.1 mm. The spatially filtered error for the WU @ B /U Present, Re= 13,000
linear velocity variation can be approximated as the second- * o B /U Present, Re =13,000
order truncation term:d?V /d Y?) AYZ,. Approximating the V‘f‘U 0.6 © u /U Meinhart (1994), Re = 8,000
second derivative with the ratio of wall-friction velocity to ¥ ° . & u /U Tompkins (1997), Re,= 9,000
the square of the Taylor-microscale yields a filtered velocity [
error of roughly 2.0 mm/s, which is 4% of the smallest ter- e

minal bubble velocity. These values can be combined with
the bubble velocity uncertainty to yield an uncertainty of 9%
for V.. This can be further combined with the uncertainty
due to bubble size, to yield a maximum drag coefficient un- 021
certainty of 22%. However, this neglects the effects of un-
certainties indVg/dt and dVgz/dt which arise via(l) and
are considered in the following. 0.8'5—'—'~L'~'()~5!—L'—'—‘~1L5LLU—‘41;‘*———70

To include the effects associated with liquid acceleration ' ‘ Y'/B ' '
uncertainty, we note that this term is proportional to
dB(DVF/Dt)/VrZel when compared to the drag coefficient FIG. 3. No_ndimensional mean velocity distribution as a function of trans-
based or(1) and(4). The maximum liquid accelerations ob- verse location based on 35 randomly selected PIV frames.
served by Feltof? at the PIV interrogation points are about
10% ofg (e.g., Fig. 13, and the corresponding uncertainty
when interpolating the liquid acceleration to the bubble lo-ment of the turbulent boundary layer. Representative velocity
cation is about 3% 0§. The uncertainty for the bubble ac- statistics were obtained by from thirty-five randomly selected
celeration is also about 3% of Therefore, the overall esti- PIV images and streamwise averagifyielding over 1000
mate of drag coefficient uncertainty is about 30%. Becauselata points to describe transverse variatio@onventional
of this, many instantaneous measuremef®s., 20 data statistical analysis indicated an accuracy for the mean veloc-
pointy were taken to establish each drag coefficient curve aiy of less than 2% ofJ, whereas the accuracy for the rms
a function of Reynolds numbéwhich itself has an average velocity fluctuations was about 10% of the peak vafuBig-
uncertainty of 13% ure 3 depicts the mean streamwise and transverse velocity

The instantaneous lift force uncertainty has the same diprofiles for the low-Reynolds numbe(LR) case (Rg
mensional dependence on uncertainties in bubble size, and 4613 000). The streamwise velocity distribution was found to
also affected by errors in liquid and bubble velocity— be in accordance with previous low-Reynolds flat-plate tur-
acceleration by examination of Eqgl) and (5). However,  bulent boundary layers studi&*® The transverse velocity
sinceC, values are typically an order of magnitude smallerprofile normalized by the freestream is limited to a few per-
thanCp, values, the relative uncertainty of instantaneous liftcent of U, for 0.0<y/§<1.0. Figure 4 depicts the stream-
coefficient is much higher than for the drag coefficient.wise and transverse turbulence distributions, which are also
Therefore, twenty to thirty instantaneous bubble lift mea-consistent with other low-Reynolds boundary lay¥r& The
surements were averaged at two transverse locatiié ( variations between the present data and that of Meinhart and
~0.5,1.0) to obtain averaged lift coefficients,, for which  Tomkins may be related to differences in the turbulent trip-
the relative uncertainty is estimated to be 50%. These aveping techniques used. The present flow has a trip device
aged lift coefficients were then compared to the nondimenlocated at Rg=1.2x 10 to obtain rapid transition, whereas
sional averagevorticity values dg/V,), for which the the latter two studies by Meinhdftand Tomking® used a

uncertainty was estimated to be about 20%. trip strip (roughness surfagdocated at the leading edge.
Results by Klebanotf were at a higher Reynolds number
IIl. RESULTS (Res=75000) such that no artificial trip was required and

are reasonably consistent with the present data. However, it
should be noted that the flat plate boundary layer of Moursali
Three free stream velocitied)(=0.4,0.6,0.9 m/s) were et al!° (Re;=19 000) used an abrasive ribbon as a transition
employed in this study and investigated with the PIVstrip at the leading edge of their plate but found turbulence
techniquet® The purpose of these measurements is to demintensities which were slightly lower than those reported
onstrate that the boundary layer is indeed turbulent. Wénerein. As such, some variation in turbulence intensities is
present herein results for the lowest Reynolds number casexpected at these low-Reynolds numbers, but in general the
(13000, since it was the limiting condition for the establish- present flowfield is reasonably consistent and can be re-

