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Abstract Investigations into frictional resistance reduction
by microbubbles were carried out using a two-dimensional
channel. The flow velocity and the amount of air injected were
varied, and the frictional resistance reduction was measured.
The frictional resistance reduction increased with increasing
mean void ratio. When the bubble diameter was changed,
the influence on frictional resistance reduction was negligible.
The influence of bubble distribution near a wall was also
investigated. Although it is thought that the influence of
microbubbles near a wall is large, further investigations are
required.
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List of symbols

breadth of test section (m)

local frictional resistance coefficient

C; derived from a pressure drop along the test section
bubble diameter (m)

diameter of the air injection hole (m)

height of test section (m)

flow rate (m3/s)

flow velocity (m/s)

—-

Ess

qUusotraas

Greek symbols

o void ratio

p  density (kg/m?)

T  shearing stress (Pa)

Subscripts

a air

m mean

0 without microbubbles
w  wall, water
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Introduction

Since the efficiency of a machine can be increased by
reducing the frictional resistance, research on this sub-
ject has been carried out in various countries in the
world. Methods such as the use of riblets, polymers,
surface-active agents, and microbubbles have been
examined as frictional resistance reduction devices. We
have investigated whether microbubbles are suitable for
reducing the frictional resistance of a vessel.

If many small bubbles (air bubbles, hydrogen
bubbles, etc.) with a diameter of 0.2-2mm exist in a
boundary layer, the frictional resistance of a wall sur-
face will decrease. McCormick and Bhattacharyya!
identified this phenomenon in 1973. They generated
microbubbles of hydrogen by electrolyzing water, and
obtained a 10%-30% reduction in the frictional resis-
tance. In this experiment, although the energy of the
electrolysis was greater than the energy saved from
the reduction in frictional resistance, the fundamental
phenomenon was demonstrated and the effect was
proved.

In 1977, Russian researchers found that frictional re-
sistance decreased sharply with the use of microbubbles
of air injected from a porous plate into a turbulent
boundary layer.? Microbubbles of air were easy to gen-
erate at low cost and had little effect on the environ-
ment. The maximum reduction rate reached more than
80% (i.e., the resistance was one-fifth of the original
value).

Although this rate of resistance reduction is high
compared with other devices, the mechanism is not yet
clear. Madavan et al.>® conducted measurements and
calculations of the local frictional resistance on a wall
surface in turbulent flow to try to clarify the mechanism.
Recently, Kato and co-workers®!! carried out experi-
mental research on this subject. They measured velocity
as well as turbulence intensity in a boundary layer filled
with microbubbles. The turbulence intensity increased
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at low microbubble density, and then began to decrease
with increasing bubble density. These results indicate
that the effect of microbubbles is complicated and re-
quires further experimental investigation.

The endurance of the effect of microbubbles was
tested using a long model ship, and aiming at the prac-
tical utilization of microbubbles.?!3 Methods of gener-
ating the microbubbles were also investigated.$*

The effect of microbubble diameter on the reduction
of frictional resistance is another important issue to be
resolved. This article is a report on experimental results
concerning the effect of microbubble diameter and the
distribution of microbubbles in the boundary layer.
These experiments were aimed at understanding the
mechanism of resistance reduction.

Experimental equipment

The experiment was conducted using the two-
dimensional recirculating water channel shown in Fig. 1.
The test section, which was 10mm high, 100mm wide,
and 2000mm long, could easily generate a fully devel-
oped turbulent flow. An aspect ratio of 10 in the test
section ensured a two-dimensional flow.

The flow was generated by a centrifugal pump, passed
along an electromagnetic flow meter and through the
settling chamber, and then entered the test section.
Microbubbles were injected through a porous plate in
the test section at the upstream upper surface, generat-
ing a gas-liquid flow.

Frictional resistance was measured by shear transduc-
ers set 750mm and 1250mm downstream of the air
injection port. The shear transducers consisted of a
floating disk with a diameter of Smm supported by a
cantilever plate, whose distortion was measured by two
strain gauges, as shown in Fig. 2. The capacity of each

Fig. 1. Experimental equipment
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Fig. 2. Shear transducer

transducer was only 1g. The pressure decrease along
the test section was measured by pressure taps situated
on the side wall. The measured data were processed
by a strain meter and a transient recorder, and were
analyzed with a personal computer.

The shear transducer was calibrated statically using a
small weight. It was then calibrated dynamically in the
channel. The dynamic calibration result was always sub-
stantially different from that of static calibration. This
was because of the pressure force acting on the side wall
of the floating disk. Detailed discussions are given later.

