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Measurements of the effect of microbubbles on a zero pressure gradient turbulent boundary layer
generated on the test section wall of a water tunnel are described. Microbubbles are created by
injecting air through a 0.5 ym sintered stainless steel plate immediately upstream of a floating
element drag balance. At the downstream edge of the balance the length Reynolds number is as
high as ten million. Integrated skin friction reduction of greater than 80% is observed. The drag
balance results are confirmed by measurements with a surface hot-film probe. For the case in
which buoyancy tends to keep the bubbles in the boundary layer, the skin friction data are shown
to collapse when plotted against the ratio of air to water volume flow rate. The effects of buoyancy

on skin friction reduction are also documented.

I. INTRODUCTION

Results of an experimental program directed towards
assessing the effects of very small gas bubbles (microbubbles)
on a liquid turbulent boundary layer are described. For the
most part, the gas of interest is air, and the liquid is water.
The experiments are stimulated by a desire to reduce the skin
friction in a turbulent boundary layer. Although the results
are encouraging, it is too soon to speculate if this technique is
to have engineering benefits.

Microbubble drag reduction studies are perhaps an out-
growth of the age-old idea of placing a layer of air between a
ship and its water boundary layer to reduce the skin friction.
This idea was patented in the 1800’s," although its practical-
ity seems highly improbable, if for no other reason than the
instability of the air-liquid interface so generated. The use of
very small bubbles eliminates this interfacial instability
while retaining many of the benefits of the original concept.

The first experimental work with microbubbles was re-
ported by McCormick and Bhattacharyya® in 1973. They
used a copper wire wound around a towed body of revolu-
tion to produce hydrogen bubbles by electrolysis. The pres-
ence of pressure gradients and boundary layer transition on
the body make it difficult to separate the effects of skin fric-
tion and form drag or to study the detailed mechanisms
whereby the drag reduction was realized. In addition, the
results were limited to Reynolds numbers between 0.3 and
1.8 million.

The effects of microbubbles on a turbulent boundary
layer have also been studied by a group of Soviet scientists.>®
Instead of using electrolysis to generate the bubbles, they
forced air through a porous surface with pore sizes ranging
from 1 to 50 um. Their experiments were conducted using a
simple flat plate geometry and all measurements were made
downstream of the porous section. The measurements in-
cluded the local skin friction, the bubble concentration pro-
files, and portions of the velocity profiles. The results
showed that the local skin friction could be reduced to nearly
10% of its undisturbed value by microbubble injection. The
maximum skin friction reduction was observed to occur near
the porous section while further downstream the boundary

356 Phys. Fluids 27 (2), February 1984

0031-9171/84/020356-08$01.90

layer gradually relaxed back toward its undisturbed condi-
tion. The parameters that control the characteristic length
that describes this relaxation were not determined, but are
probably attributable to the migration of the microbubbles
outside the boundary layer. Such migration could occur be-
cause of buoyancy, diffusion, or interaction with the local
mean velocity gradient. It appears that the Soviet experi-
ments were performed with the boundary layer above the
porous surface so that the effect of buoyancy was to remove
the bubbles from the boundary layer.

In contrast to the general result that microbubbles de-
crease the skin friction, it was noted* that at the lowest tun-
nel velocities a small concentration of bubbles caused the
skin friction to increase slightly. Since the characteristics of
the undisturbed boundary layer were not reported, a conclu-
sive explanation for this observation cannot be given, but it is
possible that the increase occurred because the bubbles
tripped a laminar boundary layer.

The bubble-concentration measurements reported in
Refs. 3—-6 showed a peak at a y/6 location of about 0.1. The
magnitude of the volumetric concentration at this peak was
as high as 80%. Near the wall, and in the free stream, the
bubble concentration was characterized by a falloff to zero.
By taking advantage of the absence of bubbles near the wall,
the Soviet researchers made some laser Doppler anemo-
meter (LDA) measurements of the near-wall velocity pro-
files. Because the LDA signal became too weak for use at
bubble concentrations exceeding 3%, they were able to mea-
sure out only to U /U _ ~0.4-0.6 depending on the concen-
tration distribution. These near-wall velocity measurements
showed clear evidence of a reduction in velocity gradient at
the wall as the airflow rate was increased. Further, skin fric-
tion estimates based on these slopes were in reasonable
agreement with the more direct skin friction measurements
alluded to earlier that were obtained with surface-mounted
hot films,> and small, flush-mounted floating element bal-
ances.*’