A. Single-phase flow field
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FIG. 4. Turbulence level vs nondimensional transverse position for 35 ran-
domly selected PIV frames.

garded as turbulent. The addition of bubbles to the flaw  Fig. 5. Representative bubble concentration distributions observed in this
the void fractions of the present stydyielded PIV statistics  study.

with a negligible difference from their single-phase counter-

parts.

effects of injection location, eddy Froude numkeatio of
hydrodynamic pressure gradients to hydrostatic pressure gra-
dienty, Stokes numbe(ratio of bubble response time to
For the test conditions of the present Study, four d|St|nC%ddy turnover timg and drift paramete(ratio of terminal
bubble distribution pl’ofiles were identified, and they are ClaSVe|ocity to turbulence intensily In generaL as the Stokes
sified as types |-IV profiles. An example of each profile isnumber decreasetwhile other parameters were held con-
shown in F|g 5. Type | prOfileS resulted in almost all bUbeeSStan) the prof”e type moved from a Type |to a Type ||, and
trapped along the wallwith little or no bubble drift away then to a Type Ill, i.e., a transition away from the wall. This
from the wal), i.e., a single monotonic spike in the void type of trend was also observed as the injection point loca-
fraction distribution atY<é as shown by the open circle tion was increase(ﬂvvh”e other parameters were held con-
data points in Fig. 5. Type Il profiles exhibited a high con-stany, e.g., Fig. 6. Increasing Froude numigend Reynolds
centration of bubbles trapped along the walhilar to type  numbey did not significantly affect the void peak location.
1) as well as a significant portion of bubbles dispersing away  The void profile distribution type tended to correlate best
from the Wa”, i.e., a monotonic Spike in the void fraction with the bubble Stokes number and injector location as
distribution atY<¢ as well as a secondary peak typically shown in Fig. 7. Herein, the Stokes number is defined as the

between 0.8°Y/5<0.5, as shown by the solid square dataratio of bubble response time to an integral boundary layer
points in Fig. 5. Type Il profiles exhibited bubble dispersion time scale

throughout the boundary layer with a concentration peak
near the transverse injection point. Type IV profiles yielded  St=C,,VemUo/956, 9)
bubble trajectories primarily along the mean boundary layer
edge. Of the four, the type Il void fraction profiles tended towhereU, is the free stream velocity and,,, is the terminal
cover the largest fraction of the boundary layer thickness andse velocity. When the four void distribution profiles are
were characterized by a Gaussian-type transverse distribgompared with Stokes number and the bubble injection loca-
tion. The net transverse bubble distribution thickness wasion, four parameter regions containing similar profiles are
small in comparison to the total streamwise diffusion lengthformed (Fig. 7). Low-Stokes number and injection values
(e.g., 1% which is consistent with the growth rate of the within § generally produced type Il profilegeaks inside
turbulent boundary layer in that same streamwise section. the boundary layer with few bubbles near the watigher
The void fraction profiles were investigated to examineStokes number conditions yielded typéwhere most of the

B. Void fraction distribution in turbulent boundary
layer
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bubbles collect along the wallwhen injected withind/2.
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FIG. 8. Comparison of the peak bubble-concentration location vs the bubble
injection location(both scaled by the boundary layer thicknefes various
Stokes numbers.

transverse position greater than the boundary layer thickness,
the resulting profiles are primarily type Iipeaking beyond
0).

While the above results simply describe an empirical
correlation, the physical mechanisms for the above correla-
tions can be considered. In previous studies of free shear
flows, particles or bubbles of St1 tend to yield turbulent
diffusion consistent with that of a passive scalar, whereas
larger St values are typically associated with reduced diffu-
sion rates?® In the present flow, as St decreasggpically

