Turbulent Shear Stress Profile in a Horizontal Bubbly Channel Flow
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1. Introduction

Microbubble drag reduction is nowadays known as a practically applicable technique for industrial
applications such for a ship. However, there is still a large gap between theoretical and the experimental
approaches. In particular, the theoretical works target mainly on small spherical bubbles because of
simplicity in mathematical models while the experimental studies deal with relatively large bubbles
considering practical uses. In fact the mechanism itself could be different dependent on bubble size, and
this point makes the comprehensive understanding delay. So-called microbubble reduces the turbulent shear
stress indeed, however large bubbles also realize a significant drag reduction in well-tuned cases.

In the present paper, three topics on the mechanism of drag reduction are introduced. The first topic is on
large bubble drag reduction caused by air-films covering a flat wall. The second topic is on intermediate
bubble drag reduction caused by relative motion between two phases in a turbulent boundary layer. The
third topic is on “true” microbubble drag reduction using water electrolysis that provides the highest drag

reduction per void fraction.

2. Drag reduction by large bubbles

In the case of large bubbles, the drag reduction occurs with air films sliding on the target surface. The
drag reduction ratio is obtained generally in proportion to the wall-covering area of bubbles (Katsui et al.
2003, Latorre et al. 2003) . Even though the air film does not have sufficient wide area, certain reduction is
obtained. In order to grasp the bubble size dependency in a wide condition, we have carried out direct
measurement of wall shear stress using a shear transducer. Fig.1 shows the experimental set up. The test
channel is 10mm in height, 100mm in width, and 6000mm in length. Water and air are used as two phases
at laboratory temperature. Fig.2 shows typical bubble distributions in three cases of bubble size varying

with the speed of water flow.
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Fig.2 shows the measurement results of friction coefficient ratio from 0 to 20% in bulk void fraction in
the channel. The friction coefficient is defined by the directly measured wall shear stress divided by the
dynamic pressure of bubbly mixture. In this definition, the mean density reduction by injecting bubbles
does not affect the friction coefficient if the structure of boundary layer is kept. In other words, the friction
coefficient here can vary only if the structural change occurs in the boundary layer. The measured friction
increases initially with the void fraction and begins to reduce at a high void fraction condition. The data
also indicate that the friction coefficient is reduced by increment of the mean liquid velocity — as known by
past studies (Madavan et al. 1985, Merkle & Deutsch 1992)

Fig.3 shows measurement plots of friction coefficient ratio versus mean bubble diameter. Here d* is
dimensionless diameter normalized with the channel half height h. The data indicate that the dependency on
d* is remarkable in the upstream location (x/h=50 from the bubble generator). The friction becomes
maximum value at around d*=1. This implies that the friction tends to decrease in the case of small bubble
(d*<1) or in the case of large bubble (d*>1). However, the bubble-size dependency is confirmed no longer
in the downstream location (x/h=200) similarly to the results by Kato et al. (1999), expressing that the drag
modification by relatively large bubbles happens as one of transient phenomena during the development of
two-phase boundary layer (Ferrante & Elghobashi, 2004). This result supports the fact that the friction
gradually recovers along the streamwise coordinate in channels and for ships, for which relatively large
bubbles are mixed in the flow (Kodama et al. 2000).
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Fig.4 Synchronized measurement of bubble interface and local wall shear stress



Fig.4 shows synchronized measurement result of the local wall shear stress t,, and local projection void
fraction denoted by . The shear stress tends to decrease in the period of B=1. By careful comparison, we
can see that it gradually decreases from the front to the rear part of the period. Thus, the friction is more
sensitively reduced in the rear part of individual bubble. This fact leads to an idea that there is a secondary
flow in the rear part of bubbles sliding on the wall. This is one of sliced views of the drag reduction

mechanism obtained by large bubbles.

3. Drag reduction by intermediate bubbles

In the case of intermediate bubble size with the order of 1mm, a complex translational motion of bubbles
relative to the liquid flow begins to appear. This motion is governed by well-known seven force
components of bubbles, and is also affected by significant deformation. The drag reduction mechanism in
such a case should be investigated by measuring the spatio-temporally resolved flow field in the boundary
layer. For this topic, there are a number of reports published until today such as by Gabillet et al. (2002),
and Kitagawa et al. (2003). Our aim is to clarify the drag modification mechanism using data analysis as

two-phase flow.
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Fig.5 Measurement of two-phase structure using particle tracking velocimetry

04 04 0.4} *
=
=, ] o
0.6 0.6 06
08 > Liguid 0.8 o Liguid 0.8+ | © Liguid .,
+ Gas » Gas L | + Gas

) * 10 ] 1.0
00 02 04 06 08 10 12 00 02 04 06 08 1.0 12 00 02 04 06 0% 1.0 1.2

W Ut e T/ Ut
a) x/1=50 b) x/h =200 c) x/7=800

Fig.6 Mean velocity profiles of two phases at three locations

1.

Fig.5 represents a) a sample of original image obtained by high speed video camera at 4000 fps, b) the

velocity vectors of tracer particles obtained by particle tracking velocimetry (PTV), and c¢) mean void
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fraction obtained by binarizing the image. Fig.6 shows the mean velocity profiles at the top half channel.
The bubbles tend to move with a slightly slower velocity than the liquid, which approximately follows 1/7™
power law from the channel wall.