The bubble sizes that are generated as the air flows
through the porous material represent an additional impor-
tant parameter of the microbubble boundary layer. Refer-
ences 3—6 report bubble diameters ranging from submicron
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size to as high as 50 um. These estimates are based upon
injection into quiescent water, and a breakup criterion sug-
gested by Hinata and Ohki’ which depends on the Weber
number of the bubbles. Silberman® and Hughes et al.° have
reported measurements of bubble injection from a single ori-
fice into a flowing liquid and have noted that the diameter is
independent of hole size and depends only on the ratio of the
flow rates of the two streams. No conclusive data concerning
the variation of bubble sizes from a porous material into a
flowing liquid appear to be available.

The results described in the present paper are directed
toward investigating the basic physics of a turbulent bound-
ary layer saturated with microbubbles. The primary data
reported herein are measurements of the integrated skin fric-
tion downstream of a porous air injection section as a func-
tion of airflow rate and the free-stream velocity. Data are
presented for three different plate orientations with respect
to gravity, for two porous-section sizes, and for helium as
well as air. Some local skin friction measurements at a single
point on the surface are also reported. Auxiliary measure-
ments include LDA surveys to document the characteristics
of the undisturbed boundary layer into which the bubbles are
injected, plus a few mean flow measurements in the outer
part of the boundary layer in the presence of bubbles.

Ii. EXPERIMENTAL FACILITY

The experiments were conducted at The Pennsylvania
State University, in a water tunnel at the Applied Research
Laboratory. The rectangular test section has dimensions of
508 mm X 114 mm X 762 mm long. Both tunnel velocity and
pressure are continuously controllable, with a maximum test
section velocity of about 25 m/sec and tunnel pressures
ranging between 0.2 and 4 atm. The test section can be rotat-
ed at 90° intervals to allow buoyancy effects to be studied. In
addition, a 0.2 m®/sec bypass (roughly 15% of the tunnel
volume flow rate at maximum speed) can be employed to
keep the tunnel relatively air-free. Tunnel turbulence control
is through a 152 mm section of honeycomb with a 25 mm
core size and a 9:1 contraction section. The free-stream tur-
bulence intensity was measured to be 0.3%-0.5% over the
velocity range of interest.

The flat plate on which the measurements were per-
formed was mounted in one wall of the rectangular test sec-
tion in a 279 mm wide X 533 mm long opening intended for a
window. Centered spanwise on the test plate was a 102
mm X 178 mm porous sintered stainless-steel section for gas
injection, followed by a 102 mm X 254 mm force balance, as
shown in Fig. 1. The sintered stainless-steel section is manu-
factured by Mott Metallurgical Corp. for use as a filter. The
filter type chosen will trap particles of diameter 0.5 um and
larger. This corresponds to a nominal pore size of about 5.0
pm. An appropriate roughness height for the sintered po-
rous material is 1.6 xm, as estimated by comparison with
surface roughness gauges.

ill. INSTRUMENTATION

The floating-element force balance used for the skin
friction measurements employed a strain-gauged tension/
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FIG. 1. Schematic of experimental setup showing location of hot-film and
LDA measurement stations. (Diagram not to scale.)

compression member to infer integrated skin friction on the
surface. Clearances around the balance, in the absence of
flow, were nominally 0.038 mm at the leading edge, 0.25 mm
at the trailing edge, and 0.10 mm on either side. Sealing
around the force balance was avoided by filling the cavity
underneath the balance with water, as shown in Fig. 1. Cali-
bration of the force balance was performed by placing the
entire test section window, with the porous and force-ba-
lance sections in place, horizontally on a table and using a
pulley and weights arrangement. The balance showed excel-
lent linearity to an applied force of ten newtons (correspond-
ing to the turbulent shear force produced at a free-stream
velocity of 18 m/sec). The calibration was used to convert
the output voltage of the balance to force units. The force-
balance output voltage was measured repeatedly at various
stages of the tests as a function of water velocity (in the ab-
sence of microbubbles) to verify that the calibration re-
mained unchanged. Throughout the tests, the force mea-
surements with and without microbubbles were very
repeatable.

The test section velocity was determined from the pres-
sure drop across the tunnel contraction section. The trans-
ducer used for this purpose was calibrated before and after
the experiments. Simple single-point checks were also em-
ployed during the runs.