Type |l profiles(wall peaking and secondary peaking awaysmaller bubble diametersthe bubbles diffused over a larger
from the wal) occurred when similarly sized bubbles were region of the boundary layér.Conversely, the phenomenon
injected betweens/2 and . For bubbles introduced at a of trapped bubbles along the waWith little diffusion) for
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FIG. 7. Comparison of nondimensional injection point,(/3) vs Stokes
number. Note that the Type Il profiles at an injection location of 0.6 indi-
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the present results was typical for the higher Stokes number
conditions. This suggests that once spherical bubbles become
very small, they tend to diffuse throughout the boundary
layer as a passive scalar whereas larger bubbles diffuse less.
In addition, the larger bubbles can be subjected to higher
relative lift forces that can drive them to the wall. This trend
of the larger bubbles collecting along the wall is also consis-
tent with a numerical pipe flow study of spherical bubbles by
Beyerlein et al® (which they attributed to the increase in
bubble relative velocity This wall-peaking effect is also
consistent with experimental studies of spherical solid-
particle boundary-laye¥ In contrast, when ellipsoidal
bubbles were investigated in the experimental boundary
layer study by Tran-Cont, the smaller bubbles were more
likely to be trapped than larger onéhe difference may be
related to the bubble deformation which can cause lift direc-
tion reversal’).

Figure 8 quantifies the void peak locations for all four
types of profiles, where it is noted that there are two distinct
regimes: one for the Types Il and IV profiles and one for the
Types | and Il profiles. The void peakY(¢,/d) and the
dimensionless bubble injectionY{,;/5) are roughly equal

cated only a minor peak away from the wall, i.e., were not strongly dissimi-fOr types lll and IV profiles indicating that the mean drift of

lar from type | profiles.

the bubble cloud toward the wall fg# 5>0.4 is small. This
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is consistent with the lower mean vorticity in this region, ( OO O]
such that lift does not play a significant role in the mean 0 02 0.4 0.6 08
trajectories. In fact there is a small deviation from thg; Y/

point away from the wall, which may be related to the mean

t locity. B d h estimate for th FIG. 10. Sample of millimetric bubble trajectories observed inside the ver-
ransverse velocity. based on a rough estimate for the megfl, liquid turbulent boundary layer. Three distinct trajectories were ob-

transverse velocity in the middle of the boundary laggr-  served:(a) free dispersion bubblép) bubble bounce, antt) bubble slide.
eraged from bubble injection to the field of vigvihe net

shift for a passive scalar would be about 12%5pfvhich is
of the order of the 8% shift observed in this figure. Figure 8
also shows that the void peak locations for type | and Il
profiles (mostly St>0.05 are very small and essentially in-
dependent of th¥;,;/ & value. These are cases where most of By analyzing the bubble trajectories individually, three
the bubbles collect along the wall. highly distinguishable trajectories were observeth)
Figure 9 provides further insight into the scaling of thesebubbles sliding along the wal(p) bubbles bouncing along
small void peak locations with respect to bubble size. Similathe wall, and(c) bubbles freely dispersing in the boundary
to previous ellipsoidal bubble investigations by Serizawalayer. The three types are shown with sample trajectories in
et al! for pipe flow and Marieet al®’ for a flat plate, the Fig. 10, where the bouncing bubbles typically became
peak for the present study is located somewhat more thantsapped at the wall further downstream. One of the dramatic
mean bubble radius away from the wal . /dg~0.67).  differences between the trajectories of various bubble sizes is
This condition suggests that a thin layer of fluid exists on-that the motion of smaller bubbled{<0.6 mm) was prima-
average between the wall and bubble as it slides along thely limited to free dispersion. Conversely, the large bubbles
plate. This result is also qualitatively consistent with experi-(dg>0.8) exhibited all of the observed bubble trajectories—
ments for 100 micron glass particles “trapped” ¥fe,/d slide, bounce, and free dispersion. This is consistent with
~0.65-0.87 in a water pipe flow of Reynolds numbers rangwall void-peaking noted primarily for the larger bubbles.
ing from 12 700 to 18 700 by Young and Hanrattyfhe later The individual bubble migration to the wall in the con-
study suggested that this trapping phenomenon was causézkt of the surrounding instantaneous liquid flow field was
by a balance of the wall displacement force and the Saffmanlso consideredand later used for computing bubble forces
lift force, from which they predicted much closer equilibrium as described in the next sectjofrigures 11 and 12 show the
locations ofYead/dg~0.52—0.56, i.e., with a mean separa- velocity vectors and spanwise vorticity fields for a 0.42 mm
tion distance from the wall of only 0.02—0.@& . As such, bubble trajectory which is moving towards the wéipical
their wall displacement force description can not conclu-of a bubble which will eventually be “trapped” along the
sively explain the present results as the magnitude is nawall) in the boundary layer ofJ,=40cm/s. The bubble
guantitatively consistent. The experimentally observed standransverse movement is substantial, i.e., moving frgm
off distance may also be influenced by film lubrication or =12mm toY=9 mm in two frames(66 mg, yielding a
minor bubble excursions caused by the wall turbulencdransverse velocity of about 4 cm{guite significant when
which may then lead to a set of bubble boun@dscussed in  compared to the relative streamwise velocity of 7 gnilsie
the next section rapid bubble side movement in this case is unlikely to be