Experimental results

Measurement of the shear stress and pressure loss

First, the shear stress and pressure loss of the test sec-
tion were measured in a flow without microbubbles to
check the accuracy of the frictional resistance measure-
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ment. The experiment was performed at a flow velocity
of 4-8m/s, and an airflow rate of 0l/min. The data ob-
tained from the two shear transducers were analyzed
and compared with those obtained by the pressure drop
along the test section.

Figure 3 shows the relation between the frictional
resistance coefficient measured directly by the shear
transducers and those calculated from the pressure
drop. Definitions of the mean flow velocity U, and the
frictional resistance coefficients C; are given by Egs. 1
and 2, respectively.
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Although there is a difference between the frictional
resistance (C;) measured directly by the shear trans-
ducer and the frictional resistance (Cy,) calculated from
the pressure drop, they are proportional to each other.
Such a tendency is often obtained with this type of
transducer. Guin et al.’” examined this in detail, and
concluded that it was due to the pressure resistance on
the sensor disk which was proportional to the frictional
resistance. Thus, the ratio between C; and C;, should
be constant, as seen in Fig. 3. They also concluded that
the ratio of shear stress C/C;, was reliable where C; and
C,, were the frictional resistances with and without
microbubbles, respectively.

Figure 4 shows the rate of reduction of the frictional
resistance C/Cy, plotted against the mean void ratio o,
which is expressed by Eq. 3. C;, and C,, are the data
from transducers at 0.75m and 1.25m from the air injec-
tion port, respectively.
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The experimental conditions are flow velocities of 5, 6,
and 7m/s, and an air injection rate of 0-501/min. For
each set of experimental conditions, more than 8000
values of frictional resistance were averaged for shear
transducers at both upstream and downstream posi-
tions. As seen in the figure, the reduction rate is more
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Fig. 5. Change of channel height at the air injection port

than 40% at «,,= 12%. This is in good agreement with
the results obtained by Madavan et al. and Kato et al.®
However, the present results show a difference of about
10% compared with the results we obtained using dif-
ferent experimental apparatus with 4 =15mm,!! and the
results of experiments with the same channel by Guin
et al’

Measurement of microbubble diameter

The diameter of the microbubbles was changed by
using three different channels, as shown in Fig. 5. The
diameter of the air bubbles depends mainly on the flow
velocity at the position where air injection takes place.
All three channels have the same test section height of
10mm. Channel 1 has an air injection channel height of
10mm and is the one used for most of the experiment.
Channel 2 has an air injection channel height of 5Smm
and generates smaller bubbles than channel 1. Channel
3 has an air injection channel height of 20mm and gen-
erates larger bubbles than channel 1.

Figure 6 shows photographs of microbubbles taken
from the upper surface of the channel. The upper pho-
tograph shows the flow in channel 2, where it was found
that the mean microbubble diameter was small. The
lower photograph shows the flow in channel 3, where it
was found that the mean microbubble diameter was
large. Images such as those in Fig. 6 were analyzed using
image processing software. Figure 7 shows the distribu-
tion of microbubble diameters where the mean void
ratio was o, = 10% and the flow velocities were 4, 6, and
8m/s. The distribution resembles a Rayleigh distribu-
tion; the thick vertical lines show the mean diameters.

Figure 8 shows the relation between the flow velocity
and the mean microbubble diameter. When the main
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Fig. 6. Photographs of microbubbles in different channels
(U, = 5m/s). a Channel 2. b Channel 3
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Fig. 7. Distribution of microbubble diameters

flow velocity is higher, the mean bubble diameter
becomes smaller. This tendency corresponds to other
experimental results.”® Meng and Uhlman® gave the
empirical Eq. 4 for the bubble diameter in a boundary
layer flow. The tendency in these experiments agrees
with Eq. 4.
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With the same mean void ratio o, = 10%, and the
same flow velocity (3-8 m/s) at the upstream position of
750mm, the diameter of the microbubbles changed
according to which channel was used. However, the
bubbles changed their size downstream by splitting into
two bubbles and/or by two bubbles merging into one
bubble. It seems that the diameter of the bubbles con-
verges to a fixed value depending on the flow velocity at
the downstream position. The distance between the two
measurement positions was 500 mm, and it was not ex-
pected that the microbubble diameters would change
greatly in such a short distance. The estimated errors of
typical measured values are shown in Fig. 8.