Injected gas flow rates were measured with a turbine
flow meter. Factory calibration of the turbine meter was as-
sumed valid. Comparison of the turbine meter data with that
from a rotameter indicated that this assumption was reason-
able.

Tunnel velocity, integrated skin friction, gas pressure,
and gas volumetric flow rate were visually monitored on
integrating digital voltmeters and simultaneously recorded
on two Nicolet Model 206 digital oscilloscopes. The digital

Madavan, Deutsch, and Merkle 357

Downloaded 10 Feb 2007 to 130.194.10.86. Redistribution subject to AIP license or copyright, see http://pof.aip.org/pof/copyright.jsp



readout of the tunnel velocity was used manually to main-
tain constant tunnel speed during the run. The oscilloscopes
performed an analog-digital conversion and stored the data
on floppy disks. Each channel of the oscilloscope has a stor-
age capacity of 2048 points. Data were normally taken at the
rate of five points per second, so that run times were approxi-
mately seven minutes in duration. During a run, the skin
friction was first measured with no airflow. The airfiow was
then increased to its maximum value while taking data to the
five-point-per-second rate. After reaching maximum flow
rate, data taking was continued while the flow was again
reduced to zero. Inspection of the data indicated excellent
agreement between the data taken while the airflow was in-
creasing and decreasing. The skin friction showed excellent
repeatability in returning to its original zero-airflow value.
Data reduction and analysis were performed on an IBM
3033. Data points for which the velocity varied by more than
+ 1% from the mean were excluded.

Local skin friction was also measured at a single loca-
tion on the plate as shown in Fig. 1. A TSI Model 1471-W
surface mounted hot-film probe and a DISA 55M01 anemo-
meter were used for the measurements. (These flush-mount-
ed hot-film data were recorded on the Nicolet and computer-
linearized whereas the conical probe data described later
were linearized by means of an analog device and recorded
manually.) Time averaged values of the local shear stress
were deduced from Nicolet records which were recorded at
the rate of 20 000 points per second, allowing a record length
of about 0.1 sec. Repeatability checks at constant tunnel con-
ditions indicated that this record length was sufficient to
resolve the mean skin friction. In addition to these short time
records, some long time records (aproximately five minutes)
were recorded on a Spectral Dynamics Model 360 Digital
Signal Processor and used to obtain spectral information on
the local shear stress.

The calibration of the hot film was based upon the char-
acteristics of a flat plate boundary layer. The output from the
hot film was measured as a function of free-stream velocity
in the absence of microbubbles. These voltages were then
related to the local skin friction by using the measured inte-
grated skin friction on the plate and classical turbulent
boundary layer correlations. The virtual origin used in these
calculations were determined from the integrated skin fric-
tion measurements and the velocity profile measurements
described later.

In addition to the skin friction measurements, the ve-
locity and turbulence intensity profiles of the boundary layer
into which the microbubbles were injected were surveyed by
means of an LDA. To achieve a reasonable proximity to the
test plate, the laser beams were directed through a sidewall
window of the test section, at an angle of 8.8 deg to the test
plate surface. This angle was necessitated by tunnel configu-
rational constraints. Some preliminary surveys were also
conducted using a conical hot-film probe and the LDA with
the beams directed normal to the test plate surface. The
achievable proximity to the wall in these preliminary surveys
was limited. (The conical probe was limited by probe size,
while the LDA was limited by wall reflections.) In addition
to surveying the boundary layer without microbubbles, pre-

358 Phys. Fluids, Vol. 27, No. 2, February 1984

liminary surveys with low concentrations of microbubbles
present were also conducted.

The LDA measurements were taken with an 8 W argon
ion laser and a TSI Model 1980 counter processor. Back-
scattering optics were employed with a 3.75 X beam expand-
er and a 480 mm transmitting lens, providing an ellipsoidal
sampling volume of 80 xm in the vertical and streamwise
directions and 580 xm in the cross-flow direction. Position-
ing in the boundary layer was accomplished using an NRC
Model 280 precision jack and monitored by a dial gauge with
25.4 um gradations. The LDA data acquisition and reduc-
tion was performed on a minicomputer interfaced to the
LDA counter processor. Output was presented on a video
screen in the form of a histogram for each measurement
point in the boundary layer. The mean velocity, turbulence
intensity, and percent of samples retained in the calculations
(a rough indication of the signal-to-noise ratio) were also
printed on the screen. A correction to the LDA turbulence
intensity measurements was obtained by matching the free-
stream value to that measured by the conical hot-film probe.
This correction was then applied to each point in the turbu-
lent intensity profile.