C. Bubble trajectories
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FIG. 11. Three consecutive PIV frames for a 0.42 mm diameter bubbleriG. 12. Corresponding vorticity contour maps for the three consecutive
immersed in a liquid flow field, witid ,=0.4 m/s, Rg=13 000. PIV frames shown in Fig. 10(0.42 mm diameter bubble witiJ,
=0.4 m/s, Rg=13 000.

caused by drag since the local relative transverse liquid ve-

locity coupled with a standard drag coefficient is too small toprimarily responsible for the wall peaking. Quantitative lift
cause such a velocity and indeed the drag force would act imeasurements are discussed in the next section.

the opposite direction in this case. In general, the liquid For bubbles which eventually migrated toward the wall
transverse velocities for bubble migration were also mucHi.e., were trappexl the typical sequence of eventsased on
too small to cause the rapid wall attractions experimentalljthe bubble trajectories and the liquid PIV veclorgas as
observed(recall the mean and fluctuation liquid transversefollows: (1) Starting from injection, bubbles would disperse
velocities have respective peak values of only Q9and laterally in the turbulent boundary layer until a sufficiently
0.04U, as shown in Figs. 3 and)4Examination of Fig. 12 strong vortex yielded a high lift force which caused them to
shows significant vorticity surrounding the bubble which cancollide with the wall;(2) at the point of initial impact, the
cause a shear-induced lift force to drive the bubble towardbubbles would typically bounce away from the wall with a
the wall. In general, the magnitude and direction of the meaeoefficient of restitution of approximately 0.8—0.9 for the
sured transverse forces necessary for the observed migratiéirst few bounces;(3) after several bounces, the bubbles’
are qualitatively consistent with the shear-induced lift forcegproximity to higher mean vorticity levels caused them to
observed by Sridhar and Kat2.This suggests that lift is eventually slidgelse they were ejected back into the bound-
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ary layep; and (4) the bubbles would then slide for a long 0.5 1
period and could be ejected only occasiondltiue to a
strong uplifting vortex based on PIV imagesthis ejection 04s{ Y
either resulted in a new set of bounces or allowed the s
bubbles to be ejected completely from the near-wall area. 04 -
This sequence is thought to be primarily responsible for the
near-wall peaking described above. The observed motion:
(2) and(3) were also experimentally obseniédor a bubble
of diameter 0.80 mm rising in a stagnant fluid near a vertical
wall. However, a larger ellipsoidal bubble of diameter 1.76 Veloci

. : . . . . elocity
mm yielded a larger bouncing amplitude which did not dis- (m/s)
sipate significantly, i.e., the bouncing continued to repeat.
This phenomenon was found to be very similar to the inter- - Liquid Velocity
action of two bubbles rising together at the same elevation, 027 —A— Relative Velocity
whereby the smaller spherical bubbles would coalesce ol
bounce a few times and coalesce later, while the larger de 0.1
formable bubbles would bounce such that their separatior
distance increased from the original value. 01 4

035 1

0.3 4

0.25 A —— Bubble Velocity

w
»

D. Bubble forces in the turbulent boundary layer 0.05 1

For individual force measurements, bubble diameters of
0.42, 0.55, and 0.82 mm were introduced in the boundary 0 ‘ ‘ : —
layer with a free stream velocity of 0.4 m/s, and 0.58 mm 0 50 100 150 200
diameter bubbles were investigated with a free stream veloc Time (ms)
ity of 0.6 m/s. Computing the lift and drag forces acting on
bubbles as described () requires knowledge of the bubble FIG. 13. Sample time trace of the vertic@treamwisg components of
position, bubble velocity, bubble acceleration, liquid veloc-Vvelocity for a 0.55 mm diameter bubble with,=0.4 m/s (Rg=13 000).
ity, and liquid acceleration. A sample time trace of the bubble
velocity, liquid velocity and bubble relative velocity for a
0.55 mm bubble is shown in Fig. 13. From this, it is clear
that a single bubble will experience a variety ofgRalues
as it rises in the turbulent flow.