Effect of bubble size on frictional resistance reduction

Figure 9 shows the effect of the mean microbubble
diameter on the frictional resistance reduction at ¢, =
3% and o, = 10%. As seen in Fig. 9, even when the
average microbubble diameter changed, there was al-
most no change in the frictional resistance.

Measurement of microbubble distribution

The density of microbubbles near the wall is considered
to have a significant influence on frictional resistance
reduction. Kakugawa et al.' investigated the bubble
distribution and its influence on the reduction using an
optical set-up. Our measurement system was similar to
theirs. As shown in Fig. 10, a laser light sheet illumi-
nated the microbubbles at a distance of 30 mm from the
center of the test section where there were no other
bubbles to obstruct photography, and there was no in-
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Fig. 9. Effect of mean microbubble diameter on frictional
resistance reduction
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Fig. 10. Measurement of microbubble distribution by the
laser light-sheet method

fluence from the side wall. The thickness of the laser
sheet was 1 mm. The microbubbles were photographed
from the side.

A straight line was drawn on the photograph parallel
to the wall surface at intervals of 0.5mm, as shown in
Fig. 11. The lengths of the line segments that crossed
microbubbles were added together, and this value as a
percentage of the total length of the segment was con-
sidered to be the apparent local void ratio. Since the
total of the line segments refers to the largest micro-
bubbles within a laser light sheet of 1 mm thickness, the
measured local void ratio should be larger than the true
value, and therefore require correction. We adopted a
simple correction method. We found the constant cor-
rection factor from the fact that the measured average
void ratio should be equal to that from the volume of air
injected. The slip ratio of microbubbles was estimated
to be 0.

Figure 12 shows the corrected distribution of the local
void ratio, where the experimental conditions are flow
velocities of 6 and 7m/s, and the mean void ratios ¢, are
3% and 9%. Although microbubbles accumulate near
the wall because of lift and buoyancy forces, the number
of microbubbles decreases in the region nearest to the
wall. Our bubble distribution agrees with the results of
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Fig. 13. Local void ratio by Guin et al.’

Guin et al. (Fig. 13), which were obtained using the
same two-dimensional channel. Our bubble distribu-
tions at ¢, = 9% and 3% correspond to ¢, =11.68% and
5.74%, respectively, from the experiments of Guin et al.
It seems that microbubbles gather in the center of the
channel when the mean void ratio is large.

The influence of microbubbles near the wall on the
reduction of frictional resistance was investigated.
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Fig. 14. C/Cy, vs. near-wall void ratio
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Figure 14 shows the relation between the resistance
reduction and the local void ratio near the wall (o)

(Eq. 5).
awzilmw (5)

In order to allow a comparison with the results of Guin
et al., we defined ¢, as the mean void ratio 0-1 mm from
the wall. Although the results agree fairly well, the
present result shows the effect of microbubbles better
than the result of Guin et al.

Considerations

We conducted more than 400 experiments under vari-
ous conditions. All data on the frictional resistance re-
duction were well expressed by the mean void ratio, as
shown in Fig. 15. At the present stage of this research,
we cannot be sure that the only governing factor is the
mean void ratio. In spite of a constant void ratio, the
void distribution might be changed by factors such as
the flow configuration or the turbulence intensity of the
flow, which might change the frictional resistance at the
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wall. In solid-liquid flow and solid—gas flow, it is know
that the influence of solid particles on the structure of
turbulent flow changes with the diameter of the solid
particles.”” When the diameter is larger than the charac-
teristic length of turbulent flow, the turbulence intensity
increases. In contrast, when the solid particles are small,
the turbulence intensity decreases due to the presence
of the solid particles.

The present findings do not agree with the previous
results for solid mixed flow. Within the limits of the
experimental results of this research, there was no influ-
ence on resistance reduction in spite of large changes
in bubble diameter, as seen in Figs. 9 and 15. Further
experiments are required, including carrying out turbu-
lence intensity measurements near the wall.

Conclusions

The effect of microbubbles on frictional resistance re-
duction was examined in a two-dimensional turbulent
flow channel, with the main aim of clarify in of the
bubble size effect. We changed the diameter of
microbubbles by changing the flow velocity at the air
injection port. Shear transducers measured the fric-
tional resistance directly, and the diameter of the
microbubbles and the bubble distribution were also
measured using an optical method.
The following results were obtained.

1. The frictional resistance reduction increased with
increasing mean void ratio.

2. Contrary to the result anticipated, there was almost
no effect of microbubble diameter on frictional resis-
tance reduction.

Detailed measurements are necessary in the future,
including measurements of the turbulence intensity and
the local void ratio near the wall.
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