Since the LDA velocity profiles were not recorded on
the Nicolet oscilloscopes, manual control of the mean veloc-
ity should be taken to imply control to better than 1.5%
without bubble injection and no more than 5% for the mea-
surements with bubble injection.

IV. CHARACTERIZATION OF THE UNDISTURBED
BOUNDARY LAYER

The static pressure distribution in the tunnel was mea-
sured at ten locations along the length of the test section
using flush-mounted surface taps on the tunnel wall opposite
the test plate. The measurements, shown in Fig. 2, indicate
that the pressure varied by less than + 0.7% of the dynamic
head over the length of the test section. No trends in the data
are apparent. With the maximum flow rate of bubbles, the
pressure at any given tap changed by less than + 0.25%. If
this entire variation were interpreted as an imposed pressure
gradient acting on the plate, the corresponding pressure
loading would change the observed amount of drag reduc-
tion by some 10%.

Mean velocity and turbulence intensity profiles were
measured at three streamwise stations (as shown in Fig. 1)
using the LDA. Measurements were made at each station at
free-stream velocities of approximately 4.7 and 10.6 m/sec.
The data are presented in inner variables in Fig. 3 and are
seen to fit the law of the wall,

ut =Alog,oy* + B, (1)

reasonably, where 4 = 5.62 and B = 5.0 have been chosen in
accordance with the 1968 Stanford Conference.'® The value
of local skin friction obtained from the mean velocity profiles
agreed reasonably well (within 6%) with the value predicted
by classical boundary layer correlations.

Figure 4 shows the mean velocity profiles at free-stream
velocities of 4.7 and 10.6 m/sec on /U, vs y/8* coordi-
nates, where 8 * is the local displacement thickness. Purtell,
Klebanoff, and Buckley'! note that any underdevelopment
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FIG. 2. The mapping of the pressure gradient along the test section. The
distance X is measured from the leading edge of the porous plate.

is more easily discernible in the outer region of the fiow on a
plot of this type. The experimental data at the different sta-
tions are seen to collapse to a single line for both free-stream
velocities. The slight scattering in the higher speed data is
primarily due to a drift in tunnel velocity which occurs at
this speed during the prolonged periods of time (as much as
five hours) required for completing these measurements.
These results suggest that the boundary layer is “developed”
in the sense of Coles."?

Turbulence intensities corresponding to the mean pro-
files are shown in Fig. 5.

Some representative measurements of integrated skin
friction in the absence of microbubbles are given in Fig. 6as a
function of Reynolds number. These measurements were
made on various occasions during the course of the experi-
ments. The results show reasonable agreement with classical
boundary layer data.'?
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FIG. 3. The LDA velocity profile measurements in the absence of micro-
bubbles presented in inner variables. Note the shifted origins.
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V. RESULTS AND DISCUSSION
A. Integrated skin friction measurements

Integrated skin friction measurements were obtained
for tunnel velocities ranging between 4.2 and 17.4 m/sec.
This corresponds to length Reynolds numbers betwen 2.2
and 10.6 million at the downstream edge of the metric sec-
tion. The corresponding Reynolds numbers at the upstream
end of the porous section are 0.7 and 3.0 million. These
Reynolds numbers are based on a fictitious boundary layer
origin 180 mm upstream of the porous section. The origin
was inferred from the boundary layer profile measurements.

The airflow rates used to generate the microbubbles
ranged as high as 5X 1072 m*/sec. On the basis of airflow
per unit width of porous surface, these values are some five
times larger than the maximum rates used in Refs. 3-6.