given in Fig. 16. Also shown in Fig. 16 are the results ob-
tained by Sridhar and Kat% for contaminated bubbles
(0.5 mm<dg<<0.8 mm) entrained in a laminar vortex as well
The relative strength of lift, drag, buoyancy, and stresS the results from Clifet al!® for clean bubbles rising in
gradient forces were calculated from such time histories. Re§t|l| water. One can observe that present drag coefficient dat_a
call that the stress gradient force is associated with the flui@/UeS are approximately between the clean and contami-
acceleration DV /Dt). The mean of the absolute values of naFed condlmons. Thls is consistent with thg result that the
these force components for the 0.82 mm diameter bubblegweggent rise yelomty data for the present filtered tap water
for each are shown in Fig. 14. This averaging method wa§°”9"“°“s lay in bet\_Neen that of previous clean and con-
employed in order to highlight the importance of forces with taminated _ﬂ_OW Experiments. . .
no preferred directiorie.g., the stress gradient fojc&hese . I_n_ addltlor! t(_) th'.s generally expected be_h avior, there is
guantities are qualitatively in agreement with relative forces'gn'ﬂcam variation in theCp, curve as a function of bubble
strength analysis for the other bubble sizes. As expected the
most important liquid forces were the buoyancy and drag
forces, while the weakest was the stress gradient term. Thu
rather significant lift forcelcompared to drggis more con-
sistent with magnitudes suggested by the Sridhar and'Katz .
formulation than by the Autoret al*® formulation (which >k
would have predicted lift as only a few percentage points of Force (N)
the drag. 6
The instantaneous drag coefficients for several bubble (x10°) ,
trajectories were obtained for the above test conditions. In 1E
Fig. 15, the instantaneous drag coefficient data and a corre "
sponding curve fit are plotted versus the bubble Reynolds 05 f
number for the sample case @f=0.55 mm. While there is }
significant experimental scattém line with the expected 0 F F F F
uncertainties the drag coefficient consistently decreases D B-G L 5-G
with increasing Rg for a fixed bubble diameter. This trend FIG. 14. Mean of the absolute value of liquid force components acting on a
was found for all the bubble diameter curve fits, which areo.82 mm bubble introduced in the 0.4 m/s free stream liquid velocity.