Using the PTV data, the following turbulent shear stress profile is calculated.
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This is derived from the momentum conservation equation of bubbly two-phase mixture by Reynolds
averaging technique. The turbulent shear stress consists of viscous shear stress (1% term), Reynolds shear
stress (an term), vertical correlation stress (3rd term), and triple correlation stress (4th term). Here, o, u, and
v are basic variable averaged with a control volume. Fig.7 shows the measurement data of the shear stress
profile. Noted that the measurement accuracy in the vicinity of the wall is not sufficient because of the
optical limitation of PTV. This limitation usually underestimates the correlation in this layer since random
error always leads to smaller correlation of two variables. The data have shown that the correlation o.’v’ had
a negative stress in the upper half of the channel contributing to the drag reduction though o’u’v’ generated
positive stress. It is also confirmed that increasing control volume for the volume averaging weakens these
correlations. The mechanism of producing negative value for the vertical correlation stress relates to the
fact that there is a vertically oscillating motion of bubbles in the boundary layer. The balance among added
inertia, lift, and buoyancy acting on individual bubble induces the oscillation. For instance, the bubbles
reached up near the wall surface receive a strong lift force that pushes back downward due to the
streamwise slip velocity, and the bubbles suspended far from the wall rise up for the buoyancy. According
to our observation, the oscillation was around 100Hz in frequency and 20mm in wavelength in the
streamwise direction. We are now analyzing the motion of oscillating bubbles and the correlation to the
turbulence events of liquid phase. This point is probably a major mechanism of the drag reduction

accompanied with intermediate bubbles.
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Fig.7 Three kinds of turbulent shear stresses in two-phase channel flow

4. Drag reduction by microbubbles

The most remarkable drag reduction was obtained by means of so-called microbubbles less than 0.2mm
in average diameter (McCormick & Bhattacharyya, 1973) . Gravity no longer governs the flow structure in
such a case, and there is no deformation of bubbles. In the past studies, a high-speed microbubble flow

faster than 5m/s has been investigated (Hassan, 2004). In the present report, microbubble channel flow at a
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low speed flow less than 2m/s is tested. The method of bubble generation employed here is water
electrolysis. The initial design of the electrodes was an arrangement of thin cylinders as shown in Fig.8 a).
This type disturbs and reduces the flow inside the boundary layer apparently, and the measurement result of
the wall shear stress was too small. We think that the microbubble drag reduction experiment using
electrolysis based on wire-type electrodes — done in the other institute — involves significant effect of the
flow disturbance which should be separated from the microbubble effect. Therefore, we revised the
electrode’s form so as to coincide with the wall surface completely as shown in Fig.8 b). The boundary

layer flow is visualized using a mirror submerged into the channel at 45 degree to the wall surface as shown
in Fig.8 ¢).
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Fig.8 Bubble generator using water electrolysis
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Fig.9 Drag reduction obtained by microbubbles using water electrolysis



Fig.9 shows a set of measurement data of microbubble drag reduction by means of water electrolysis.
Electric power used to generate bubbles is 1.2A at 600V. The mean void fraction is exactly estimated by the
current using a theory of water electrolysis. As shown in a), the drag reduction is attained around 20% only
by 0.02% of void fraction. The sensitivity of the drag reduction, which is defined by the ratio of drag
reduction per void fraction is, is in the order of 10, and is much larger than the case of large bubbles. 90%
of the bubbles concentrate into the range from 10 to 80 micron in diameter, and the time averaged bubble
diameter is large in the central region of the channel while it is small near the wall (see the figure b) and c)).
For the measurement of liquid phase, tracer particles are seeded in the flow. However, there is no
significant difference in their size as shown in d), and therefore, the two phases cannot be distinguished by
any image processing scheme. Assuming that there is no relative velocity between the two phases — in fact
the slip is order of 0.001m/s and much smaller than the mean velocity -, microbubbles are considered as
liquid tracers as well. Analyzing the motion of tracer particles and microbubbles with PTV, it is found that
the mean velocity profile does not have significant difference between single- and two- phase conditions.
Despite of this, Reynolds shear stress which is directly measured by PTV is reduced around 20% in the
vicinity of wall, and it generally corresponds to the measured percentage of the drag reduction. Therefore, it
can be said that the drag reduction by microbubbles is attained with decrease in Reynolds shear stress near
the wall (Fukagata et al. 2004). The reason why the Reynolds shear stress is reduced remarkably by
microbubbles has not been directly ascertained from our measurement. For the so-called microbubbles we
think that the drag reduction occurs with attenuation of turbulent coherent structure inside the boundary
layer as reported by a number of researchers(e.g. Maxey & Riley 1983, Xu et al. 2002, Ferrante &
Elghobashi, 2004).

6. Summary

The mechanism of frictional drag reduction using bubbles is discussed in three different cases. According
to a series of turbulent channel flow experiments, we have obtained following conclusions. 1) Large
bubbles also reduce the wall friction if a large void fraction is provided in the flow. To the contrary, a
bubble, which has about the channel half height in diameter, generates the largest wall shear stress. This
implies that we need to avoid such a bubble size to raise the efficiency of the drag reduction. 2) The local
wall shear stress is reduced in the rear part of individual bubbles in the case of large bubbles. That is to say,
the drag reduction effect by use of large bubbles can be estimated by the local liquid flow field between a
bubble and a wall surface. 3) There is significant correlation measured for the three terms of two-phase
turbulent shear stresses. The vertical correlation stress o’v’ has a significant negative value contributing to
the drag reduction in the case of intermediate bubble size. This component grows up in the case of
Imm-order-bubble due to its vertical oscillatory motion in the boundary layer. 4) Microbubbles less than
0.lmm in average diameter undoubtedly reduces the drag and its sensitivity reaches up to 10°. In this
experiment, we employed wall-coincided electrodes to avoid flow disturbance by the electrodes. Reynolds
shear stress measured by PTV decreases around 20% in the vicinity of the wall only by 0.02% in mean void

fraction.
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