As stated previously, 2048 data points were taken in
each run at a rate of five points per second. During this time,
the tunnel velocity was held constant while the airflow was
slowly varied from zero to the maximum and back to zero
again. Two independent methods were used for evaluating
the data comprising each constant velocity run. In the first
procedure 50 data points were sampled at random from the
complete set. This method gave a good representation of the

0.12 T T T T T T

Re, U_mis)
0.10 o 30 47 1
> . 5 80 4.8
o 5130 43
0.08 .%% o & 7360  10.9 -
- A 8860 10.3
Llird %:0 ¢ ® 10630 105
b 0.0 LY ) 4
5 S8
0.041 S aea N
&*@ "0
L 3 * 8
0.02} k 4
- i L A‘@ ‘om
s e LT ey
0 L 1 i 1 1
0 2 1 ] 10 7 T4

FIG. 5. The LDA data of turbulence intensity in the outer part of the
boundary layer.

Madavan, Deutsch, and Merkle 359

Downloaded 10 Feb 2007 to 130.194.10.86. Redistribution subject to AIP license or copyright, see http://pof.aip.org/pof/copyright.jsp



1.0 T T T T T T T

[ B P ]
0.8¢ —— =_0.5_Z3.{ —2 - = 1 :[ FROM Ref. 10
- L)L en“0.06Re, }  £n°(0.06Rey ) 1
0.6 h 1 .
o TEST A
a a TEST B
ok o TEST € J
€ | we-o-ay.. ]
x "‘D’“‘u'-n-- -
< Lotk o™
(&)
0.2- q
0.1 \ ' i ' L " L s
2)(106 4 6 8 107
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skin-friction/airflow behavior, but it gave limited informa-
tion as to the expected data scatter. To remedy this, the sec-
ond method was used. In this method the data were grouped
into specified airflow intervals or bins and the data in each
bin was averaged to find the mean data line. Bins were
spaced evenly in 0.5X 102 m?/sec airflow intervals with
widths of 0.025 X 102 m?/sec. Confidence levels in each bin
were determined by the Student T or F test. Bin populations
ranged between 10 and 100 samples. The average curve as
determined by this latter method was in excellent agreement
with that obtained by the former.

The effect of microbubbles on the integrated skin fric-
tion for the case where the plate is on the top of the tunnel is
given in Figs. 7 and 8. In this configuration, buoyancy tends
to retain the bubbles in the boundary layer. Figure 7 shows
that for all velocities the skin friction begins decreasing as
soon as the airflow is turned on and continues to do so until,
at the higher airflow rates, it approaches a constant mini-
mum value. At the lower tunnel velocities the skin friction
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FIG. 7. Ratio of integrated skin friction in the presence of microbubbles to
skin friction without microbubbles as a function of airflow rate. The plate is
above the boundary layer.
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decrease is more pronounced because a given amount of air-
flow corresponds to a larger volumetric concentration of air
in the boundary layer than at the higher speeds. The maxi-
mum observed skin friction reduction was in excess of 80%
(see Fig. 7) and occurred at a tunnel velocity of 4.2 m/sec and
an airflow of 4.0 X 102 m®/sec.

In Fig. 8, the C,/C/, ratio for data taken with the plate
on top is plotted against the nondimensional variable Q@ /
SU_, , where Q is the gas flow rate, U is the tunnel speed,
and S'is a reference area. For the present figure, this area has
been taken as that of the wetted surface of the porous section.
Note that this choice implies that Q /SU _ is the ratio of the
effective velocity of the incoming air to the tunnel velocity.
(Perhaps a better choice would be the cross-sectional area of
the boundary layer, the displacement thickness times the
width, in which case the nondimensional ratio would com-
pare the volumetric flux of air to the volumetric flux of water
in the boundary layer.) This parameter collapses the data for
the plate on top to a single line that indicates a unique skin
friction correlation for all tunnel speeds.

The results plotted in Fig. 9 represent two types of var-
iations: data taken with helium as the injected gas, as well as
data taken with airflow through only the downstream half of
the porous section. The helium and half-porous section data
also collapse quite reasonably when presented in terms of @ /
SU_ . The collapse of the helium data indicates that it is the
volumetric concentration of the microbubbles, and not their
mass concentration, which is the relevant parameter. Thus,
the momentum of the incoming gas (which is nearly an order
of magnitude smaller for helium than for air) does not appear
to be a parameter. The collapse of the half-plate data (the
same area was used in Q /SU_ for the half-plate as for the
full plate) indicates that the area through which the bubbles
are injected is not particularly important, but again that it is
the volumetric flow rate.