(98]
T
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¢ d~55mm nolds number, i.e., it can lead to a modification of @ vs
~~~~~ Curve Fitd_~.55 mm Res curve—this is the result found in the present measure-
25 ments with turbulent intensities of 12%—33% of the rise ve-
°© locity. This modification could then cause the mean terminal
rise velocity to be higher than that in quiescent conditions—a
result noted in the Bataillet al. experiments. In particular,
they measured an increase of about 10% in mean bubble rise
\ velocity for a turbulence intensity of about 6% of the rise
b velocity.
10 - For the second mechanism, preferential location of
Sy bubbles to vortices may occur in which more down flow
S fluctuations than upflow fluctuations are seen at the bubble
[ %\% location owing to the unique bubble-eddy interaction dynam-
0 T A ics. For afixed G, vs Re relationship, this mechanism may
0 10 20 30 40 50 60 70 80 cause bubbles to séen averagga net downward flow rela-
ReB tive to the mean fluid velocity. This could then cause the
mean terminal rise velocity to be lower than that in quiescent
FIG. 15.' Drag coef_“ficient 'daFa and curve fit for the 0.55 mm diameterconditions. The net flow bias and the resulting Change in
bubbles introduced in the liquid turbulent boundary. terminal velocities were obtained with direct numerical
simulations (DNS) with a fixed Cp-Re; relationship by
diameter. This is unlikely to be caused by variation in theWang and Maxe$f for particles(which exhibited a terminal
present nondimensional shgar_—raltg values since this range h@éocity increase and by Maxe}® for bubbles (which
been found to have an insignificant effect on the dragie|ded a terminal velocity decreasdn both cases, it was
coefficient®® Empirically it was noted that the present resultStound that the effect was primarily significant for bubble
indicate consistently decreasif@y as turbulence intensity response times on the order of the Kolmogorov time scale.
(relative to terminal velocityincreases for a fixed Be This  Thjs effect was further established with numerical predic-
trend is congruentqualitatively and quantitativejywith the  tions of bubbles by Spelt and BeisheuWunhich employed
phenomenon of increased rise velocignd thus decreased Foyrier series fluctuation with various assumed energy spec-
mean drag coefficienfor bubbles subjected to turbulence as yyyms and a fixed linear drag law relationship. Their predic-

H ; P ; 20 . . . . .
observed in experimental studies by Batadteal. tions yielded a decrease in terminal velocity for bubbles on
However, as mentioned in the Introduction, there havene order of the Taylor microscale.

also been observations of decreased mean relative rise veloc- as such both increases and decreases in mean rise ve-

ity (as compared to quiescent conditipiisr turbulent con-  |ocity due to turbulence can occur depending on the test
ditions. To give further insight as to why both increases andgnditions. If both effects are occurring, a measurement of
decreases may occur, it is first important to note that therghe mean rise velocity of bubbles in turbulerfes compared
may be two competing but different mechanisms for modi-to quiescent conditionscan only determine which is domi-
fying the mean rise velocities of bubbles in turbulent flow. nating, but cannot quantify the individual effects. The experi-
For the first mechanism, turbulence may reduceithe  mental data of Poortéwas for bubbles about three times the
stantaneousdrag coefficient of a bubble for a given Rey- koimogorov length scale, and showed both increases and
decreasegthough more of the latter occurredf rise veloc-

— Sridhar & Katz (1995), contaminated ity due to turbulence. The decreases were attributed to the

Clift et al. (1978), clean second mechanism, whereas the first mechanism may have

T

w
LI

0 eaurve fitd,~82mm WV =012)  peen responsible for the increases. It should also be kept in
; -e-ccurve fitd ~.55 mm (u /Y =0.18) mind that the uncertainties in the present measured drag co-
8 - 1 “ra--curve fitd ~.58 mm (u')/V,__=0.22) efficients were substantial and thus the results are primarily
L o curve fit d ~42 mm (u'/V  =0.33) qualitative with respect to the correlation with turbulence
6Lt ? T levels. Thus, additional investigation is needed to confirm
C R} this behavior and to investigate for which test conditions it
b Fo might be present.

Mean lift coefficients in the present turbulent flow were
also computed based on the same trajectories. For each
bubble size, the average lift coefficien€ () was computed
along with the average nondimensional vorticity. The results

1 S -t S S b are shown in Fig. 17 along with the experimental bubble data
0 20 40 60 80 100 120 140 of Sridhar and Kat# and Narcirf? and aC, (with signifi-
Re . ) . .
B cant uncertaintyfor a single particle trajectory from Van der

41 . .. .
FIG. 16. Drag coefficient for 0.42, 0.55, 0.58, and 0.82 mm diameterGeld' A|1540 shown is _the empl.nc.at" Cur\./e Trom Sridnar
bubbles introduced in the liquid turbulent boundary. These data are com@nd Katz, _the theor_etlcal predlct_lons for inviscid ﬂOV\_’a and
pared with Cliftet al. (1978 and Srihdar and Kat#1995. the theoreticalcreeping flow predictions for Saffman lift at
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T Kotz (1995) Curve Fit ' & Narelri (1992) Re,=20-120 the variation in the slip condition at the particle—fluid inter-
Mt e Kl 10943 Res 0 v Ve GRG0 face, whereby increased slip can significantly reduce the pre-
present 4,42 (Re,= 22) dicted viscous lift forcé® The contamination level and drag

=32) force results of Sridhar and Katz suggest a no-slip condition

"""" Saffman (1965) Theory. Reh= 20

®
~— Saftman (1963} Theory. R::B= 90 present (IB-‘SS (ReB

O Katz (1995) Rcu= 20-30

presont d,~58 (Re,= 51) can be reasonably assumed, and obviously the Van der Geld
present d =82 (Re,= §9) result is for a no-slip condition. However, the present
bubbles and those of Naciri are expected to have significant
oepo S E AT internal circulation(finite-slip) based on the increased quies-
o o5 O o ° & H e ; H
Bo % S cent terminal velocities as compared to typical contaminated

o570 4-°

. e > o

L E o Kaiz(1995)Re= 5070
F 0 Kaz(1995)Re= 6580

values?®?° In general, the internal circulation effect can be
expected to increase with bubble diameter, which is consis-
tent with the trends of the present data and those of Naciri
and also with their departure from the data of Sridhar and
Katz and Van der Geld. However, further data and research is
necessary to confirm this hypothesis and quantify the general
lift relationship for spherical bubbles in turbulence for a va-
riety of contamination levels.

0.1 f

0.01

0'005.001 ol o1 ] IV. CONCLUSIONS

01
wd /V . .
B rel A vertical turbulent boundary layer in a water tunnel was

FIG. 17. Average lift coefficient vs average nondimensional vorticity for the employed to investigate distribution and motion of a dilute
present data and comparison with previous experimental and theoretical liguspension of spherical bubbles. The test conditions included
force studies. a filtered tap-water flow with Rg=13000-20000 and
bubbles with Rg=10-120.
Inspection of the void fraction profiles yielded four dis-

_ . ._tinct shapes, ranging from all bubbles trapped along the wall
Re;=20 and 90. In general, all the experimental data pomt% all bubbles along or outside the edge of the boundary

are consistently higher than the inviscid predictions, prima'layer The former shape was due to higher-Stokes conditions
rily lie in a single band, and are typically lower-bounded by :

the creeping flow predictions. This indicates that lift at mod_and higher shear-induced lift forces associated with the large
erate Replngldsv:'/] pmb(l_(ﬁlz O'f 2(') '126 can be I'te sub- diameter spherical bubbles. Lower-Stokes conditions
stantial y u & B quite su (smaller diameter bubblgsit the same injection location re-

. I in th | having nearl iv lars an
In addition, the present data for turbulent flow shows theSu ted in the bubbles behaving nearly as passive scalars and

lift coefficient decreasing with increasin ewhich is diffusing throughout the boundary layer. Injection location
ualitatively consistent wﬁh the trends of I\?aéE?r{rior 2 simi- dominated the peak void fraction position for bubbles that
Iqu ; ny but at highed N val Th litativ were not trapped along the wall. In general, the bubbles ex-
ar kg range put at Nighellgwe:/ Vel VAIUES. ThE GUATTATIVE —yiied three basic types of individual trajectories: sliding,

trend is also consistent with that given by the Safffdan : ' .

theoretical resultgbut which are intended for Rel). The bouncing, and free-dispersion bubbles.

guantitative differences with the Saffman theory can be par- Drag and lift liquid forces on individual bubbles were

tially explained by the significant uncertainty of the presentObtamed using time-evolving PIV vector fields, but with

. - ; some experimental uncertainty. Analysis of the drag mea-
it coefnc_|ent mefasurement_s. !—l_owever, Sridhar and Katz surements indicate€p decreases with increasing Reas
results did not find any significant dependence ons,Re

which of course is also the case for the inviscid theor Ofexpected and which is consistent with previous quiescent and
14 e e . o Y Yaminar flow data. However, there were variations for differ-
Auton et al** It is difficult to determine the specific cause of

the difference between the Sridhar and Katz results and th etnt bubble diameters, where decreasiigvalues tended to

. . oincide with increasing turbulence intensity for an equiva-
of the present study with respect to Reynolds number influ; 9 y d

ence. This difference could stem from the presence of turbul-ent Re. The averaged |ift forces were found to be qualita-

lence for the present conditions, which may have modifiec}ive'y consistent in magnitude with previous laminar flow
P ' nay experiments. With respect to inviscid thoeretical predictions,
the wake structure to some extent. If this is the case, on

would expect decreasing relative turbulence intensii fhe experimental results are much greater in magnitude.
Xp g re . However, with respect to Saffman lift predictiofizased on
larger diameter bubble¢do give results which tend closer

. . creeping flow theory the present results indicate similar
(and eventually asymptotéo the Sridhar and Katz laminar magnitudes, as well as the same reduction in lift coefficient
flow measurements. However, the present results actuall\Xl. . :
. ; ith increasing Rg.
show an increased departure to the laminar measurements as
relative turbulent intensity decr_ea_lsealbelt they become ACKNOWLEDGMENTS
closer to the creeping flow predictiondMoreover, the Nar-
ciri data was for a laminar flow but showed angRsfect. This work was supported by the Office of Naval Re-
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