The skin friction measurements for the two other plate
orientations are given in Figs. 10 and 11 along with a com-
parison to the data for the plate on top. The comparison at
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FIG. 9. Comparison of the effects of using helium instead of air as the injec-
tant, and of using only half the porous plate. The plate is above the boundary
layer.

the lower speed (9.3 and 9.6 m/sec) clearly shows that buoy-
ancy effects are present. In particular, the results show that
the skin friction reduction is considerably less than with the
plate on top. Direct comparison at higher velocities is not
available, but indications are that the effects of buoyancy are
smaller at higher speeds.

The effects of buoyancy appear to be somewhat stron-
ger when the plate is vertical than when it is on the bottom of
the boundary layer. An interesting phenomenon was ob-
served at low speeds ( < 2.5 m/sec) with the plate in the verti-
cal position. The bubbles would remain spread out and close
to the surface with seemingly little buoyancy effect for a
while. Then, suddenly the entire gas “film” would roll up
into a convoluted surface, which was highly buoyant, and
would be swept up and away from the force balance. When
this rollup occurred, the skin friction would immediately
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FIG. 10. The effects of buoyancy on skin friction reduction. Comparison of
data taken with plate on top and plate on bottom.
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FIG. 11. The effects of buoyancy on skin friction reduction. Comparison of
data taken with plate on top and with plate vertical (alongside the boundary
layer).

return to its gas-off value. These rolled-up and dispersed
bubble configurations appeared to be bi-stable and one con-
figuration would instantaneously change to the other for no
apparent reason. This phenomenon was not observed at tun-
nel speeds above 2.5 m/sec.

B. Local skin friction measurements

The local skin friction, as measured with the flush-
mounted hot-film probe at the position shown in Fig. 1, is
presented in Fig. 12. These data were taken with the plate on
the bottom. The local skin-friction reduction for a given air-
flow exceeds that obtained with the integrated measure-
ments as can be seen by comparison with Fig. 10. This is to be
expected, because the hot-film probe is relatively close to the
porous injection plate so that the microbubbles have had
little time to escape from the boundary layer. For these data,
microbubble impingement on the hot-film probe was never
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FIG. 12. Local skin friction as measured with surface-mounted hot film.
The position of the gauge is noted in Fig. 10. The plate is on the bottom of
the tunnel.
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observed, whereas for the conical probe in the boundary lay-
er, bubble impingement was detected fairly often. This is in
agreement with earlier observations® that a bubble-free re-
gion exists close to the wall when the plate is on the bottom.

The oscilloscope trace of the flush-mounted hot-film
probe also showed that the microbubbles decreased the high-
frequency content substantially in comparison with the un-
disturbed boundary layer. This loss of high-frequency infor-
mation in the presence of microbubbles was confirmed
quantitatively from spectra taken on the frequency analyzer.
The loss of high-frequency scales suggests a decrease in the
turbulent Reynolds number such as would be generated by
the increase in viscosity and decrease in density expected
from the bubbles.

A comparison of LDA mean velocity profiles taken
with and without microbubbles is given in Fig. 13. These
data, taken at a free-stream velocity of 7.5 m/sec and an
airflow rate of 0.5 X 103 m?/sec and the LDA beams direct-
ed normal to the test plate, indicate a slight broadening in the
velocity histogram when bubbles are present because of the
introduction of more low-speed data points. (This broaden-
ing could have arisen because of scattering from large bub-
bles that were lagging the local mean velocity.) As can be
seen, the presence of the microbubbles certainly causes no
dramatic realignment of the characteristics of the outer
boundary layer. Instead the velocities appear to be some-
what lower than they were in the absence of bubbles (as
would be expected for a weaker gradient at the surface), but
otherwise are nearly unchanged. Qualitative data taken with
the conical hot film probe also showed the same trends.

VI. A POTENTIAL MECHANISM FOR THE EFFECTS OF
MICROBUBBLES

The specific mechanisms by which microbubbles affect
skin friction are a matter of conjecture, and must remain so
until more detailed experimental evidence is available. Still,
from the experimental data presented here and in the refer-
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FIG. 13. Comparison of mean velocity profiles in outer part of boundary
layer in the presence of microbubbles and in the absence of microbubbles.
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ences, a possible mechanism similar to that acting in poly-
mer solutions' begins to suggest itself, while another mech-
anism, boundary layer separation, may be ruled out.

Oral presentation of this material has raised the issue
that the observed effects may be due to boundary layer separ-
ation. The presence of separation requires a reason: an ad-
verse pressure gradient, removal of streamwise momentum,
or addition of normal momentum. Figure 2 shows no evi-
dence of an adverse pressure gradient. To be sure this is the
pressure on the opposite wall, but C; reduction of the magni-
tude noted here would be expected to have some effect on the
opposite wall. Further, LDA measurements of the free-
stream velocity over the force balance show no change when
bubbles are injected. With regard to momentum changes,
there is no mechanism whereby streamwise momentum can
be removed from the flow; there is no place for a force to act.
The injected air does add normal momentum, but its level is
more than three orders of magnitude less than that required
to separate a boundary layer.'*'® The bubbles, which serve
as an effective visualization device, provide more direct evi-
dence that separation does not occur. Every visual evidence
is that the microbubble boundary layer remains strongly at-
tached and flat-plate-like in character. In addition, hot-film
traces show no indication of the violent fluctuations which
would be associated with a boundary layer near separation.

The mechanism leading to polymer drag reduction
have been described by Lumley.'”'® Briefly, outside the vis-
cous sublayer of a high Reynolds number turbulent bound-
ary layer, the rotation and strain rate fields are uncorrelated.
Polymer molecules found there will stretch, resulting in in-
creased solution viscosity. This additional viscosity (or de-
creased Reynolds number) will increase the size of the small-
est eddies capable of surviving. Just outside the sublayer (the
buffer region) where Reynolds stress-producing eddies are
roughly the size of the Kolmogorov eddies, the turbulence is
dissipated. The sublayer thickness increases and the skin
friction is reduced. The same case can be made for certain
types of particles in the flow.'”

In the case of microbubble injection, the viscosity in the
sublayer is unaffected because of the absence of bubbles
there. Outside this region the bubbles cause both an increase
in the absolute viscosity through an Einstein-type relation
(say) and a decrease in the solution density. Again, this re-
sults in a thicker sublayer. The suggested mechanism offers a
path whereby sizable skin friction reductions can be realized
without postulating the presence of separation.

VIl. CONCLUSIONS

The effects of injecting a high concentration of micro-
bubbles into a turbulent boundary layer have been studied
experimentally. The microbubbles were generated by inject-
ing air (or helium) through a sintered stainless steel porous
section with a nominal pore size of 5.0 zm. Instrumentation
included a floating-element force balance 254 mm in length
that was situated immediately downstream of the porous
section, and a flush-mounted hot-film probe 51 mm down-
stream of the trailing edge of the injection section. The char-
acteristics of the boundary layer into which the bubbles were
injected were surveyed with a LDA and a conical hot film
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probe. The results showed that the integrated skin friction
was reduced for all airflow rates and tunnel velocities. Maxi-
mum reductions of more than 80% were observed. With the
plate on top of the tunnel, the ratio of the skin friction in the
presence of microbubbles to that without microbubbles
could be collapsed to a single curve by nondimensionalizing
the volumetric airflow rate by the water velocity and an ap-
propriate area. This same collapse of data could not be ob-
tained with the plate on the bottom of the tunnel because in
this orientation the effects of gravity enter as an additional
parameter. With the plate on the bottom, the data at the
lower tunnel speeds indicate that the reduction in skin fric-
tion was substantially less than was observed with the plate
on the top. At the higher speeds, the effects of gravity are
smaller. This indicates that the present tests nearly spanned
the domain in which buoyancy effects are and are not signifi-
cant for the present force balance length, tunnel speeds, and
range of bubble sizes.

Local skin-friction measurements with the flush-
mounted hot-film probe were in qualitative agreement with
these integrated skin friction data. Spectra from the hot-film
probe show that the presence of microbubbles causes a shift
of the turbulence energy toward lower frequencies suggest-
ing a reduction in the turbulent Reynolds number. The oscil-
loscope trace of the hot film showed no evidence of gas bub-
ble impingement, supporting the notion of a bubble-free
layer near the wall.

Velocity and turbulence intensity profiles in the outer
region of the boundary layer show no dramatically different
character when microbubbles are present as compared to
when they are absent. This lends credence to the concept of a
boundary layer modified by the presence of microbubbles as
opposed to a complete restructuring of the flow field when
the microbubbles are introduced.

Finally, we note that overall the present results are in
qualitative agreement with earlier experiments.>™ Several
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parameters have been varied over wider ranges, and effects
of gravity have been documented for the first time.
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